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PREFACE

This monograph is the outcome of investiga-
tions made by the staff of the Woods Hole Oceano-
graphic Institution for the Bureau of Ships, Navy
Department, during the years 1940-1946. Al-

though rapid progress in the improvement of

antifouling paints was being made by the Navy
paint laboratories at the time the work was ini-
tiated, it was the belief of the Bureau that scien-
tific knowledge of the fouling process, and of the
way in which protective coatings acted, was in-
adequate. We were consequently instructed to
explore the fundamental basis on which preventive
techniques must rest, rather than to attempt di-
rectly to improve existing paint formulations. At
the same time every opportunity was afforded to
our staff to become familiar with current problems
and the means being employed to solve them. On
the termination of the work it has seemed desir-

able to collect the results of our experience and

to review them in relation to the total existing
knowledge of the subject.

Interest in the problems of fouling brings to-

gether an odd assortment of bedfellows. There are
included the operators of vessels, naval architects
arid engineers, paint manufacturers, and all those'
concerned with the maintenance of ships and vari-
ous underwater installations. Understanding of
the phenomena requires the diyerse talents of the
biologist, chemist, and physicist. It has not been
easy to prepare a book suitable for an audience

with such varied viewpoints and technical prepa-
ration. Each chapter has been written with some
particular group of readers primarily in view. In
some cases the aim has been to meet the require-
ments of specialists by reviewing the technical
details of a part of their subject; in others, the

intent has been to inform specialists of one sort
about pertinent matters with which they m'ay not

be familiar.
For example, Chapter 9, "The Characteristics

of the Principal Fouling Organisms," is designed

to inform those unfamiliar with marine bi(õlogy

about the creatures which contribute to fouling.
The following chapter, "Species Recorded from
Fouling," on the other hand, is intended for the
professional biologist and may have little interest
to others. The reader's indulgence is invited in
respect to this lack of unity in presentation. It is
hoped that each wil be able to skip judiciously
those chapters unsuited to his needs.

The investigations at Woods Hole were initiated

under the direction of Dr. Selman A. Waksman at
a time when interest centered on the role of bac-
terial and other slime fims in influencing the sub-
sequent development of fouling. After 1941 the
work was guided by Dr. Alfred C. Redfield. Dr.
Bostwick H. Ketchum was responsible for the
actual conduct of the investigations throughout.

Dr. Ketchum was greatly assisted, especially in
the theoretical interpretation of the action of anti-
fouling paints, by Dr. John D. Ferry. Dr. Louis
W. Hutchins, assisted by the cooperation of the
Coast Guard and the Bureau of Ordnance, con-

ducted extensive field studies of the distribution of
fouling organisms. In 1942 a testing station was

established at the Marine Laboratory of the Uni-
versity of Miami, at Miami Beach. This station
was conducted under the successive direction of
Dr. Charles M. Pomerat, Dr. F. G. Walton Smith,
and Mr. Charles M. Weiss. Special credit is due
to Mr. Weiss for conducting the greater part of the
experiments made at Miami. He is also responsible
for most of the photographs ilustrating this vol-
ume.

The following have collaborated on the various
aspects of the work: Eleanor Adcock, Catharine
G. Ayers, J. C. Ayers, Ruth S. Bilard, D. D. Bon-
net, Jean Bryant, D. E. Carritt, E. S. Castle,
G. L. Clarke, M. W. Davidson, E. S. Deevey, Jr.,
Georgianna B. Deevey, Dorcas H. Delabarre,
W. T. Edmondson, Barbara Mott Ferry, Mary F.
Goffn, M. Hotchkiss, H. J. Humm, Helen S.
Hutchins, W. M. Ingram, D. B. Johnstone, D.
Jean Keen, G. F. Kelly, F. B. Laidlaw, G. L. Lee,
R. G. Lunz, Jr., R. A. McLean, M. A. Miler,
1. M. Newell, Elizabeth D. Orr, Zoé Ann Orr, J.
Parker, Gale G. Pasley, Jr., Barbara B. Perkins,

A. Phelps, C. E. Renn, Beatrice B. Reynolds,

D. M. Reynolds, G. A. Riley, H. D. Russell,
Margaret Scharff, G. T. Scott, A. Svihla, D. E.
Todd, H. J. Turner, Sylvia A. Weare, Grace L.Winter, and D. J. Zinno .

The interest and support of Rear Admiral J. W.
Fowler, under whose cognizance our studies were
initiated, Rear' Admiral T. A. Solberg, Captain
H. A. Ingram, Captain Logan McKee, Commander
A. E. MacGee, Lieutenant Commander E. F.
Carlston, Mr. D. P. Graham, and Dr. Scott P.
Ewing of the Bureau of Ships, are gratefully
acknowledged.

The paint laboratories of the Navy Yards at
Norfolk and Mare Island, of the Naval Research

Vll
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Laboratory, and of the Bakelite Corporation pro-
vided many of the experimental formulations used
in our studies. The interest and suggestions of the
personnel of these laboratories have been most
stimulating. Especial acknowledgment is made for
encouragement and assistance from Captain A. S.
Pitre, Mr. N. E. Adamson, Dr. A. L. Alexander,

Mr. A. J. Wieth, Mr. V. H. Turkington, and Mr.
John Saroyan. Mr. Arthur E. Burns, Jr., has ac-
tively participated in the development of the in-
terpretations of the action of antifouling paints.

He has also made available data, which were pre-
viously unreported, for inclusion in Chapters 16
and 18, and his suggestions concerning these chap-
ters have been most valuable.

Valuable information on the fouling of under-
water installations has been made available by
the underwater ordnance sections of the Bureau of
Ordnance and by the Offce of Chief of Naval
Operations. Particular acknowledgment is due to
Commander C. J. Fish, whose interest was in-
strumental in arranging for a survey of the fouling
occurring on coastal navigation buoys.

The text of this book has been prepared jointly
by several members of the staff of the Woods Hole
Oceanographic Institution, none of whom can
claim complete credit for any particular part. The
major labor of collecting and assembling material
for the different chapters has fallen somewhat as
follows:

Chapters 1 and 2-A. C. Redfield and

L. W. Hutchins
3, 4, 5, 6-A. C. Redfield and

E. S. Deevy, Jr.
7 and 8-L. W. Hutchins

Chapter 9- J. C. Ayers and

H. J. Turner
1()L. W. Hutchins

11 and 12-F. B. Laidlaw

13 and 14-B. H. Ketchum
15- J. D. Ferry
16- J. D. Ferry and

B. H. Ketchum
17-David Todd and

B. H. Ketchum
18, 19, 20-B. H. Ketch~m
21 and 22-A. C. Redfield.

Final editing has been shared by Dr. Redfield
and Dr. Ketchum, assisted in the preparation of
the manuscript by Miss D. Jean Keen, Mrs.
Vivien Brown, Mrs. Florence Mellor, and Miss

Lois Vaetsch. The index was prepared by Mrs.
Frederick C. Fuglister.

In addition to many of those previously men-

tioned, the following have read and commented
upon various parts of the manuscript: Lieutenant-
Commander M. V. Brewington, Dr. W. F. Clapp,
Professor K. S. M. Davidson, Mr. R. Devoluy,
Mr. R. J. Eckart, Dr. A. C. Elm, Mr. CM. Jack-
son, Mr. F. L. LaQue, Dr. J. J. Mattiello, Pro-
fessor S. E. Morison, Captain H. E. Saunders, and
Dr. G. H. Young. Without wishing to involve
them in any responsibilty for the present pùb-
lication, appreciation is here expressed for their
helpful interest and advice.

COLUMBUS O'D. ISELIN, Director
Woods Hole Oceanographic Institution

Woods Hole, Massachusetts
December 1, 1947
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CHAPTER 1

The Effects of Fouling

Fouling results from the growth of animals and
plants on the surface of submerged objects. Its
most widely known effect is on the effciency of
propulsion of ships, but there are many other ways
in which it produces diffculties. Thus the fouling
of the underbody of flying boats may result in
their inability to get off the water. Growths may
interfere' with the mechanisms which actuate
mines and reduce the effciency of underwater

acoustic devices. The drag of currents on fouled
cables may cause mines to "dip" below their in-
tended depth, and similar diffculties are encoun-
tered in maintaining defensive nets. Fouling gives

serious trouble when it occurs in pipes and con-
duits used to conduct water both in ships and in
industrial installations on shore. The growth may
have undesirable effects as the result of destruction
of the protective coatings intended to reduce cor-

rosion, and may indeed increase the corrosion of
unprotected metal itself.

In a limited number of cases, the tendency for
submerged objects to foul may be put to advantage
asIs the case in the shellfish industry. In mine war-
fare the fouling may act as camouflage; making the
mine less visible. It may be possible by examining
the fouling on a derelict mine to determine its

point of origin and the time it has been submerged
or afloat. The accumulation of slime and f.ouling
on metallc surfaces may protect them from the
erosive effects of sea water at high velocity.

These and other similar phenomena are dis-
cussed in the present chapter.

THE FOULING OF SHIPS
The fouling of ships results in a reduction of

speed, an increased cost in fuel, and losses in time
and money in applying the necessary -remedial
measures. The immediate effect is due to an in-
crease in the resistance to movement of the hull
through the water-a' phenomenon known as
frictional resistance. Since frictional resistance is
the basic phenomenon on which the most impor-
tant aspects of the fouling problem depend, and
since it is a matter of some intricacy, the technical-
ities of the subject are treated in the following
chapter, which summarizes some of the more com-
prehensive experimental data available. For pres-
ent purposes, it wil serve to point out that the

accumulation of fouling may readily reduce the

speed of the ship by several knots; and in the case

of war vessels and other types of ships in which ex-
treme speed is essential, its occurrence may result
in the loss of advantages for which great sacrifice
has been made.

As the result of experience over a number of
years, the British Admiralty makes an allowance
for design purposes for an increase of frictional
resistance of ~ per cent per day out of dock in
temperate waters and of ~ per cent per day in

tropical waters. The result of this assumed rate on
speed and fuel consumption at the end of six
months for various types of ships in temperate
waters is given in Table 1. In tropical waters such
results would be expected at the end of three
months (20). In the United States Navy the Rules
for Engineering Competition in effect prior to the
war allowed for 3 per cent increase in fuel consump-
tion per month (3).

TABLE 1. Effect of Fouling after Six Months out of Dock
in Temperate Waters

(Frictional resistance assumed to increase
7, per cent per day)

Percentage Increase in
Loss of Fuel Consumption* to

M aximum Maintain a Speed of
Speed
Knots

l'2'll
ll
2

Type of Ship
Battleship
Aircraft carrier

Cruiser
Destroyer

Standard
Displacement

Tons
35,000
23 ,000
10,000
1,850

20 Knots
40
40
45
35

10 Knots
45
45
50
50

* These figures are based on'the fuel consumptio:is for propulsion only, i.e.
auxiaries are not included.

Naturally these effects wil depend not only on
the waters in which the ships operate but also

upon the effciency of the antifouling paints em-
ployed. Since the British Admiralty utilizes paints
which are obtained from a variety of manufac-

turers, it seems probable that the estimations

given in Table 1 are applicable to vessels coated

with the commercially available paints. Great

improvements have been made in the coatings
employed by. the United States Navy, and it is
reported that during the recent war in the Pacific
it was found unnecessary to make allowances for

fouling in estimating fuel requirements.
In addition to the direct expense of the increased

fuel consumption required to drive a fouled ship
at a given speed and the increased wear and tear

on machinery which this may entail, the expense
of docking the vessel periodically for cleaning the

3



4 MARINE FOULING AND ITS PREVENTION

bottom is great. The cost of placing a vessel in dry
dock or on a marine railway, cleaning, and paint-
ing the bottom varies from $1,000 to $15,000, de-

Visscher stated in 1928 that these costs in the case
of a large vessel such as the Leviathan or Majestic
were approximately $100,000 (35). This estimate

FIGURE 1. Above: U.S.S. Tippecanoe. Painted with Navy formula 15RC.
Twelve months waterborne. (Below): U.S.S. Augusta. Painted with Navy

pending on the size of the vessel, according to
Adamson (1). The charges incurred by an 18,000-
ton passenger liner, docked during 1940 in the
San Francisco area, amounted to $4,400. This ship
is docked and repainted every nine months (4).

hot plastic antifouling paint. T\venty-eight months \vaterborne. Offcial U. S.
Navy photographs.

did not include the loss of income incurred during
the period while the ship was out of service. The
time spent in dry dock varies from three days to

three weeks or more. For a group of over 200 ships

listed by Visscher the average is seven or eight
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days. Visscher stated that over $100,000,000 was

spent annually by United States shipping interests
alone, because of fouling.

Any improvement in the technology of protect-
ing ships from fouling which permits the extension
of the period between dockings wil lead to im-

portant savings in time and expense. Prior to the
war, vessels assigned to operating units of the

fleet were docked for underwater painting at inter-
vals of approximately nine months (18). Under
wartime conditions the activity of the ships was
so great and they were docked so frequently that
little time was lost for the sake of maintaining the
bottoms in good condition. Under peacetime con-
ditions, naval vessels spend a large part of their
time in port, where they are subject to severe foul-
ing. Improvements in the antifouling coatings
which prolong the period between dockings wil

lead to substantial savings. This is true also of

commercial vessels, especially freighters which
may spend considerable periods in port.

The improved protection provided by modern
paints is ilustrated by Figures 1 and 2. Figure 1
(above) shows the heavy fouling which developed
in twelve months on a ship coated with the prewar
standard antifouling paint 15RC. A ship protected
with the modern hot plastic coating, which re-
mained practically clean while waterborne twenty-
eight months, is shown for comparison below.

Figure 2 shows the clean condition of a patch of
modern hot plastic paint in comparison to the
fouling developed in seventeen months on the
remainder of the hull which was painted with the
older formulation.

The improvement in protective coatings for
ships' bottoms due to recent work by the Bureau
of Ships has led to the following accomplishments:

a. Vessels can remain out of dry dock as long as

eighteen months with inconsequential re-
duction in speed or increase in fuel consump-
tion due to fouling. It is consequently unnec-
essary to dock ships more frequently for
painting than is required for repairs to hull
and submerged fittings.

b. Dry docks have been more available for
battle damage repairs due to the reduced

routine docking load.

c. The demands for fuel by the fleet are perhaps
10 per cent less than formerly.

d. Fewer tankers are needed to service the fleet.
e. The corrosion of ships' hulls is noticeably re-

duced.
A variety of additional savings in time and

money have been realized by improvements in the

5

FIGURE 2, Comparison of fouling on old Navy formulation 15RC (left). a?d
modern hot plastic antifouling paint (right), after 17 months waterborne. OffCial
U. S. Navy photograph.

technology of the manufacture of paints and the

preparation of the hull for painting (14).
The tendency of ships to foul is related to the

type of service in which t~ey~re employ~d, and,
particularly, to the resultm.g time ~pent m port.
This follows from the fact discussed m Chapter 13
that the larvae of many fouling organisms have

diffculty in attaching to submerged surfaces when
the velocity of the water across the surface e:c-

ceeds about one knot. At greater speeds than this,
the growth of some organisms previously attached
is also supressed, particularly if they have not
been long established, and at high speeds .the at-
tached organisms may be washed away bodily.

Visscher has made an analysis of the relation of
the duty of ships to fouling, based on the study of
217 vessels (35). The relation of the degree of

fouling to the period spent in port is shown in

Figure 3.
The time spent in port is naturally related to the

purpose and duty of the ship. The tendency of

PERCENTAGE Of SHIPS (ACTUAL NUMBER IN BRi\cKETS)

o 10 20 30 40 50 60 70 80 90 100
I I I I I I I 1 J
28 60 13':

I I I I i

7 f; 4- I

I I I I I J
1 14 10_

I I I I I I I

10 =3 52
I I I I I I J

K: 17 B

MONTHS 1-2ï,

SPENT 3- 5

IN 6-10

PORT 11-15

16-20

o
NO fOULING

ID
LIGHT FOULING

.
HEAVY

fOULING

m
.MODERATE

FOULING

FIGURE 3, Relation between the degree of fouling and the amount of time

spent in port between dry dockings. From Visscher (35).
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ships of different types to foul is ilustrated in

Figure 4. Passenger vessels appear less liable to
foul than freighters, as might be expected from
their more active service and greater speed.

Among naval vessels, destroyers and cruisers have

PER CENT OF NUMBER OF SHIPS IN EACH GROUP
TYPEOfSHIP 0 10 20 30 40 SO 60 70 80 90 100

PASSENGER

DESTROYE.R

fRErGHTERS

CRUISERS

COLLIERS

OUT Of
COMMISSION

BATTLE. SHIP S

LIGHT-SHIPS

o
NO

fOULING

~
LIGHT

fO.ULlNG

m ..
MODERATE HEAVY
fOULING fOULING

FIGURE 4. Relation between type and duty of ship and the amount of fouling,

disregarding the factor of time. From Visscher (35).

a greater immunity than carriers and battleships,
which, in time of peace, like ships out of com-

mission and lightships, spend the greater portion
of their time moored or at dock.

The time required for ships to foul depends on
the effcacy of the protective coating, which is

sooner or later destroyed either by the solvent

action of sèa water, the physical breakdown of the
paint fim, or by corrosion. After the paint is
damaged, fouling may develop rapidly and cover
the unprotected surface completely within a few

weeks. It is estimated that as much as 200 tons of
fouling may be removed from a ship's bottom at a
single docking (1).

Few of the ships examined by Visscher re-
mained dean for a pei:iod longer than nine months,
and all became at least moderately fouled by the
end of sixteen to eighteen months, as may be seen
from Figure 5. These data are based on ships pro-
tected with the paints available some twenty

years ago. There is litte doubt that ships with the

better coatings now available would show a sub-
stantial improvement.

The tendency to foul varies greatly with the
waters in which ships ply. Fouling can attach only
at such times as the organisms are infecting the
water with their zoospores or larvae. Its growth
varies with the temperature of the water. These

biological phenomena are discussed in detail in

subsequent chapters. It is generally considered

that fouling is most severe in tropical waters,

where growth is rapid and where there is little
seasonal interruption of the reproductive processes.

In temperate latitudes heavy fouling may occur in
summer, but during the cold winter period little
growth develops.

In fresh water few fouling organisms occur and
these are chiefly plants which attach close to the
water line. Ships which can be moored in fresh
water consequently enjoy a partial immunity. It
is sometimes suggested that vessels should be taken
into fresh water to kil off the fouling. This is only

a partial measure, since the shells of barnacles and
some other fouling organisms are firmly attached
and' adhere to the bottom even though their oc-
cupants are dead.

The only method of preventing fouling which is
successful with modern ships is the use of toxic
paints. Because of biological considerations the
demands put on such paints differ from time to
time and from place to place, and different coat-
ings have sometimes been proposed for ships in
various services. Vessels used in temperate waters,
subject to fouling for only a part of each year, may
be protected adequately with a relatively poor
paint, effective for onlý six or eight months, pro-
vided they are docked annually and start the foul-
ing season with a fresh coating. Little is to be

TIME PERCENTAGE Of SHIPS IN EACH GROUP
o 10 20 30 40 50 60 70 80 90 100

IN 0'3

MONTHS 4.6

12

13

9 6

o'/////. i I

.

II

".

?,.

¡,

p;

SINCE HI:

LAST 10.-12

PREVIOUS 13-15

DRY- 16-) 8

DOCKING 19-21

D ~ m _
CLEAN UGHTLY MODERATELY HEAVILY

FOULED fOULED FOULED
FIGURE 5. Relation between amount of fouling and amount of time between

dry dockings. From Visscher (35).

gained by such economies, however, since the cost
of the coating is ònly a small part of the expense

of docking and repainting. Effective paints are not
necessarily expensive paints. A paint which is effec-
tive under the most severe conditions of fouling
wil be effective in preventing growth under any
condition. The superior underwater coatings now
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used by the Navy have been developed in response
to a demand for paints which would completely
prevent the growth of fouling under the most severe
conditions and for the greatest possible period.

NAVIGATION BUOYS
J\1oored structures such as buoys are even more

subject to fouling than ships, since they remain
permanently in coastal waters where fouling or-
ganisms abound, and since the fouling is not
washed away by rapid motion through the water.
The tidal currents to which such structures are
often exposed appear to favor the growth of the
fouling, which finds an opportunity to attach dur-
ing periods of slack water even where the currents
are strong.

The population which grows on moored struc-
tures is frequently different from that observed
on ships. It contains a larger proportion of mussels
and the soft-bodied forms liable to be removed

from ships at high speed. In temperate waters,

mussels constitute the major fouling on buoys,

although these shellfish are not usually observed
on ships unless they lie idle in harbor.

Navigation buoys, even though sometimes pro-

tected by antifouling paint, usually foul heavily
before servicing, which in normal times takes
place at yearly intervals. (See Figure 6.) The moor-

FIGURE 6. Navigation buoy heavily fouled with mussels and Lam-£naria.

ing chains cannot be protected with paint. The
rate at which fouling accumulates depends upon

the kind of organisms present and on the tempera-
ture of the water. In the case offouling by mussels,

rather satisfactory predictions of the rate of ac-

cumulation can be made from a knowledge of the
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seasonal variation in temperature, as discussed in

Chapter 6.
Mussels have been observed to accumulate at a

rate of one pound per square foot of surface per
month, and barnacles at about half this rate. The
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FIGù"'E 7. Relation of weight to displacement of fouling from navigation

buoys of United States coastal waters.

maximum accumulation of fouling which has been
recorded from navigation buoys is about 25 pounds
per square foot on a buoy which had been set in
the Woods Hole region for 35 months. Another
buoy set in the same area for 31 months had as
much as 40 pounds per linear foot of 2-inch chain
(12). In the case of barnacles, the maximum ac-
cumulation recorded amounted to 6~ pounds per
square foot on a buoy set for a year at Anacapa
Island.

The data given above represent the weight of
fouling as measured in air. Under water the weight
is less and depends upon the density of the fouling
material relative to that of water, i.e., upon its
specific gravity. The specific gravity can be
measured in a number of ways. Rather different
results are obtained, depending on the degree to
which the fouling is dried before weighing. Weights
of wet fouling measured in air generally include
some water.retained in the shells of mussels,
oysters, and similar forms, whose displacements

also vary depending on whether they are closed or
open. Figure 7 shows the ratio between wet weight
in air and weight of water displaced for a large
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number of samples of fouling from buoys of United
States coastal waters, and adequately represents all
commonly encountered types of fouling except
that dominated by oysters. A specific gravity of
1.4 seems to be a proper allowance for engineering

estimates. The total weight wil depend, of course

on the locality and duration of exposure. Separate

measurements of various fouling organisms show
that only shelled forms have any significant weight
under water. Mussel fouling has a specific gravity
of about 1.3; acorn barnacles and rock oysters

FIGURE 8. Fathometer plate, fouled with barnacles. Offcial
U. S. Navy photograph.

average slightly higher. Hydroids and tunicates,
on the other hand, displaced almost exactly their
weight in air, and have almost no weight under
water (11).

Fouling on buoys is more or less uniform in type
and amount in a coastal zone which sometimes ex-
tends many miles offshore. On the Atlantic coast of
the United States the limit of this zone is approxi-
mated by the 100-foot depth contour. It has been
suggested that this depth marks the limit of ex-
tensive natural beds of such fouling organisms as

mussels which serve as the source of infection for
the buoys (13). Local currents and other factors
may modify this accessibility of the buoys to nat-
ural sources of fouling. Beyond the 100-foot con-
tour, fouling decreases and the characteristic popu-
lation changes, mussels and acorn barnacles, for
example, being replaced by goose barnacles.

Fouling on buoy installations has been found at
all depths examined, the maximum being some 450
feet. Below 100 feet, hydroids are the characteristic
dominant forms. The only part not fouled is the
lower 10 or 20 feet of the mooring chain, which is
chafed and abraded by dragging on the bottom

and is possibly subject to scouring bysilt carried
by bottom currents. The anchors themselves are
often fouled, when not buried, as are cables and
other structures on the bottom. Except for differ-
ences occasioned by the vertical zonation of par-

ticular species, the buoy installations show no con-
sistent change in amount of fouling with depth.
This is contradictory to many reports and opin-
ions, but is based on extensive and reliable evi-
dence. Most of the observations, however, are of
buoys set in channels and other inshore local
deeps. Toward the edge of the continental shelf,
where deep water is general, collections from a few
buoys indicate that fouling may be limited essen-
tially to goose barnacles at the surface and to a
mixture of other forms on gear at the bottom.

Buoys set in harbors often have a different fouling
population from those set offshore. Dense growths
of tiinkates, bryozoans, and other soft forms fre-
quently predominate.

Navigation buoys ordinarily have sufficient re-
serve buoyancy so that the weight of fouling is
quite unimportant. Its chief harmful consequence

is the nuisance of cleaning the buoy and chain prior
to repainting. The internal tubes of whistling buoys
sometimes foul heavily and this impairs their prop-
er functioning.

UNDERWATER SOUND EQUIPMENT
Commercial vessels are commonly equipped

with sonic sounding devices; naval vessels are
equipped with more specialized instruments for
producing and detecting underwater sounds. These
and the similar acoustic devices permanently in-

stalled under water for purposes of coastal de-

fense are not usually protected with antifouling
paint nor are they constructed of metals which re-

sist fouling. Their usefulness may be seriously im-
paired as the result of the accumulation of fouling
on the surfaces which transmit sound. (See Fig-

ure 8.)
The fouling which occurs on sound equipment

is similar to that of ships' bottoms. Barnacles,

tube worms, tunicates, hydroids, and bryozoa are
the chief offenders. Algae are relatively unimpor-
tant because the installation is commonly located
too far below the surface to favor plant growth. In
a survey of the condition on naval vessels recently
made by the Naval Research Laboratory few
sound domes were found free of fouling (9). Bar-
nacles were rarely absent even from ships which
were docked at short intervals or were cruising in
northern waters. Tube worms were characteristic
on ships from the South Pacific. Heavy fouling,
sometimes ~-inch thick, was present at times.
The heaviest fouling occurred in the tropical waters
of the South Pacific, Mediterranean, and Carib-
bean Seas.

Since fouling organisms cannot attach on rap-
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idly moving surfaces, and since their growth is
inhibited or they may be torn free by water cur-
rents of high velocity, fouling is especially preva-
lent on ships lying to for long periods, on training

school ships and barges, and on stationary installa-
tions.

On the outside of sound domes, fouling is great-
est on the nose and tail where the velocity of flow
is least during the motion of the ship. It also oc-
curs on the projector, retracting shaft, and sound
welL. (See Figure 9.) In some cases the dome can
not be retracted because of the growth. In free-
flooded equipment it is found on the inside of the
dome where the quiet water encourages the growth
of soft-bodied types of fouling as well as the hard-
shelled forms. These often accumulate in the bot-
tom of the dome to a substantial thickness. These
diffculties might be eliminated by abandoning the
free-flooding feature.

In the Caribbean, dry-docking is often required
within two or three months because the sound

equipment is rendered inoperative by fouling.
'While field studies have not been made to deter-
mine quantitatively the effect of fouling on the
ranges over which sound equipment is effective,
theoretical considerations and practical tests
leave little doubt that the efficiency of sound gear
may suffer seriously.

The decrease in sound transmission through a
sound dome due to fouling may be attributed
almost entirely to reflection, scattering, and ab-
sorption.
vVhen sound waves impinge on a submerged

steel plate, part of the sound is transmitted through
the plate and part is reflected. The reflected com-

ponent becomes greater as the plate thickness in-
creases. The calcareous and siliceous shells of the
fouling organisms, having a higher density and
modulus of elasticity than water, act to increase
the effective thickness of the dome wall and thus
increase the reflection and decrease the trans-
1111SSlOn.

The presence of bubbles in water greatly in-
creases the absorption and scattering of sound

energy. Absorption of sound by bubbles is very
great if their size is near to the resonant size of the
particular sound frequency. For example, the
resonant size at 25 KC is 0.2 mm., and if 10 bub-
bles of this size are present per cubic foot, the

attenuation wil be 100 decibels per kiloyard.
Fouling growths may be expected to entrap free
bubbles from the surrounding water.

The attenuation through sound domes due to
these effects becomes enhanced in echo-ranging

9

and depth-sounding equipment, since both the
outgoing and reflected sound must pass through
the dome. For example, if fouling decreased the
transmission.. by 30 per cent, the echo intensity
would be reduced by one-half.

Fouling may also decrease the effectiveness of
sound gear by increasing cavitation noise. This is
sound which results from disturbances in the nor-
mal streamlined flow around the sound dome when

FIGURE 9. Retractable sound dome showing fouling on projector and sides
of sound well. OffcIal U. S. Navy photograph.

the ship is under way. It interferes with the use of
sound equipment in a way somewhat different from
the two phenomena described above. vVhereas
these actually decrease the strength of the signal

being transmitted or received by the gear, cavita-
tion produces a background of noise which makes
it diffcult to recognize the received signaL. While

quantitative noise measurements from fouled
sound domes are unavailable, several cases have
been reported where excessive water noise at
relatively low speed was attributable to barnacles
attached to the sound window. In one such case,
excessive noise at a certain bearing disappeared

after the ship was dry-docked and a large barnacle
at that bearing was removed.

The effects of fouling on sound transmission are
discussed in some theoretical detail in a report by
Fitzgerald, Davis, and Hurdle (9).

An experimental study of the effects of fouling
and of applications of antifouling paint on sound
transmission has been made by the Naval Re-
search Laboratory. Steel panels 0.060 inch by
30 inches by 30 inches were exposed to severe

fouling at Miami Beach, and measurements were
made of the transmitted energy as fouling pro-
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gressed. The results are shown in Figure 10. The
unprotected plate became covered with barnacles.
bryozoa, tunicates, hydroids, and algae, with the
soft-bodied forms predominating. At th~ end of 165

days it had built up a mat one inch thick. At this
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FIGUR 10. Intensity of sound transmitted by a steel panel 0.060 inch thick as
affected by foulg during immersion. Nter Fitzgerald, Davis, and Hurdle (9).

o

time it caused an attenuation of 3 decibels; after
300 days the attenuation was 5~ decibels. This
means that only 50 per cent and 25 per cent respec-
tively of the incident energy was, being trans-

mitted. In contrast, at the end of 300 days, the

attenuation of a plate coated with antifouling

PROJECTOR

CLEAN

paint was only 0.5 decibel, corresponding to about
90 per cent transmission.

By comparing the fraction of the incident energy
transmitted with that reflected by the fouled plate
when placed at an angle of 450 with the incident
beam, and correcting for the effects produced by
a similar unfouled plate, it was possible to estimate
the relative importance of reflection and absorp-
tion in the transmission loss due to the fouling.

TABLE 2. Per Cent Transmission, Reflection and Absorption of
Sound of 24.3 kc/sec Due to Fouling on Steel

Panels Immersed 165 Days

Trans- Reflec-
mission tion
79.9 19.3
81.2 18.2

A bsorp-

tion
Clean panel
Clean panel

0.8
0.7

A
B

300
28.2
28.2

79.9
79.4

6.3
7.9

12.9
12.9

65.5
63.9

7.6
8.0

Fouled panel A
Fouled panel B

Painted* panel A
Painted* panel B

. Coated with Navy Aeronautical Specification M-55g.

The results, given in Table 2, show that practically
all the energy loss is due to absorption.

Fouling not only affects sound gear by reducing
the intensity of the transmitted sound, but also

BEAM PATTERNS

FIGURE 11. Beam pattern of a projector measured when clean and after the growth of fouling in which mussels
predominated. After Fitzgerald,_Davis, and Hurdle (9).

FOULED
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modifies the field pattern of a projector. Figure 11

shows the field pattern of a projector measured

before and after the accumulation of a heavy

growth in which mussels predominated.

Underwater sound equipment tends to foul
because the exposed surfaces are usually con-
structed of metals which do not resist fouling, or
because, if toxic materials such as copper or its
alloys are employed, they are inactivated by gal-
vanic effects resulting from coupling with iron
structures. Usually the surfaces of sound equip-

ment are not protected with antifouling paint,
either through disregard of the diffculties which
may arise from fouling or for fear that the paint
coating wil interfere with the operation of the

equipment.
The effect of coatings of antifouling paint on

sound transmission have been studied, using sound
varying in frequency. The result, shown in Figure
12, indicates that the use of a special coating de-

veloped at the Naval Research Laboratory for the
purpose produces no essential change in the sound
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FIGURE 12. TransmissIon of sound of varying frequency through steel plates,
uncoated, painted with a special coating (Navy Aeronautical specification iVI-559)
and with standard hot plastic shipbottom paint. After Fitzgerald, Davis, and
Hurdle (9).

transmission of a steel paneL.' The standard hot
plastic ship bottom paint, on the other hand, re-
duces the sound transmission very greatly. This
effect is attributed to the presence of air occluded
in the coating.

SALT WATER PIPE SYSTEMS
Pipes and conduits used to distribute salt water

in vessels, industrial plants, and aquaria provide
favorable places for fouling organisms to grow.

Flow is interfered with due to the decreased size

of the channel and the increased roughness of the

surface. There is always danger that the systems
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FIGURE 13. Growth of tube worms in a ship's 4-Inch fire main. Offcial
U. S. Navy photograph.

wil be blocked at valves, orifices, and other con-
stricted places by organisms which become de-
tached.

The problem is particularly acute in the case of
ships, because the piping is designed for high

velocities and is relatively small, so that fouling
may greatly reduce the capacity. It is essential
that the pipes be kept free from fouling at all times
because of the hazard from fire if the fire mains
become clogged. Because of the complexity of the
systems, the expense of breaking them down for
cleaning is great.

It has been found that fouling occurs most readi-

ly in fire mains and in branches leading to fire

plugs on deck, ice machines, and other auxiliary
machinery. A section of four-inch fire main almost
completely clogged with tube worms following a
period of duty of the ship in the tropical Pacific
is ilustrated in Figure 13. The fouling is more

pronounced in the sections of five inches or more
in diameter, and in the vicinity of boiler and engine
rooms where the temperature is usually higher.
It is reported by ship personnel that where the

temperature is from 70° to 100°F, growth is prev-
alent, with the greatest concentration between

80° and 9üoF. At higher temperatures, the amount
of fouling diminishes, and it is nonexistent where
the water temperature is maintained at 150°F.
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The intensity of fouling also diminishes greatly
at temperatures below 60°F. A pipe having con-

stant flow wil usually be free of growth, while

one with very little flow, or where the water c)mes
to rest for short periods, wil be badly fouled.

The fouling of ships' piping depends upon the
local conditions of operation, and may be particu-
larly severe in the tropics. Troublesome growth
was reported from Galveston and Hawaii. At the

any part of the iron structure of the ship wil
tend to inactivate certain parts of the internal

surface of the pipe, even though it be constructed
of copper, unless sections of insulating material are
introduced at this point.

Currently, experiments are being made in coat-
ing the insides of the pipe systems with antifouling
paints similar to those used on ships' bottoms (19).
These experiments are promising and have shown

FIGURE 1+, Section of pipe laid open to show a plug of mussels which developed at a point where the protective coating
of antifoulìng paint had been damaged during welding of a joint.

latter district it was necessary to clean the con-
denser tubes every eighteen days. At Panama no
fouling occurred, presumably because the tender
was stationed in the fresh water of Gatun Lake at
regular periods. In the New England area, severe
fouling with mussels has been reported.

Copper tubing is frequently used in vessels to
conduct salt water and is apparently not prone

to fouL. Its tendency to erode, however, has led
to the use of lead-lined steel pipe, galvanized

wrought-iron and steel pipe, and copper-nickel

alloy tubing as a substitute in American naval

vessels. Marine growths have been found in all of
these systems, the more severe cases reported
being in the lead-lined and galvanized iron pipes.

The prevention of fouling in salt water pipes
by the use of suitable metals is diffcult, since those
metals which resist erosion adequately do not
have antifouling surfaces. The most satisfactory
compromise at present available is 70-30 copper-
nickeL. It is possible that the bronze couplings,

flanges, and fittings connecting adjoining sections
of copper-nickel pipe may produce galvanic effects
suffcient to increase the tendency of the copper-

nickel pipe to fouL. The coupling of the pipe with

that protection may be afforded in this way. It is
not known as yet, however, how permanent this
protection wil be. Difficulties may arise from the
chipping off of parts of the paint surface, which

might give trouble should the chips ultimately
lodge in fire sprinklers or other critical places.
Localized damage of the paint coating may also
cause accelerated corrosion of iron piping at the

points were the metal is exposed. Figure 14 shows

a length of pipe which had been protected by paint-
ing laid open. The pipe is free of fouling except at
a point where the paint had been damaged in the
course of welding a joint. At this point a heavy

plug of mussels has developed.
Another possible method of preventing the foul-

ing in salt water pipe systems is the injection of
chemicals designed to sterilize the water, much
as is done with domestic water supplies. The

machinery developed for the latter purpose might
be adapted for use on shipboard.

Chlorine has been used successfully to prevent
the growth of marine organisms in the sea water
service lines of industrial plants (6). Experiments
have indicated that residual chlorine concentra-

tions as low as 0.25 p.p.m. completely prevent
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fouling in flowing salt water lines. Unfortunately,
the quantities of water circulated through a ship

are so large that treatment to even this small

concentration is diffcult. The use of compressed
chlorine gas on shipboard is prohibited. Electro-
lytic generation of chlorine requires bulky equip-
ment and presents other technical diffculties.
The use of chemical sources such as calcium hypo-
chlorite involves a considerable storage and main-
tenance problem. Finally it has been found that
even these small concentrations of chlorine greatly
increase the corrosion of steel piping (34). Such
corrosive effects are thought to be due to the elimi-
nation of protective coatings of slime by the chlo-
rine, rather than to any direct chemical effect by
the small concentrations of chlorine.

Experiments have indicated that sodium penta-
chlorphenate, sold under various trade names such
as Santobrite and Dowicide, might be preferable
to chlorine for use on shipboard. The introduction
of sodium pentachlorphenol in concentrations of 1
p.p.m. completely prevented the fouling of steel
pipes, without increasing the rate of corrosion.

Recent tests conducted in collaboration with the
Boston Navy Yard have led to the development
of suitable equipment for treating salt water lines
of vessels with this materiaL. A product sold as
Nalco 21 M has sufficient solubility in sea water to
be adapted to the purpose. The chief disadvantage
is the added maintenance and supply problem, and
the irritating character of the material, which

must be handled with some care.
Power stations, oil refineries, and other users of

sea water for industrial purposes may be greatly
inconvenienced by the growth of fouling organisms
in their water circuits. The growth reduces the
carrying capacity of the conduits by increasing the
frictional resistance as well as by reducing the pipe
line diameter. The growth of sponges in a 60-inch
pipe has been known to reduce the Hazen Wiliams
coeffcient by 35 per cent. The growths continue
to accumulate until they are so great that they may
be torn loose and swept into screens, tube sheets,
or pumps. The resultant stoppage may allow pres-
sures to accumulate in the systems to the breaking
point. When used for fire service, the sudden rush
of water has loosened the fouling which has blocked
valves, hydrants, and nozzles, and even completely
shut off the water supply with disastrous results
(6) .

In addition to the inefficiencies of operation and
the hazards caused by fouling growths, expense

arises from the necessity of closing down parts of
the system for cleaning. As much as 266 tons of
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shells have been removed in one year from the
tunnel of one New England power station. At
another tunnel, dead shells have accumulated to
a depth of 3 to 6 feet (6). Many stations have had
to shut down entire turbo-generator units two or
three times a day to permit removal of shells
blanketing the tube sheets. Shells which enter the
tubes cause high impingement velocities which
increase erosion and reduce tube life (32).

FIGURE 15. Fouling developed in less than four months in intake tunnel
of the Lynn Gas and Electric Company.

The growth encrusting the walls of the intake
tunnel of the Lynn Gas and Electric Company
less than four months after cleaning is ilustrated
in Figure 15. The mussels growing on the wall of
this tunnel weighed more than 10 pounds per
square foot and made a mat 2 inches thiclc

In addition to the mechanical effects pro-

duced by the growth of macroscopic fouling organ-
isms, the accumulation of deposits due to capsu-

lated and slime-forming bacteria reduces the heat-

transfer efficiency of condensers (7, 21, 22).
The animals which cause trouble in conduits

are those which predominate in the fouling of
sheltered waters, i.e., hydroids, bryozoa, mussels,
and tunicates. The mussel, M ytilus edulis, is the
most important form in salt water circuits in tem-
perate latitudes. The scallop, Pecten latiauratus, is
troublesome in warmer waters. Bryozoans,
sponges, and in Europe the mussel, Dreissensia
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polymorpha, are responsible for blocking fresh
water lines. The algae give little trouble except in
sunlit portions of the installations.

Numerous methods have been suggested for
preventing the fouling of industrial circuits, but
few meet the essential requirements of being eco-
nomical to install and operate, and of effectively
elimina.ting the fouling without interrupting the
operation of the plant.

~
Screp.ns fine enough to exclude the larvae are

impractical because they clog too readily with silt
and detritus.

The organisms could be killed by suffocation
only by shutting down frequently and allowing

the water to stagnate until its oxygen content

is exhausted.
High water velocities might be employed effec-

tively to reduce fouling where such velocities can
be maintained without undue cost of pumping,

but fouling might stil occur if temporary inter-
ruptions or localized areas of redlicedvelocity

permitted the attachment of larvae. Fouling so
established would be in danger of being torn loose

and swept into critical structures such as pumps or
condensers unless these were protected by suitable

catch basins.
Fresh water might be used to kil off the or-

ganisms of salt water circuits, but this would be
effective only if the treatment were continued for
some time, since many shelled forms such as the
mussel can resist adverse conditions by closing
their shells. The remains of fouling kiled in this
way would be apt to clog critical structures.

Antifouling paints cannot be economically ap-

plied because they must be renewed frequently.
In addition to the cost of their application and the
shutdown time required, it would be very diffcult
to secure a suffciently clean and dry surface for
the successful renewal of the coatings. Some plants
have used coal-oil, gas-oil-drip, kerosene, and simi-
lar oily products for control. Some control is ob-
tained above the low water level, since the walls
become coated with these materials and become
unsuited to the attachment of the fouling. No
control is obtained below the low water line,
however.

The earliest method of control attempted on
plant scale was heating the circulating water. The
circulating water can be throttled until the desired
heat exchange is obtained at the condensers.

By reversing the circulation in the system, all
parts may be subjected alternately to the heated
water. Successful control of mussel fouling was
obtained by heating the water to about 90°F for

a period of twelve hours. The treatment must be
repeated at monthly intervals during the spawn-

ing season to kil the mussels before their shells

reach sizes that would be harmfuL. The cost of
operating such a system can be extremely high
because of the fuel consumed in heating the water.
Installation costs are also increased, because the
system and, particularly, the pumps must be
designed for reverse flow. It is only for plants

having waste heat available that the cost is not
prohibitive (31).

A variety of methods of controllng fouling
by introducing poisonous materials into the water
have been attempted or considered. Active poisons
such as cyanide are rejected because of the danger
to human life. Treatment with sulphuric acid has
been tried by a private firm at the Leith Docks and
was partially successful, but was abandoned be-
cause of the severe corrosion which resulted. To be
effective, sulphuricacid must be added in a propor-
tion of 150 p.p.m. so as to reduce the pH to 3. The
cost of the acid required is itself prohibitive, ir-
respective of the corrosive damage.

The most successful and economical method of
treatment is with chlorine. Power stations scat-
tered along the Atlantic coast from Massachusetts
to Texas have controlled fouling by this means.
Although experiments indicate that continuous

treatment with chlorine residuals of 0.25 p.p.m. is
adequate to prevent fouling, experience at plant
scale indicates that residuals of 0.5 to 1.0 p.p.m.

are required. Economies can be had by employing
intermittent treatment, provided it is frequent

enough to prevent larvae which enter the system
between applications from developing shells. Adult
mussels can close their shells and resist the action
of the poison for several days, and prolonged

treatment is consequently required when it is
desired to kill mussels which have become estab-
lished. Further economy may be had by omitting
the treatment at those seasons when the larvae are

absent from the water.
In a 25,000 Kw station, marine fouling can be

controlled by the use of chlorine at a cost of about
$3.50 per day during the fouling sèason. More
than this amount is saved in increased effciency

of the installation and in the reduction in cost of
cleaning (6).

DESTRUCTIVE EFFECTS

In addition to interfering with the function of

the structures on which it grows, fouling may ac-
celerate the corrosion of their metallc surfaces or
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injure the paint coatings intended to protect them
from rusting.

It has been argued that a heavy mat of fouling
may actually protect the surface from corrosion
by preventing the renewed access of sea water or
of the oxygen which is required for rusting. This
view is supported by the clean appearance of the

steel and the absence of red rust when the fouling
is scraped away. Friend noted that the shell fauna
did not appear to affect corrosion of metals ap-
preciably while living, but that dead organisms

stimulated local corrosion, leaving more or less
circular patches of damage (10). When individual

15

but not with calcareous tube worms or algae.

LaQue and Clapp did not observe pitting associ-
ated with barnacles or bryozoa which were known
to be alive, and suggest that it is only when they
die that conditions are favorable for excessive pit-
ting. This observation has been confirmed by Mr.
C. M. Weiss at Miami. He observed pitting only
under the shells of barnacles which were dead, not
under the encrusting bryozoa or other forms which
grew on the panels.

The pitting frequently shows a radial pattern
or concentric rings which reflect the structure and
growth characteristic of the barnacle base. Some-

FIGURE 16. Localized corrosion of nickel beneath the bases of barnacles. (Left) Fouled condition of the panel after one month's
exposure. (Right) Pits in the metal revealed by removal of three of the barnacles.

organisms become covered up and smothered by

their neighbors, localized corrosion is caused. An
example of this action is illustrated in Figure 16.
Passive and marginally passive alloys, such as
stainless steel and nickel alloys, in which the sur-
rounding surfaces of the metal remain relatively
smooth, show particularly clearly the localized
corrosion which occurs under fouling organisms.

LaQue and Clapp have observed quite noticeable
pitting of nickel-copper alloys within 11 days after
the fouling appeared (16). Pits 1.3 mm. deep may
develop in 26 days in an alloy containing about

85 per cent nickel and 15 per cent copper. The ac-
tion is confined to alloys containing 50 per cent
copper or less, which foul readily. Unlike most

metals the rate of weight loss of these alloys in-
creases during the period of exposure to sea water,
a result attributed to the corrosion induced by the
fouling. It was observed that these effects were

associated with barnacles and filamentous bryozoa,

times the central area stands up as a prominence
of uncorroded metal, at other times it is more

deeply corroded than the outer area. After the
organism has become detached, the pitted area
may continue to corrode, with the result that its
characteristic pattern is destroyed.

In contrast to these observations, the corrosion

of a steel surface may proceed less rapidly under
firmly adhering fouling than in the bare areas

between the organisms. Figure 17 shows the sur-
face of a steel panel which had become heavily
fouled with barnacles. After removing the living
barnacles and the corrosion products, the steel
surfaces which had been under the bases of the
organisms stand out as relatively smooth plateaus
surrounded by depressed and pitted areas where
corrosion has taken place. This observation shows
that the fouling may protect the metal locally.
Whether its effect is beneficial or not is uncertain,
since it is not known whether corrosion proceeded
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FIGURE 1 i. Corroded steel plate showing smooth circular areas which
had been protected by the bases of barnacles.

more rapidly in the areas between the barnacles

than it would have in their absence.
A variety of mechanisms have been suggested to

explain how fouling may influence corrosion. One
view is that any uneven adherence of the base of a
fouling organism may result in inequalities in the
concentration of oxygen at the metallic surface,
and may create oxygen-concentration cells which
accelerate corrosion by galvanic mechanisms. It is
also possible that if the greater part of the surface
is protected by firmly adhering fouling, any cor-

FIGURE 18, Steel panel showing black deposit which covered steel between the
bases of barnacles after three months i exposure in the sea.

rosion due to galvanic effects wil be concentrated
in the unprotected spaces between the organisms,

much as it is in localized breaks in a paint coating,
as discussed in Chapter 22. Another suggestion

frequently made is that metabolic products of the
fouling, and particularly the production of acid
conditions and hydrogen sulfide by dying members
of the community, create a condition favorable to
corrosion (5, 29).

The presence of fouling, both alive or dead, may

FIGURE 19. :Microscopic section through a paint film shO\YIng the wedge shaped
edge of barnacle shell plowing into the paint coating. The dark areas arc paint;
the striated zone at bottom is the steel surface. X 100. Photograph by Dr. F. F.
Lucas, Bell Telephone Laboratories.

be expected to favor the accumulation and growth
of microorganisms, particularly sulfate-reducing
bacteria, to which Legendre (17) has attributed the
corrosion of iron under marine conditions. Sulfate-
reducing bacteria are known to be active in the
destruction of underground pipes. They secure their
needed oxygen under anaerobic conditions by
reducing sulfates. In this process hydrogen is con-
sumed, and the resulting depolarization of the
metallic surface favors its corrosion (36).

Sulfate-reducing bacteria are found abundantly
in sea water and in the mud of harbors and on

fouled or rusting surfaces which are exposed in
such places. The layer of red ferric hydrate which
forms on iron rusting in sea water is frequently
underlaid by black deposits containing sulfides,
which indicates that the primary corrosion prod-

ucts are being formed under anaerobic conditions

(33). Figure 18 shows the black òeposit which
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covered a steel panel between the bases of barna-
cles after three months' exposure to sea water,
and where, as shown in the preceding figure, exten-
si ve pi tting took place.

Protective coatings intended to prevent the
corrosion of submerged metallc structures are
frequently injured or destroyed by fouling organ-

isms if the coating does not have antifouling prop-
erties. Localized breaks in the coating caused by
the fouling lead to serious pitting in these areas,

especially if the electrical conditions are favorable
to corrosion. This situation has occurred on lock
gates and submerged pipe lines (8).

Fouling may injure protective coatings in several
different ways. Heavy shelled forms, such as
oysters, may become attached so strongly to the
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coating that when the shell is torn loose for any
cause some of the underlying paint comes away
with it. The cementing material which holds the

~~~~STEEL PLATEABC 0 E
FIGURE 20. Diagram showing how a barnacle plows into the surface of paint.

A-Metamorphosed barnacle on paint surface. Band C-The edges of the shell
grow downward until checked by the steel. plate. D and E~Continued lateral
growth forces the paint up\vard over the barnacle's shelL. After Bärenfänger (2).

oyster to its substrate appears to have a destruc-
tive effect on paint films, If the shell of an oyster
attached to a painted panel is carefully dissolved
away with acid, the spots where the oyster had

FIGURE 21. A~Barnacles growing on paint, showing chips of paint which
have been wedged up by the shell's growth and the marks left by barnacles which
have become detached. Photograph by C. M. Weiss. B-Marks left after remov-
ing barnacles from a nontoxic paint surface. Photograph from Nelson and Kodet
;;5). C-Undersurface of a barnacle which has penetrated the paInt coating of a

glass panel, seen through the glass. The dark cIrcular area is a hole left in the
i:aint by a barnacle which has been detached. Photograph from Nelson and Kodet
(25). D- Thiokol coating showing marks left by barnacle bases after removal of
the fouling. Photograph by F. L. LaQue.
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been attached have a light brown color, suggesting
that organic materials contained in the cementing
material had penetrated the superficial portion of
the paint. The paint film in these brown layers

appears to be weakened, for unless great care is
taken a thin layer of the paint in these areas tends
to peel off, leaving the adjoining paint intact (25).

Barnacles may injure paint coatings because of
their way of growth (2, 23, 27, 28). The growing
edge of the shell is sharp, and wedge shaped in

structure of the basal plate can be clearly seen

through the glass.
Barnacles may also penetrate certain rubber-

like coatings such as Thiokol, as shown in Figure
21D. Coatings of Natural Rubber, Buna S, and
Neoprene have not been found to be vulnerable
to such damage (15).

Soft bituminous coatings may be penetrated by
barnacles to a depth of several milimeters. If the
barnacle subsequently dies, the exposed surface

FIGURE 22. Effect of fouling on attack by wood borers. Fouling on the block at left was undisturbed during one year's immersion at :Miami Beach. The block
at its right was cleaned periodically to reduce fouling. The condition of the blocks when split open is shown at right.

section, as shown in Figure 19. As the base en-
larges, this edge pushes outward and, if the sub-
strate is not too hard, downward. As a result the
edge of the shell tends to plow into the coating

and may eventually cut down to the underlying
metal. Figure 20 diagrams the process. Figure 21A
shows several barnacles which have plowed into an
ineffective coating of antifouling paint. The marks
left by barnacles leave chips of paint adhering to

the outer surface of the shelL. The marks left after
removing barnacles from a nontoxic paint surface
are ilustrated in Figure 21B. Figure 21C shows the
undersurface of a barnacle which had grown on a
painted glass paneL. The barnacle has penetrated
the paint so completely that the details of the

of the metal is exposed to corrosion. The injury

of coatings may be prevented if an antifouling
paint is used. Such paints do not last indefinitely,
however, and it is often desirable to protect sur-
faces which can not easily be repainted or to which
the fouling is otherwise not a disadvantage. A hard
coating wil prevent penetration by barnacles.

A suffcient amount of metallic or hard mineral
filler in a bituminous coating may be an effective
means of discouraging other types of boring or dig-
ging animals as welL. Where the attack of the ma-
rine organisms is suffciently slow, the most eco-

nomical solution of the diffculty may be the use of
cathodic protection against the localized corrosion

(8).
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On the credit side, a heavy growth of fouling
may protect wooden structures from attack by
wood borers. Figure 22 shows two wooden test
blocks which had been exposed to the sea for one
year at Miami. The one at the left is heavily
fouled; that to its right has been cleaned periodi-

cally to prevent accumulation of the growth. When
split open the fouled block was found to be almost
free of wood borers; the cleaned block was much
more seriously damaged (37).

Laboratory tests indicate that paints are at-
tacked by bacteria in sea water. Some paints are
decomposed more rapidly than others. Bacteria
have been shown to attack many of the important
constituents of the paiilCriÙi.rix such as rosin,
paraffn, alkyd and phenolic resins, and linseed
oil (24, 26, 30). Chlorinated rubber is decomposed
slowly, while Vinyl resin, Halowax, coal tar pitch,
and chlorinated styrene resist decomposition al-

most entirely. No data exist, however, as to how
important the action of bacteria may be, as com-
pared to the physical solution of the paint fim

by sea water under conditions of service.

GENERAL CONCLUSIONS
The preceding review of the ways in which foul-

ing interferes with the proper functioning of

structures and devices amply demonstrates the
importance of thesubject and the need for effective
preventive proced.ures.

The principal harmful effect arises from the in-
creased resistance which a structure roughened
or enlarged by fouling offers to the movement
through the water, or, conversely, to the movement
of water past the structure. This is the case for
the resistance of ships, treated in more detail in
the following chapter, and in part for the flow of

sea water in pipes and conduits. In other cases

the harm is done by what may be described as a
bulk effect, in which the fouling affects the weight
or buoyancy of installations, plugs up orifices
which should remain open, or interferes mechani-
cally with moving devices. Special problems arise
from the effects on sound transmission, the de-
structive action on paints, and the influence on

corrosion.
Whatever the harm done by fouling, the essen-

tial remedy is to prevent the growth of the organ-
isms, unless the simple procedure of removing them
mechanically is practicaL. At present this can be ac-
complished most effectively by the application of
toxic paints or greases, or by the use of metals
which give off toxic ions as they corrode. In special
cases toxics may be applied in solution directly
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to the sea water, as in the case of powerhouse

conduits. Success with toxics should not blind

one to the possibility of finding other, more effec-

tive devices. Improvements in paint coatings are
needed to ensure longer effective life, and par-
ticularly to develop systems less likely to be de-
stroyed by the corrosion of the underlying steel.
Coatings which may be applied successfully under
the unfavorable conditions of weather frequently
encountered in docking are greatly needed, as are
special coatings adapted to various uses other
than shipbottom application. Up to the present
almost no effort has been expended in developing
special alloys particularly adapted to resist fouling;
such metals as are available are merely selected

from among alloys devised for other purposes.
Even the elementary facts regarding galvanic
action in relation to its effects on both corrosion
and fouling are frequently poorly understood by
those responsible for the construction and main-
tenance of ships and other marine structures.

While interest in the biological aspects of fouling
may appear to end with the discovery of toxic
coatings capable of preventing the growth, it
should be remembered that new protective de-
vices can not very well be developed without a

fundamental understanding of the fouling popula-
tions. New paint formulations can not be tested
intellgently without this information. Finally,

knowledge of the times and places where fouling
is to be expected is necessary whenever there is

any question of whether protective measures need
be taken, how to practice such measures with the
greatest economy, or how long structures wil
remain unfouled when protective measures can not
be applied.
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CHAPTER 2

Ship Resistance

The theory of ship resistance has been elabo-

rated by naval architects as a means of predicting

ship performance from preliminary experiments

with models. A full discussion of this theory or of
the technique of testing the resistance of models

or of full-scale ships by trial runs is beyond the
scope of the present volume. However, since the
data bearing on the effects of fouling and of protec-
tive coatings on the effciency of ships during oper-
ration are expressed in the terms of this theory and
were obtained by these techniques, it is necessary
to present an elementary account of these matters.
For a more complete treatment, standard works
such as those of Taylor (24), Davidson (7), Saun-
ders and Pitre (18, 20, 21) may be consulted.

The resistance offered by a ship to movement
through water may be resolved into two principal
components: frictional resistance and residual
resistance. The frictional resistance arises from
frictional forces set up by the flow of water along
the surface of the hull, and is consequently in-

fluenced by fouling and the coatings of paint used

for its prevention. The residual resistance is due

to pressures developed in pushing the water aside,
and arises from the form of the hull.

Wiliam Froude first recognized that the residual
resistance of a model could be scaled up to give the
residual resistance of the full-scale ship by use
of the principle of similitude developed by New-
ton. The frictional resistance, however, follows
laws of its own and can not be so treated. Froude
consequently studied the frictional resistance of
towed planks in order to determine empirically

the relations between frictional resistance; length,
surface area, and speed. Armed with this informa-
tion, it is possible to estimate the frictional resist-
ance of a modeL. This value is subtracted from the

total resistance of the model to obtain its residual
resistance. The residual resistance is then scaled

up to give that of the full-sized ship. The frictional
resistance, calculated for the full scale from the
plank tests, is added to give the total resistance

of the ship. This is the fundamental procedure in
all model testing.

The total resistance of a ship to motion may be
measured by trial runs over measured courses

made both before and after fouling has occurred.
The influence òf fouling; on the relation of speed
to propulsive force can be measured in a direct and

convincing way. This method is unavoidably ex-
pensive, since a full-sized ship must be kept avail-
able over a protracted period. It does not lend itself
to .the full analysis of the nature of the resistance
unless supplemented by tests on "planks" which
determine the frictional resistance separately.

Plank tests are conducted by towing long, thin
plates in tanks. The resistance offered by such

structures may be assumed to be due almost en-
tirely to frictional forces and may be related direct-
ly to the roughness of the surface or to its fouled
condition. This method of study is indirect in that
the results can be applied to actual ships only with
the aid of theoretical calculations supplemented by
towing data on ship models or full-scale ships.
Its relative simplicity and lower cost commends
it, however, for detailed studies on the effects of
surface roughness which may characterize painted,
corroded, or fouled bottoms.

For the purposes of the paint technologist,
effective information can be obtained without the
complete solution of the resistance problem re-

quired by the naval architect. Reliable and simple

procedures for estimating the relative frictional
resistance of variously treated surfaces wil be of
value in guiding his technique, even though they do
not supply data adequate for the needs of the ship
designer.

The plank tests may be likened to the panel
tests used in evaluating the protective action of

coatings. Their value to the paint technician lies
in the ease with which comparative evaluations

can be made, not in the precision with which they
foretell the performance of ships in sevice. The
tests by trial run, on the other hand, like the serv-

ice tests of paint coatings, give a direct measure
of the phenomena in question.

,.,~
.~t-t
.r~

THE TOTAL RESISTANCE OF SHIPS
The force required to propel a ship at any

given speed may be measured by trial runs over a
standard course in which the ship is self-propelled
or is towed by another vesseL. To obtain reliable
results, an exacting technique must be followed in
which a series of observations are made at each
fied speed, during which the vessel alternates
its direction over the course in order to neutralize
the effects of current. The trials should be run in
quiet waters, since the state of the sea can not ibe

21
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FIGURE 1. Resistance of destroyer Yud¡uhi towed at different speeds after
various periods at anchor. From data of Izubuchi (13).

allowed for. The force and direction of the wind
must be measured and its effect calculated, to
permit the results to be reduced to standard con-

ditions.
If the ship is towed, the total resistance is given

by the force exerted by the towline. The effective
horsepower, EHP, is related to the total resistance,
R, by the expression

EHP=0.00307 RV

where R is expressed in pounds, and the speed, V,
in knots.

If the ship is self-propelled, the propulsive

force is best obtained from measurements of the
thrust of the propeller shaft.

The propulsive force is more usually estimated
from the shaft horsepower. This is the power de-

livered by the shaft to the propeller (20). At a
given speed, shaft horsepower is always greater
than effective horsepower because of the ineff-
ciencies inherent in propeller design and in the dis-

turbed motion of the water at the stern of the ship.
Effective horsepower is at best not more than 75
per cent of shaft horsepower, and more commonly
is about 67 per cent (15). The propulsive effciency
of certain types of naval vessels may be even less
than this. Fouling of the propellers may greatly

decrease their effciency, and thus may result in
increases in the shaft horsepower required to main-
tain a given speed, which may be erroneously

attributed to failure of the antifouling shipbottom
paint. For this reason measurements of thrust

are to be preferred to measurements of shaft

horsepower. Thus in tests on the D.S.S. Hamilton
as the result of fouling of the propellers, the in-

crease in shaft horsepower was two or three times
the increase in thrust (18).

The indicated horsepower of the engine differs
stil more than the shaft horsepower from the effec-

tive horsepower because of losses inherent in the
effciency of the engine.

Finally, the resistance may be reflected directly
by the fuel consumed or its cost. These terms are
of litte use in the analysis of the physics of resist-
ance, but give compellng evidence of the actual
increase in cost of operating with a fouled bottom.

A most complete towing test showing the effect
of fouling on hull resistance was made on the
Japanese ex-destroyer Yudachi (13). This 234-
foot vessel was docked, painted, and had the
propeller removed in March, 1931. Immediately
after undocking it was subjected to systematic

towing tests which were repeated at intervals to
show the effect of fouling.

The results of the tests on the Y udachi are shown
in smoothed curves in Figure 1. They demonstrate
the very great increase in resistance which de-

veloped while the ship remained at anchor. The
resistance developed at a speed of 16 knots after

various periods is shown in Figure 2 as a per cent
of the initial resistance of the freshly painted hulL.

In 375 days the total resistance is exactly doubled.
In Figure 3, the loss in speed with a towing force of

10 tons is plotted against the time at mooring. This
force produced a speed of 20 knots with the freshly
painted hull. After 375 days the speed had fallen
to 15.4 knots, represented by a loss in speed of 4.6
knots.

The condition of the bottom of the Y udachi

during the period of these tests is not reported.
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FIGURE 2. Percentage increase in resistance of destroyer Yudachi when towed
at 16 knots after various periods out of dock. From data öf Izubuchi (13).
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The behavior of steel test panels, painted like the
ship bottom and hung from the vessel, indicated
that the paint system was not very satisfactory.
After 140 days the paint had fallen off in several
places, with the development of rust spots and
fouling with Bugula. By the end of the test,
barnacles and Bugula covered the entire surface,
and 30 per cent of the area was rusted and devoid
of paint. The weight of adhering matter was 5.2
and 2.28 kilograms per square meter on plates
hung on the starboard and port side respectively.
The results of the Y udachi tests may be associated
with the development of rather severe fouling and
corrosion.

The effect of fouling on the shaft horsepower re-
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FIGUR 3. Loss in speed of destroyer Yudaclii when towed with a force of 10
tons after various periods out of dock. Initial speed 20 knots. From the data of
Izubucbi (13).

quired to develop various speeds in tests with the
United States destroyer Putnam and the battleship
Tennessee has been reported by Davis (8). The

destroyer was undocked at Boston in October,

spent the winter operating in New England waters,
and at the end of March proceeded to Guantanamo
where she remained until May before returning to
northern waters. The battleship was undocked in
October at Bremerton and operated during the
following year between Puget Sound and Panama.
These ships were subjected to trial runs periodical-
ly during the period following undocking, with the
results shown in Figures 4 through 9. These figures
are based on smoothed curves published by Taylor
(24). The increase in resistance indicated by these
tests is very similar to that shown by the Y udachi.
In the case of the destroyer, the shaft horsepower
required for a speed of 14 knots was practically
doubled in eight months, as shown in Figure 5.
At higher speeds the percentage increase in shaft
horsepower was less, because of the relatively
greater importance of wave-making resistance at
high speed. The loss in speed amounted to more
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than 3 knots at a shaft horsepower which initially
yielded 20 knots as shown in Figure 6. It was

sli'ghtly less at higher speeds. The results with the
battleship were somewhat less sev;;re. In these
tests and those on the Y udachi the general rate of
increase in resistance was about 73 per cent per
day. The condition of the bottom of these ships
at the end of the period is not recorded.

Davis (8) has attempted to relate the develop-
ment of excess shaft horsepower required to the
development of fouling as controlled by the season
and area of operation, as suggested in Figure 10.

While these quantitative tests supP?rt the many

TRIAL DATES
::0f-

!ê '"
!ê !ê

'"
~ ¡if- '"

l !ê ~ ~0 "
~ ~W -i :i :i

" "
:i "ü OJ -i -i'" '" " " i- " ¡, u~ Z u u u u '" '" u t' u "

a: o: '" '" " " :i :i " " fi
0;

w w 0;
~ ~ 0; '" 0; 0;

" '"
~

'"(j oJ " ti 0: '" ,: ~ "' '"ü u
§:

'" ¡ Cl Cl '"
~ " '" " :i ;; ;; '"

i1
'" '" '"z '" ~ ~ e '" " " iiir '" '" '"

=i0 i i

0- 7000:i(j

;!
5000

W(j
o:
w
a:u 300
;!

1000

OCT DEC FEB APR Jl AUG OCT

TIME UNDOCKED

FIGURE 10. Increase in shaft horsepower required to propel the destroyer
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estimates of the severity of the effects of fouling
on ship resistance which appear in the literature,
it should be borne in mind that they probably

represent the results of rather severe failure of the
paint coatings. The paints used fifteen years ago
were not to be depended on for more than six
months. With the improved coatings now avail-
able, much less severe effects are to be expected.
During the service in the recent war, fouling of the
bottoms of active war vessels did not present a
serious problem.

THE FRICTIONAL RESISTANCE
OF SHIPS

Theoretical Formulation
According to the theory of ship resistance de-

veloped by Wiliam Froude, the total resistance,
Ri, of a vessel moving at the surface' of water is
the sum of two components: (1) the frictional
resistance, R¡, and (2) the residual resistance, RT.
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The frictional resistance is caused by tangential
stresses due to the drag of the water moving paral-
lel to the surface of the vesseL.

The residual resistance is caused by the distribu-
tion of pressure which develops about the hull

because of the waves and eddies occasioned by the
ship's motion.

Froude (9, 10) found experimentally that the
frictional resistance, R¡, of towed planks could be
expressed by the relation

R1= fsvn

in which f is the coeffcient of frictional resistance
S is the wetted surface in square feet

V is the velocity in knots
n is a number nearly equal to 2.

The values of bothf and n depend upon the length
of the plank and on the character of the surface,
as shown in Table 1.

TABLE 1. Wiliam F.roude's Plank Friction Experiments

Length, L
Nature of
Surface 2 feet 8 feet 20 feet 50 feet

Values for 1*
Varnish 0.0117 0.0121 0.0104 o . 0097
Paraffn 0.0119 0.0100 o . 0088
Calico 0.0281 0.0196 0.0184 0.0170
Fine Sand 0.0231 0.0166 0.0137 0.0104
Medium Sand 0.0257 0.0178 0.0152 0.0139
Coarse Sand 0.0314 o . 0204 0.0168

Values for n

Varnish 2.00 1.85 1.85 1.83
Paraffn 1.95 1.94 1.93
Calico 1.93 1.92 1.89 1.87
Fine Sand 2.00 2,00 2.00 2.06
Medium Sand 2.00 2.00 2.00 2.00
Coarse Sand 2.00 2.00 2.00

* The! vaiues are for fresh water. For sea water multiply by 64/62.4.

As the result of towing experiments with planks,
a plank ship of 77.3 feet W.L. and 0.525 foot beam,
and actual ships with clean bottoms, Hiraga con-

cluded that the frictional resistance of planks and
ships exceeding 26 feet in length could be expressed
by the similar equation

R¡=KzSV1.

in which the character of the surface affects only
the value of the constant, K2, which for a clean

painted surface in sea water is 0.0104.
A number of attempts have been made to relate

frictional resistance to the Reynolds number of
the surface (11,19,29). This is a constant of funda-
mental importance in fluid mechanics whose value

depends on the product V L/v in which V is the
velocity, L the length of the surface, and v is the
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kinematic viscosity of the fluid medium. These
equations take the form

R¡= C¡(p/2)SP (3)

t1)

where C1, the coeffcient of frictional resistance,
has a value determined by the Reynolds number.
The term p/2 permits the equation to be applied
to water of any temperature and salinity, p being
the mass density of the medium. A number of
empirical equations have been proposed which
express the relation between the coeffcient of
frictional resistance and the Reynolds number
approximately, provided the Reynolds number is
high enough to assure turbulent flow (14, 22). The
Taylor Model Basin uses Gebers' formula which

has the form

Cf~O.02058(VVLr" (4)

Recently Liljegren (15) has proposed a treat-
ment which assumes that the frictional resistance
of a plank may be divided into two components.

For some distance behind the leading edge, energy
is expended in accelerating the motion of the water.
Further back the water flows past the surface at a
constant velocity. The frictional resistance in the
latter region may be expressed by a constant, C2,

which is independent of length or velocity. The
excess resistance exerted behilld the leading edge

is expressed by a term, Cl/ L V3/4. The entire fric-
tional resistance is consequently given by

R¡=(~+C2)SV2.
LV3/4

(5)
::

j~
~.
;:;F

l,

(2)

These relationships are given only in enough

detail to permit a presentation of the material to
follow. For a fuller discussion, Taylor (24) or

Davidson (7) may be consulted.

Relation of Frictional to Total Resistance
The condition of a ship's bottom, as determined

by the character of the paint coating itself and the
degree to which this coating permits corrosion

or fouling, may be. expected to. have its effect
primarily upon the frictional resistance. When the
bottom is clean, the value of frictional resistance
relative to the total resistance gives a basis for

judging the importance of keeping the frictional
resistance to a minimum.

The results of the towing tests on the Japanese
destroyer Y udachi were broken down into frictional
and residual resistance by Izubuchi (13). The fric-
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tional resistance was computed from the results of
towing tests made with a plank 77.3 feet long and
0.525 feet thick as described by Hiraga (12). This
was scaled up to apply to the 232-foot destroyer

with the aid of formula (2) above. The result of
the analysis is shown in Figure 11 from which
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FIGUR 11. Analysis of the total resistance of the destroyer Yudachi into its
components of frictional and residual resistance at various speeds. Inset. Per-
centage of total resistance due to frictional and residual resistance at differen t
speeds. From data of Izubuchi (13).

it may be seen that at all speeds the residual

resistance forms a relatively small portion of the
total. In the inset of the figure the frictional resist-

ance is expressed as a percentage-of the total resist-
ance at different speeds. At the comparatively

low speed of 14 knots the frictional resistance
amounts to as much as 87 per cent of the total.
As speed increases, the relative importance of
frictional resistance diminishes, but at the maxi-

mum speed of 27 knots it stil amounts to as much
as 50 per cent of the totai.

These results are concordant with estimates

made from trial runs of the United States destroyer
Hamilton, in which the percentage of the total
resistance attributable to frictional resistance at
several speeds were as follows.

Speed Frictional Resistance
10 knots 67 per cent
20 knots 60 per. cent
30 knots 41 per cent

It should be noted that residual resistance usually does not increase steadily
with speed" but increases rapidly at certain speeds and less rapidly at other inter-
mediate speeds. This is because of the way in which the bow and stern wvaes
"interfere" as speed increases. It is presumed to be the reason why the relative
value of frictional resistance in the Y udachi tests does not decrease steadily from
the lowest to highest speeds.

With fast ships at high speed the frictional resist-
ance may account for an even smaller part,
amounting to as little as 35 per cent of the total
resistance.

Since frictional resistance is responsible for a
relatively greater part of the total resistance in

ships at low speed, it is important to keep this
factor at a minimum in vessels such as cargo car-
riers which normally operate at relatively low
speed-length ratios.

The fraction of the total resistance attributed to
friction depends on the formula and on the basic
data for the resistance of planks used in the com-
putation. Thus Hiraga (12) found that the fric-
tional resistance of the Y udachi given by his for-
mula at speeds from 8 to 28 knots was 1.36 to
1.49 times that by Froude's and 1.58 to 1.63

times that by Gebers' formula. The degree to

which the results depend on the basis of calcula-
tion is brought out in Table 2 in which the fric-
tional resistance of a 400-foot vessel is estimated in
a variety of ways. The estimations of frictional
resistance based on the more recent formulations
of Liljegren and Hiraga, and on the later determi-
nations of plank resistance by Kempf and Hiraga,
give the higher values. The methods of Liljegren
and Hiraga are not generally accepted in this
country, where the Gebers-United States Navy
method and others which are closely comparable
are preferred.

TABLE 2. Estimated Frictional Resistance of a 400-foot vessel
assumed to have a wetted surface of 20,000 square feet and to

develop a total resistance of 43,146 pounds at 16
knots and 212,333 pounds at 32 knots

Ratio of Frictional
Frictional Resistance to
Resistance Total Resistance

M etliod of
Estimation 16 knots 32 knots

pozmds
40,082 149,591
38,840 143,360
33,000 125,000
29,269 103,038
25,800 94,100

16 knots 32 knots
per cent

92.9 70.5
90.0 67.5
76.5 58.8
67.8 48.5
59.8 44.3

Hiraga
Liljegren
Gebers-Kempf
Froude- Tideman
Gebers-U.S.

Navy

Effect of Surface Roughness on
Frictional Resistance

In estimating the resistance of a full scale ship
from a towing test on a model, it is necessary to
make allowance for the different texture of the
surface of the model and of the actual ship bot-
tom. In estimating the frictional resistance of
the model, constants are employed appropriate
to its smooth surface, which is usually varnished.
In estimating that of the actual ship, the values of

these constants are increased to take account
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TABLE 3. Tidemails Constants for Frictional Resistance.*

For use in the equation R¡ = fSVn where R¡ is in pounds, S is in square feet and V is in knots. The values for varnished
surface are from Froude. The constants are for sea water; for fresh water multiply by 62.4/64

Length of Surface

Nature of Surface 10 20 50 100 200 500

Values for f

Varnish 0.011579 0.010524
Iron bottom

Clean and painted 0.011240 0.010570 0.00991 0.00970 o . 00944 o . 00904
Copper or Zinc Sheathed

Smooth, in good condition 0.010000 o . 009900 0.00976 o . 00966 0.00943 o . 00926
Rough, in bad condition 0.014000 0.013500 0.01250 0.01200 0.01170 0.01136

Values for n

Varnish 1. 8250 1 .8250
Iron bottom

Clean and painted 1. 8530 1. 8434 1. 8357 1. 8290 1. 8290 1. 8290
Copper or Zinc Sheathed

Smooth, in good condition 1. 9175 1. 9000 1. 8300 1 .8270 1. 8270 1. 8270
Rough, in bad condition 1.8700 1. 8610 1. 8430 1. 8430 1 . 8430 1. 8430

. As adopted by the International Congress of Model Basin Superintendents. Paris, 1935, For complete table see Davidson (7).

of its roughness, or a correction factor is employed
to allow for its effect. It is also necessary to use
constants applicable to the greater lengths of

modern ships.
Froude's original studies on the frictional resist-

ance of towed planks included observations on

surfaces artificially roughened to various degrees.
The values of the constants of equation (1) ob-
tained with these surfaces are given in Table 1.
Both constants, nand f, increase with the rough-
ness of the surface. Neglecting the effect of n,
which is important chiefly in defining the effect
of velocity on the resistance, and focusing atten-

tion on the values of f, it may be noted that with
50-foot planks, the surface roughened with medium
sand develops a resistance about 40 per cent greater
than the smooth varnish surface. With shorter
planks the difference is even greater.

An extended table of constants deduced from
Froude's data was prepared by Tideman and
served for many years as the basis of estimating
the frictional resistance of ships from equation (1).
Table 3 contains a selection of Tideman's constants
and those of Froude which serve to illustrate the
magnitude of the allowances which have been made
for the actual roughness of clean ships' bottoms.

The United States Experimental Model Basin

adopted coeffcients of frictional resistance pro-
posed by Gebers which are employed with equa-

tion (3) and which vary with the Reynolds number.
A partial list of these values is given in Table 4.
These values are for a smooth surface. In applying
them to full-sized vessels it has been the practice
to make an allowance for roughness by multiplying
the ship's calculated frictional resistance by an
appropriate factor. Its value is varied as may be
considered desirable to suit vessels built with flush

or lapped plating. The factor ranges from 1.14 for
a 400-foot cargo vessel to 1.22 for a 900-foot battle
cruiser (20). .

TABLE 4. Geber's Coeffcients of Frictional Resistance.*

For use in equation R¡=C¡(p/2)SP where R¡ is in pounds, C¡ is
dimensionless, p is in pounds per cubic foot divided by 32.2 feet

per second, S is in square feet and V is in feet per ~econd

Reynolds number C¡
5 X 10 2.992 X 10-3
1 X 107 2.744 X 10-3
5 X 107 2.242 X 10-3
1 X 108 2.060 X 10-3
5 X 108 1.676 X 10-31 X 109 1. 544 X 10-35 X 109 1. 256 X 10-3

. For complete table see Davidson (7).

Kempf (14) has developed a Roughness Co-
effcient, Ck, to express the effect of roughness on
frictional resistance. The values of this coeffcient
were determined by towing tests with 252-foot
pontoon variously roughened, and are given in
Table 5, These values are to be added to smooth
surface coeffcients, given in Table 4, in applying
equation (3); i.e.

Rf= (Cf+Ck) (p/2)SP.
TABLE 5. Kempf's Roughness Coeffcients (Ck)

Siirface Ck
1. Plane, smooth surface of steel plates, with new

paint but without rivets, butts, and straps.
Average roughness about 0.012-inch. 0.10 X 10-3

2. Same as 1, but with butts 0.79-inch high,
spaced every 16.4 feet. 0.40 X 10-3

3. Old copper-sheathed hulL. 0.75 X 10-3
4. New hull with new paint in normal condition

with rivets, butts, and straps. 0.75 X 10-3
5. Normal hull surface like 4, but after 22 years

of service, newly painted but with roughening 0.75 X 10-3
from rust.

6. Plane surface with sand particles 0.0394-inch

in diameter, covering 100 per cent of area.
(about) 1. 0 X 10-3

7. Plane surface with barnacles 0.118 to 0.157-

inch high, covering 25 per cent of area.
(about) 3.0 X 10-3
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TABLE 6. Values of c¡ and C2 in the Liljegren formula

Surface and conditions c¡ C2
Varnish, fresh water 0.0830 0.00625
Varnish, salt water 0.0851 0.00641
Steel, welded, salt water 0.0928 0.00665Steel, lapped, salt water 0.00690Ibid., D.S.S. Saratoga 0.00700

by the conformation of the surface which are great
enough to warrant serious study.

Effect of Fouling on Frictional Resistance
The first comprehensive tests of the effect of

fouling on the frictional resistance were made by
McEntee (16). Steel plates 10 feet long and 2 feet
wide were painted with anticorrosive paint and
exposed in Chesapeake Bay, where they became

fouled with "small barnacles." Their frictional
resistance was determined periodically by towing
at velocities ranging from 2 to 9 knots at the
United States Experimental Model Basin. One

plate was removed for testing each month and
was subsequently cleaned, repainted, and tested
again to obtain a measure of its unfouled resist-
ance.

The tests showed that the resistance of the plates
increased to four times the value for the clean

plate in the course of twelve months. The values
of the constants in Froude's formula, Rf= fSVn,

are presented in Table 7. They show that the value
off increases about threefold as a consequence of the
fouling. The value of n in the equation increases

from about 1.9 to about 2.0, as expected from

Froude's experiments with roughened planks. The
increase in frictional resistance, f, parallels roughly
the determined weight of fouling per unit area.

Izubuchi (13) has estimated the coeffcient of
frictional resistance of the destroyer Y udachi from
the trials made during a year-long period in which
the resistance increased, presumably as the result
of fouling and corrosion. The values of K2 and n
in the equation of Hiraga, Rf= K2SVn, obtained

after various periods were the following:2

Days undocked K2 n
4-5 (clean) 0.00995 1.9
75 0 . 00635 2 . 1140 0.00763 2.1225 0.00881 2.1
375 0.01225 2.1

By comparing Gebers' coeffdents for smooth
surfaces given in Table 4 with the roughness

coeffcients in Table 5, it may be seen that the
roughness coeffcient adds significantly to the co-
effcient of frictional resistance.

Theoretically the roughness coeffcient varies
with the Reynolds number. Additional knowledge

and experience may ultimately permit the rough-
ness factor to be given in a form which takes

account of this and other variables (14).
Values for Ck which agree well with Kempf's

have been deduced from tests of the S.S. Clairton
and of the United States destroye_r Hamilton as

follows (7):

Reynolds
number

ca.5.5XlOs
ca. 1. 2X 109

Ck

0.55 X 10-3

o .42 X 10-3
S.S. Clairton
U.S.S. Hamilton

Liljegren (15) has utilized Kempf's data to
evaluate the frictional coeffcients of equation (4)
for varnished and steel surfaces. This formula
separates the resistance, C2, due to moving through
water at constant velocity from the excess resist-
ance, Ci, arising from the acceleration of the

water dragged by the surface. The values in
Table 6 collected from Liljegren's book show

that C2 is 4 per cent greater for a welded steel

surface than for varnish, while Ci is 8 per cent

greater.
While it is admitted that the. whole matter of

the effecìof surface roughness is in a far from satis-
factory state at the present time (7), the data

which are available show that effects are produced

TABLE 7. Effect of Fouling on Frictional Resistance of
Towed Steel Plates in McEnlree's Experiments

Dry Weight
of Fouling
ounces -------
per f oot2

.0.8
0.4
0.6
2.8
2.8
3.6
4.0
3.2
2.0
3.6
3.2
3.2

The value of K2 decreases at first, presumably as
a consequence of the increased value of the n ex-
ponent. Subsequently K2 increases regularly with
the time of exposure, and doubles during the last
300 days of the tests. Attempts to quantitate the
fouling occurring on the Y udachi were unsatis-

factory, though they showed that fouling on the
ship was substantiaL.

Hiraga (12) records the effect of fouling on the
resistance to towing of a brass plate coated with

Time of
Immersion

months
1

2
3
4
5
6
7
8
9

10
11
12

f n

clean
0.0107
0.0100
0.0100
0.0119
0.0108
0.0095
0.0108
0.0101
0.0108
o . 0090
o . 0096
0.0095

foiiled
0.0114
0.0128
0.0167
o . 0239
o . 0255
0:0252
0.0275
0.0267
0.0275
0.0285
0.0273
O. 0292

cleait
1.869
1. 918
1. 937
1. 855
1. 874
1.938
1. 880
1. 912
1. 869
1. 848
1.914
1.924

fouled
1. 994
1.928
2.029
2.002
2.003
1. 988
2.000
2.000
1.967
2.015
2.055
2.035

2 Th~ values.of K2 are ;-ecalculated to apply when S is measured in square feet
and resistance In pounds Instead of the metric units employed by the author. '
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Veneziani composition. After 24 days' immersion,

barnacles grew on the surface of this plate with
the result that K2 increased from 0.01046, charac-

teristic of the clean surface, to 0.0130. During the
towing test the resistance decreased until the plate
had been towed 18,000 feet, after which it remained
constant with K2= 0.01262, as shown in the upper
curve of Figure 12. Thus the fouling with barnacles
increased the resistance about 20 per cent. The
initial fall in resistance during towing was attrib-
uted to the washing off of slime, as discussed in
the following section.

Kempf (14) has measured the effect of fouling
on the frictional resistance of a pontoon 252 feet
IOFlg. From the results he estimated a roughness
coeffcient, Ck, to be applied in the formula

R1= (C1+Ck) (p/2)SV2

as explained on page 27. The value of Ck was

found to be about 3.0X 10-3 for fouling with bar-
nacles 0.118 to 0.157 inch high covering 25 per

cent of the area. Estimates made from the trials of
the destroyer and battleship, described on page 23,

indicate that the increase in resistance of these

ships while waterborne may be accounted for by
roughness coeffcients having the following values

(7) :

Destroyer -after 8 months

Battleship-after 10 months

Ck=3.62X1O-3
Ck= 2.43X 10-3

These values are concordant with the roughness

coeffcient obtained by Kempf.
The order of magnitude of the effect of fouling

predicted by Kempf's roughness coeffcient on the
frictional resistance of a ship may be obtained
from the following comparison.

Unfouled ship

Cf for smooth surface-see Table 4 at
Reynolds number 1Xl0-8 .2.0X10-3

Ck for butted steel plates after Kempf 0 AX 10-3

(C1+Ck)-unfouled ship 2 AX 10-3

Fouled ship

Cf for smooth surface 2. OX 10-3
Ck for barnacle fouling after Kempf 3.0X 10-3

(Cf+ Ck)-fouled ship 5 .0 X 10-3
The frictional resistance of the fouled ship is thus
5.0/2.4= 2.08 times that of the unfouled vesseL.

The three investigations of the effect of fouling
on frictional resistance which have been sum-
marized agree in indicating that fouling may

more than double the frictional resistance of a
moving submerged surface. The data are quite
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FIGURE 12. Coeffcient of friction of towed brass plates coated with Veneziani
and Takata antifouling paints. Each curve represents the results of a test made
after the period of immersÏon indicated. The curves show the fall in resistance
which occurs as the plate is towed during each day's test. After Hiraga (12).

inadequate in regard to the quantitative effects of
various degrees of fouling, or of the geometry of
the roughened surface produced by various types
of sessile organisms.

The Effects of the Slime Film on
Fric tional Resistance

A number of observations indicate that the
frictional resistance of a submerged surface may
increase with time of immersion in the absence of

macroscopic fouling. This effect is attributed to
the slime film, formed by bacteria and diatoms,
which rapidly develops on surfaces exposed in the
sea. For example, in discussing the paper of Mc-
Entee Sir Archibald Denny stated that vessels
lying in the brackish water of the fitting out basin
on the river Leven increased their friction nearly
72 per cent per day for several months even when
there was no apparent fouling (16).

Tests conducted at Langley Field with the ob-
ject of determining the effect of various paint

systems on frictional resistance give some quanti-
tative information on this subject (1, 3, 4, 5).
Painted plates, 10 feet by 2 feet in size, were ex-

posed for periods up to one month in sea water and
towed at intervals of a few days at speeds ranging
from 12 to 24 feet per second. No evidence of a

change in resistance was observed in the plates at
the end of 24 hours' immersion. After 48 hours the



30 MARINE FOULING AND ITS PREVENTION

TABLE 8. Effect of ?lime !"il~ on Resistance to Towing of Plates
Coated with Pamt m Tests at Langley Field.

The plates were givei: a pr.eliminary run to remove loosely adher-
mg slime before testing,

Resistance

Exposure
Velocity

Paint
feet/second pounds per cent

days :10.1 :10.3 increase
Moravian 0 22.2 58.5

10 21.0 59.0 0.8

15RC 0 22.8 55.2
10 22.1 57.7 4.5

15A 0 23.6 61.2
10 22.5 64.2 4.9

resistance of the plate coated with Moravian anti-
fouling paint increased 172 per cent, that with

anticorrosive paint 15A showed a greater increase
in resistance, while that coated with antifouling
paint 15RC showed no change. After five days'
exposure, 15RC also showed an increased resist-
ance which amounted to 11 per cent on the tenth
day, when the increase in resistance of Moravian
had mounted to 13 per cent. The results obtained
are attributed to the effects of the slime fim which
formed on the plates, since no macroscopic fouling
was present except for a few barnacles which ap-
peared on 15A after 25 days' exposure.

It was found that when towing a plate, some of
the deposit of slime would peel off. On 15A the
deposit washed off readily, but on 15RC enough
slime remained to leave the paint surface with a
muddy appearance. On the Moravian the slime
formed a thin membrane that exfoliated at very
low towing speeds. After 25 or 30 days' exposure
there were two membranes of slime, an outer one
which was washed off by towing and a thin inner
one which persisted and gave a marked increase
in the resistance.

In order to overcome the variation in resistance
caused by the washing off of the slime fim during
a test, each plate was given a preliminary scrub-
bing run at 20 feet per second to remove as much
of the loose fim as would come off during the

TABLE 9. Effect of Fouling with Slime on the Resistance
of Plates in Hiraga's Experiments

Distance Towed,jeet

Plate
Period of 20,000-

Immersion 0-5,000 25,000
N iimber Composition days K. K.

Takata o (clean) 0.01000
I Takata 17 0.01056 0.01018

II Takata 33 0.01062t
III Takata 63 0.01190t

Veneziana o (clean) 0.01046
..... ..

IV Veneziana 10 0.01119 0.01048
V* Veneziana 24 0.01300t 0.01262t

. This plate was fouled with barnacles.
t Data from Hiraga's graph.

runs. The results obtained with these relatively
stable films are given in Table 8.

.Towing tests with friction plates described by
Hiraga (12) also gave an increased resistance which
may be attributed to the formation of slime on the
painted surface and its subsequent partial re-
moval during towing. Hiraga exposed thin brass
p.lates. coated with Veneziani and Takata composi-
tions in the sea for various periods and then tested
their resistance in a towing tank. The plates were
towed 5,000 feet each day. It was observed that

the resistance was higher on the first day and de-
creased progressively with each day's' towing,
when after three or four days it reached a constant
value, stil in excess of the resistance of the cleaned
plate. Hir~ga's. results were presented graphically
as shown in Figure 12. The numerical values in
Table 9 are extracted from his text supplemented
by the data presented in the figure.

These tests, like those from Langley Field, indi-
cate that the frictional resistance of the paint sur-

face may increase as the result of the formation of
slime film, but that after towing, the resistance is
reduced to within a few per cent of the initial value
for the clean surface. It may be presumed that with
ships in. service the .slime film wil be reduced by
~he motion of the ship through the water, and that

its presence wil not greatly affect the total resist-
ance to motion.

It is of interest to observe that the magnitude
of ~he effects vary with the particular paints on
w~ich the fii: forms. Some minor advantage
might be achieved by the use of formulations
which discourage slime formation or result in
flocculent films which wil be readily washed away.

Effect of Paint Surface on Frictional
Resistance

Paint technologists are well aware that .the anti-
fouling :otnpositions applied to larger ships differ
greatly in the smoothnes~ of the resulting surfaces,
bo~h as the result of the inherent properties of the
paint and because of different methods ofapplica-
tion. Spray applic~tion may result in a "pebbly"
surfa~e; some coatings tend to sag, and some may
flow if the ship is set in motion before the paint
~lm has had time to harden adequately, resulting
in a surface such as that ilustrated in Figure 13.

Although such effects may be readily avoided
relatively litte data exist to gauge their impor~

tance except for the measurements on artificially
roughened planks discussed above.

The systematic towing tests with painted planks
made at Langley Field and referred to in the dis-
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cussion of the effect of slime formation, were de-
signed to show the effects of the paint surface on
frictional resistance. The results given in Table 8
show that the fresh surface of Moravian developed
about 6 per cent more resistance at comparable

speed than did the surface of the standard formula
15RC.

Hiraga (12) also reports the results of plank
tests, shown in Table 9, which indicate that the
Veneziani surface develops about 4 per cent more
resistance when clean than the Takata coating.

No towing tests appear to have been made with
the modern hot or cold plastic ship bottom paints
in current use by the Navy, nor of the variety of
special compositions, such as the bronze yacht
paints, which are favored for small boats in which
high speed is desired.

The possible advantage to be gained by polish-
ing or lubricating the bottom was examined by
McEntee (16) in tests conducted at the United
States Experimental Model Basin. The tests
showed no advantage of a coating of black lead,
oil, or soap over the original shellac surface. The
results obtained are given in Table 10.

Trials on ships with clean bottoms, made be-
fore fouling could become significant, have some-
times indicated the superiority of one coating over
another. Thus the U.S.S. M arbleliead (28) reported
that a 6 per cent increase in horsepower was re-

TABLE 10. Resistance of "Lubricated" Shellac Surfaces
After McEntree (16)

f and ii are the values in the formula R¡=fSV".
S = 82 square feet.

Increase
iii Resist-

ance at
7 knots

per cent

Plane

Net
Res£Sta.ice

7 knots

pounds
28.1
27.4

f n
.00878 1.883
. 00849 1.886

Suiface

1 Shellac
2 Shellac
2 Black Lead

over Shellac

Light Engine
Oil over Shellac
Ivory Soap over
Shellac

2 Heavy Cylinder
Oil over Shellac

27.9

28.3

2 .00866 1 .886

5*

23

48

.01045 1. 898

.00484t 2.380t

34.5

40.5

* At 6 knots.
t This low coeffcient of resistance is combined with a high velocity exponent

and probably would become greater at speeds lower than those at which experi-
ments were made,

quired to obtain a given speed, when coated with
Moravian shipbottom paint, as compared to the
results expected with 15RC, the standard for-
mulation then in use. The effect was attributed to
the roughness of the Moravian paint and is con-
sistent with the results of the Langley Field tests

FIGURE 13, Roughened surface of cold plastic antifouling painti resulting from
cold flow due to operation before the film had hardened properly.

with planes. An application of an experimental

plastic paint developed at the Edgewood Arsenal
caused a reduction in speed of the U.S.S. Dent (27)
equivalent to that due to five months' fouling

with standard coating. This effect again was at-
tributed to roughness. Tests of this character are

not very convincing in view of the large number of
factors which are involved in determining the re-
sults of trial runs if they are inadequately con-

trolled.
The purpose of antifouling coatings is to keep

the frictional resistance as low as possible for a
maximum period. The resistance of the clean sur-
face is important only as long as fouling with slime
or macroscopic organisms is prevented. The final
value of the paint system should be judged by the
integration of resistance during the waterborne

period. Only two series of trials appear to have
been made which compare the virtues of various
paint systems by systematic measurements of

resistance during the undocked period.
The four members of Destroyer Division 27 were

each coated with a different antifouling paint
system and were subjected to careful speed trials
at subsequent intervals. The first series of trials
was terminated after about six months because

of the unexpected failure of the paint systems.

The vessels were repainted and subjected to a
second series of trials which were successfully con-
tinued for 70 weeks (25). To check the conclusions
from these trials, a second series of tests was made
on Destroyer Division 28 (26).

The results of these tests are of interest in show-
ing 1) the effect of the different coatings on the

performance of the ships while they are in a clean
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TABLE 11: Comparison of Results of Full-Scale Tests with Freshly
Painted Bottoms and Results Predicted from Model

Studies for Clean Bottom Conditions
The numbers indicate the average percentage difference from the

prediction in RPM required in trial for a
range in speed of 12-22 knots.

Division 27

First Second
Coating Series Series Division 28

Navy Standard (15RC) -0.75 +1.4
Mare Island Hot Plastic +2.9 +0.30 +1.4
Moravian Imported +0.2 +0.75 +3.1
NRL Plastic +3.4
Edgewood Plastic +2.4 +2.10
Norfolk 15 FA +1.3

~ondition, ~nd 2) the relative value of the coatings
in preventing the increase in resistance which

wou~d result from fouling or corrosion during

service.
The effect of the fresh paint coatings on the per-

forman~e of the ships can be brought out only by

comparIng the actual performance of the ships
during trials immediately after undocking with the
results predicted from model studies. Such a com-
parison ís made in Table 11 for the three series of
tests. These results demonstrate how closely the
performance may be predicted from model studies

,

and suggest that the characteristics of the various
paint systems produce very litte difference. Such

differences as do appear can not be attributed to
the paint itself with any assurance, since the in-
fluence of variations in smoothness of the ship's

plating and the influence of propeller character-

istics are not excluded from the comparison.
The relative value of the different coatings in

maintaining the initial low resistance during a pro-
longed period of service is demonstrated clearly
by the data presented in Table 12 based on the. ,
trials of Division 28.

It is evident that in the long run the Southard
coated with Mare Island Hot Plastic, did much
better than the others. The Chandler, painted with
the standard Navy formulation, equalled the
Southard in performançe during the first four

TABLE 12. Results of .Trials of Dest~oyer Division 28 Designed to
Compare t~e Change ii: RPl\ Requ:red to M:i,ntain Given Speed

dunng Undocking with Vanous Paint Applications
Ships undocked 6 May 1938 .

Southard Chandler Hovey Long
Mare
Island

Hot
Plastic

Ship
Paint
Trials

6-7 June
6-7 September
28-29 November
3-7 March
5-6 June
5-6 September

Navy
Standard Moravian
. (J5RC) Imported

Per cent increase in RP M
1.4 3.1
5.2 12.2
6.9 10.8
7.9 10.4
11.1 12.2
14.0 14.2

3.4
13.8
12.3
13.8
13.2
14.4

N.R.L
Plastic

1.4
4.9
3.0
3.5
4.4
7.5

~onth~ of the. tests, but subsequently developed
in~reasing resistance, presumably as the paint
failed. The Hovey and Long, coated with Moravian
and an experimental imitation of this plastic, both
developed greatly increased resistance between

the second and fourth month of service.
The tests on Destroyer Division 28, made in

193~, show a great improvement in the paint
coatings over those in use in 1922-1923 when the
trials of the destroyer Putnam and the battleship
Tennessee were run. The shaft horsepower re-

quired by these ships to maintain a given speed

was increased practically 100 per cent as the result
of increased frictional resistance during less than
one year of service. Tests of the destroyer M cCor-

m~ck undocked on October 6, 1936, after painting
with Mare Island Plastic Paint, showed an average
in~rease in shaft horsepower of 42 per cent re-
quired to maintain a given speed after 450 days of

service (6). The tests of the D.S.S. Southard in

1938 indicated an increased power requirement of
38 per cent with Mare Island Plastic after 16
months' service, as compared with 70 per cent re-
quired by the Chandler, which was coated with

the then standard 15RC antifouling paint.
How much improvement has subsequently been

achieved is undetermined. Prior to the war the

Rules for Engineering Competition allowed for a 3
per cent increase in fuel consumption per month
waterborne. It is reported that during the war in
the Pacific it was found unnecessary to make any
allowance for increased fuel consumption due to
fouling. Whether this was due to the improvement
in underwater coatings, or to the greater activity
of the ships in wartime, can not be stated with as-
suranc.e. It is evident, however, that the very large,
losses in ease of propulsion which may result from
fouling of the bottom have been substantially re-
duced through advances in paint technology.

The Effect of Fouling on Propellers
According to modern theory, the blade of a pro-

peller may be likened to an airfoil which develops

"lift" (thrust) as a result of the pattern of flow

about the blade. Actually the decrease in pressure

at the back of the blade can be demonstrated to be
gre.ater than the increase in pressure at its face (23).
I~ is consequently to be expected that any condi-
tio~, su~h as roughening of the surface by fouling,
which disturbs the flow pattern wil have a marked
effect on the development of propulsive force.

Bengough and Shepheard (2) have described
the case of the H.M.S. Fowey which failed to de-
velop the anticipated speed on its initial trials.
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\i\hen subsequently docked, the propellers were

found to be almost completely covered with cal-
cai'eous tube worms. On the bosses the hard tubes
were about 1t inches long. Toward the tips of the
blades the fouling had been washed off during the
trials. The condition of the bottom was good ex-
cept for patches of worms about 2 inches thick
where holidays had been left in the antifouling
paint. (See Figure 14.) After cleaning, the trials
were repeated and the anticipated speed was real-
ized. While it is probable that the improvement
was due to cleaning the propellers, the effects of

FIGURE 14. Fouling of propeller of HJvI.S. FO'i)cy. After Bengough
and Shepheard (2).

the patches of fouling on the bottom can not be
completely ruled out.

Speed trials of the destroyer McCormick indi-
cate that about two-thirds of the increased fuel

consumption due to fouling is due to its effect on
the propellers. After 226 days out of dock the
average fuel consumption required to maintain a
given speed had increased to 115.8 per cent of the
consumption with clean bottom. After cleaning

the propellers, the fuel consumption dropped to
10S.5 per cent. Thus in seven months the propellers
alone were responsible for a 10 per cent increase in
fuel consumption (6).

More satisfactory evidence comes from experi-
ments on model propellers, artificially roughened.
In experiments at the United States Navy Model
Basin, McEntee (17) determined the effciency of
four similar propellers, one of which was smooth,
the others in the rough condition of the original
casting. The results are shown in Figure 15, and
indicate that a loss of effciency amounting to

about 10 per cent results from the roughness of

the cast surface. In another test a model propeller
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FIGURE 15. Effect of surface roughness on the efficiency of four sÎmilar mode
propellers. After McEntee (17).

was painted and roughened by stippling while
the coating was wet. The results, shown in Figure
16, indicate a loss in effciency of about 20 per
cent as a result of the stippling. Finally, tests were
made on a propeller covered with ground cork
which caused the effciency to drop from over 70 to
about 35 per cent.

Taylor (24) concludes that most ships operating
with propellers in moderately good condition suffer
an avoidable waste of power in the order of 10 per
cent above that obtainable with new, accurately

finished bronze propellers. It may be supposed
that roughness of a grosser sort occasioned by

fouling wil produce much greater losses in eff-
ciency, and will readily explain such results as
those recorded for the H.M.S. Fowey.
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FIGVRE 16. Comparison of the efficiency of a rnodel propeller in the smooth
condition and after roughening by stippling a \yet paint coating. After ìVlcEntee
(17).
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PART II

BIOLOGY OF FOULING



CHAPTER 3

The Fouling Community

The term "fouling" is commonly employed to

distinguish the assemblages of animals and plants
which grow on artificial structures from those oc-
curring on rocks, stones, and other natural objects.
Frequently its use is limited to situations in which
the results of the growth may be considered harm-
fuL. The concept of fouling is thus based on the
practical considerations which have indeed given
the subject its importance rather than on any valid
biological distinctions. Fouling is, however, a bio-
logical phenomenon. If it is to be dealt with ef-
fectively from an engineering point of view, it is
important that the biological principles which de-
termine its development be understood.

The. animals and plants which take part in
fouling are primarily the attached, or sessile,
forms which occur naturally in the shallower water
along the coast. Each of these is adapted to live
successfully under some restricted set of environ-
mental conditions which limit the particular
places, both on a geographical and local scale,
where it may be found. The development of an

assemblage of fouling organisms on any structure
immersed in the sea depends on the ability of cer-
tain members of the natural population locally
present to live successfully in the new situations

created by man. From the biological point of view,
fouling is thus an accident, and of very recent
ongin.

The development of permanent and massive

growths depends on the ability of sessile forms to
adhere firmly enough to avoid being washed away.
Many free living animals are found among such
sessile organisms. They are an integral part of the
fouling ,community and cannot be separated from
it on any reasonable grounds. Separation on the

basis of freedom of movement or firmness of at-
tachment is diffcult, since some sessile forms like
the mussel are able to cast off their anchorage and
move from place to place, while some motile
forms such as the chiton can cling to smooth sur-
faces with a tenacity which resists the most violent
water movements.

The organisms occurring in fouling have been
recorded frequently. A few attempts have been
made to prepare lists of the species but these
have been limited to those found on particular
structures. Kirchenpauer compiled a list of 84 spe-
cies, ,the majority of them plants, from the navi-

gation buoys of the Elbe (4). Hentschel listed
about 50 species from ships docking at Hamburg
(3). Seventy-seven kinds of animals and plants
are listed from ships examined in United States
waters by Visscher (11).

In order to make available the information on
the composition of fouling, a comprehensive list
has been prepared of species recorded from the
principal types of structure affected. This list is
presented in Chapter 10. It includes records from
structures on which fouling gives rise to problems
of some technical interest, i.e., ships, buoys, water
conduits and pipe systems, wrecks, telegraph

cables, rafts, floats, pontoons, and test panels.
Records from wharf piles, piers, quays, jetties,
bridge abutments, and similar structures have
been omitted.

The following general conclusions are based on
the analysis of this list.

Nearly 2,000 species of animals and plants have
been reported from fouling. The number of species
representing each of the major groups of organ-

isms, listed in Table 1, includes 615 kinds of

plants and 1,361 varieties of animals. The list in-
cludes 13 of the 17 commonly accepted phyla of
animals and all the major groups of marine Thalo-
phytes. The four missing phyla of animals are the
Ctenophora, Chaetognatha, Nematoda, and Phor-
onidea. The two former are pelagic organisms not
likely to occur in fouling. The Nematoda are com-
mon free living members of fouling communities,
but have escaped record because they are diffcult
to identify. The Phoronidea contain very few
species, but may be recorded ultimately since
they are sessile forms, partial to crevices in rocks.

Although the number of species reported from
fouling is large and is widely distributed among the
existing groups of organisms, it actually includes
a very small proportion of the known marine

species. The proportional representation among
the different groups is also very unequal. These

facts are brought out by Table 2 in which the
total numbers of known marine species are com-
pared with the numbers reported from fouling. It
is only among five groups that the species known
to foul make up more than 2 or 3 per cent of the
recognized species. These are the Barnacles,

Tunicates, Hydroids, Marine Plants, and Bryozoa
-all groups which are predominantly sessile and

37
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which contribute heavily to fouling. Certain other
sessile groups, such as the sponges and corals,
are recorded relatively infrequently from fouling.

TABLE 1. Number of Species of the Various Groups
Whidi are Reported from Fouling
Total Plants 614
Total Animals 1,344
Total List 1,958

Plants
B~~ria. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fungi.......................................... .Algae.. .........................Diatoms 111Blue green 32Green 127Brown 88R~ 2~

Totals
37
14

563

Animals
Protozoa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Mastigophora 5Foraminifera 43Other Sarcodina 3Ciliata 39Suctoria 9
Porifera. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Coelenterata.. . . . . . . . . . . . . . . . . . . . . . . .. . . . . .
Hydrozoa (Hydroids) 260Hydrocorallnae 1A1cgonaria 5Actinaria (Anemones) 12
Madreporaria (True Corals) 8

Platyhelminthes... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Nemertea.. .......................................
Trochelminthes (Rotifers) . . . . . . . . . . . . . . . . . . . . . . . . .
Bryozoa... . . . . . . . . . . . . . . . . . . . . . . .
Brachiopoda. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Annelida. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Archiannelids 1
Polychaeta Errantia 44
Polychaeta Sedentaria (Tubeworm:s) 55Oligochaeta 4Hirudinea (Leeches) 4

Arthropoda. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Copepoda 7Ostracoda 5
Lepadomorpha (Goose Bamacles) 50
Balanomorpha (Acorn Barnacles) 60Amphipoda 60Isopoda 24Decapoda 76Pycnogonida 8Insecta 2

Mollusca. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Amphineura 3
Nudibranchiata 32Pteropoda 4Other Gastropoda 59Pelecypoda 121

Echinodermata.. . . . . . . . . . . .Crinoidea 3Asteroidea 7Ophiuroidea 3Echinoidea 5Holothuroidea 1
Chordata... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Tunicata 116Pisces 11

33
286

12
11

~ 5
139

1

108

292

212

127

Few species of Pelecypods are recorded although
some such as the oysters and mussels are among
the most important foulers.

Only 50 to 100 species are commonly encoun-

tered in fouling. Those reported most frequently
from all types of structures are listed in Table 3.
The frequency with which various species were

. found on the ships examined by Hentschel (3)
and Visscher (11) is recorded in Table 4.

There is litte doubt that some differences exist

TABLE 2. Comparison of the Total Number of Marine Species
Assigned to Various Groups and the Number of Each Group
Reported from Fouling. Estimated Totals for Animals from

Pratt (8), for Plants from ZoBell (12)

Total Marine Species
Species in Fouling
200 50300 60
700 116

3,000 260
8,000 614
3,000 139
1,000 32
3,500 99
500 11

3,000 60400 8
9,000 115
1,000 12
3,000 33
8,000 76
3,000 24
4,900 58

99

Group
Goose barnacles
Acorn barnacles
Tunicates
Hydroids
Marine Plants
Bryozoa
N udibranchs
Polychaetes
N emerteans
Amphipods
Pycnogonids

. Pelecypods
Anemones
Sponges
Decapods
Isopods
Gastropods (other than

Nudibranchs)
Echinoderms
Corals

4,800
2,500

19
8

%in
Fouling

25.0
20.0
16.6
8.7
7.7
4.6
3.2
2.8
2.2
2.0
2.0
1.3
1.2
1.1
1.0
0.8
0.8

0.4
0.3

TABLE 3. Nineteen Forms Cited More Than 12 Times From
Fouling, in Order of Frequency of Citation.

(Data from Fouling List, Chapter 10)

19

Form
M ytilus edulis
Bugiila neritina

Balanus eburneus
Balanus crenatus
Balanus improvisi/.s
Lepas anatifera
Balanus tintinnabulitm
Balanus balanoides
H ydroides norvegica

Balanus amphitrite
C onchoderma aitrititm
Conchodernia viigatum

Enteromorplia sp.
Cladophora sp.
Schizoporella unicornis
Tubu;laria larynx
Ciona intestinalis
Tubulai'ia crocea

Ectocarpits sp.

Group
Pelecypod Molluscs
Bryozoa
Acorn barnacles
Acorn barnacles
Acorn Barnacles
Goose barnacles
Acorn barnacles
Acorn barnacles
Tubeworms
Acorn barnacles
Goose barnacles
Goose barnacles
Green algae
Green algae
Bryozoa
Hydroids
Tunicates
Hydroids
Brown algae

Number OJ
Citations

34
24
23
22
21
20
18
16
15
15
15
14
14
14
14
14
13
12
11

between the assemblages of organisms likely to be
found on different types of structure. It is diff-
cult, however, to state very definitely what these
differences are, or to justify such statements with
quantitative data. The amount of information
available from examinations of different struc-
tures is very unequal, so that statistical compari-
sons are impossible. The differences also depend
not so much on the character of the structures as
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on the circumstances under which they are ex-

posed and the degree of fouling which is permitted
to develop before examination. Navigation buoys,
which foul heavily before servicing, support a

TABLE 4. Frequency of Various Forms in Ship Fouling

The numbers indicate the number of ships on which each
species was reported by Hentschel (3) and Visscher

(11). The total number of ships
examined was 131.

ACORN BARNACLES
Balanus improvisus 44
Balanus eburneus 34
Balanus amphitrite 27
Balanus tintinnabiilum 25
Balanus sp. 2S
Balanus crenatus 7
Balanus psittacits 3
Clielonibia patula 2
Balanus perforatus 1
Balanus tulipiformis 1
Chthamalits sp. 1

GOOSE BARNACLES
Lepas anserifera 5
Conchoderma aurititni 4
Conclioderma virgatmii 3
Lepas Iiillii 3
Lepas anatifera 3
Poecilasma crassa 2

HYDROIDS
Tubitlaria sp. 30
Campaiiularia sp. 26
Laomedea sp. 16Clytia sp. 7
Titbiilaria crocea S
Campanularia amphora 3
Eudendrimii raniosum 3
Laomedea geiiiciilata 2
Laomedea sargassi 1
Campanularia portium 1
Campanularia vorticellata 1
Bougainvillia carolinensis 1

Perigonimus jonsii 1
Podocoryne sp. 1
Plumiilaridae 1
(unidentified-5)

ANEMONES
Metridium sp.
Sagartia sp.

CORALS
Astrangia sp.

BRYOZOA
llf embranipora lacroixii 2S
jl,embranipora sp. 16
Bowerbankia caudata 6
Alcyonidium mytili 5
Alcyonidium gelatinositm 3
M embranipora mono-stachys 3
Bugula titrrita 3
Lepralia pertusa 2
Bugula aviciilaria 1
Bugula neritina 1

BRYOZOA (conL)
Bitgula tiirbinata 1
Watersipora citciillata 1
Callopora lineata 1
Callopora sp. 1
Alcyoiiidimii sp. 1
M embranipora savartii 1Electra pilosa 1
Scliizoporella unicornis 1
Scrupocellaria reptans 1

MOLLUSCS
Anomia ephippiwii 31
M ytilits ediilis 18
Ostrea elongata 7
Ostrea sp. 4M ytilus pictus 2
Nudibranchs 2
Ostrea parasitica 1
Anomia fideiias 1
Anomia sp. 1
Teredo navalis 1

8
3

ANNELIDS
Hydroides Iiexagoiiis 8
H ydroides norvegica 4
Hydroides sp. 1
N ereis pelagica 1
Nereis sp. 1
(unidentified-l1)

TUNICATES
Molgula manhattensis 9
M olgula arenata 4
Botryllus schlosseri 1
Ascidiella virginea 1
Diplosoma gelatinosa 1

PROTOZOA
V orticellids 10Folliciilina sp. 2

ALGAE
Enteromorpha intestiiialis 39
Enteromorpha sp. 19
Ulva lactitca 8
Cladophora sp. 5Ulotlirix flacca 4
Polysiplionia nigresceiis 4
Ectocarpus confervoides 3Ulva sp. 3Vauclieria sp. 1
Stigeoclonium sp. 1
Chaetomorpha fibrosa. 1
Acrochaetium sp. 1
Syplioiiales sp. 1
Oscillatoria sp. 1
(unidentified-I)

more mature community of fouling organisms than
ships, which are commonly docked before heavy
fouling has accumulated. As a result, greater vari-
ety is reported from navigation buoys than from
ships. Test panels which are commonly inspected
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TABLE 5. Numbers of Species of Fouling Organisms
on Buoys and Ships

Number of Species per Unit

Units
4 Buoys, Plymouth Sound
6 Buoys, Estuary
All 10 Buoys-Milne (6)
83 Ships-Visscher (11)
48 Ships-Hentschel (3)

Range
31-37

5-19
5-37
1-13
1-12

Average
34.0
14.3
22.4
4.18
4.39

after a month's exposure may give a very inac-
curate picture of the fouling organisms available,

since only the rapidly developing forms are re-

corded.
Some quantitative differences between the char-

acter of the fouling assemblages on ships and

buoys are brought out in Tables 5 and 6. Table 5
shows the numbers of species recorded from fouled
buoys and ships. The average number of species
found on buoys was much greater than on ships.
This result reflects the greater complexity of com-
position in the mature communities found on

buoys. Table 6 indicates the percentage of the
buoys and of the ships examined on which various
groups of fouling organisms were found. Each
group occurred more frequently on buoys than on
ships, again emphasizing the greater diversity of
species represented in the more maturely devel-
oped fouling of buoys. The barnacles are the only
group that occurs nearly as frequently on ships

as on buoys. The great rapidity with which barna-
cle populations may develop, as well as the firm-
ness of their attachment, may explain their preva-
lence on ships. Free living organisms associated

with the fouling communities, such as errant

polychaetes and nudibranchs, are much more gen-
erally represented in the buoy fouling.

In a few instances comparisons have been made

TABLE 6. Percentages of Ships and Navigation Buoys Fouled by
Various Groups. Ship data from Hentschel and Visscher; Buoy
data from American Waters. The Numbers Represent the Per
Cent of the Ships or Buoys Examined on which Representatives

of Each Group were Found.

Ships

Hentschel V issclier All ships Buoys
Groitp (48 ships) (83 ships) (131) (373)

Algae 79 33 50 94
Hydroids 63 49 54 99
Anemones 0 12 12 S4
Sedentary

Polychaetes 31 11 18 53
Errant Polychaefes 0 2 2 93
Bryozoa 31 45 40 83
N udibranchs 0 2 2 58
Pelecypods 25 22 23 97

Mytilus 15 16 15 77
Ostrea 10 8 9 17
Others 6 0 6 84

Barnacles 83 89 87 98
o Acorn 83 88 86 94

Goose 19 4 9 24
Tunicates 4 16 12 40
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between the fouling communities and the nat-
urally occurring populations of a region. Mac-
Ginitie found more species on a lighter at Mon-
terey, California, than could be collected in the
immediate environs (5). In the Suez Canal buoys,
barges, beacons, and wharf piles provided far
richer collections of species than did the bottom
of the Canal (1). The poverty of the latter may
be due to the frequent dredging of the soft and
sandy bottom and the continual scouring attend-
ing the passage of ships. These cases do not invali-
date the view that the bulk of fouling is composed
of a small number of species drawn from a much
larger total of coastwise types. They indicate

merely that fouling may not necessarily originate
from the immediately adjacent natural popula-
tions.

Although the bulk of fouling is drawn from
members of the natural population, several forms
are known only from records of fouling. Certain
acorn barnacles, such as the varieties dorbignyii,
costatus, and plicatus of Balanus tintinnabulum,
have been found only on ships. Balanus crenatus
delicatus is reported only from buoys. A number
of goose barnacles of the' genera Scalpellum and
Megalasma have been collected solely on deep-sea
cables. There is no reason to believe that these

forms also have not originated from natural popu-
lations as yet undiscovered.

Fouling is a way of life to which marine organ-
isms may turn insofar as they are adapted to live
under the conditions presented by the surface of
an artificial structure. The species adapted to
adhere to stones and other hard submerged sur-

faces most readily take up life on such structures.
As they develop, the character of the surface

changes, and places are provided where many free
living forms may harbor. Thus the possibilities
of occurrence are greatly extended and may include
creatures quite incapable of acting as independent
foulers. The concept of fouling is consequently

quite elastic, and the phenomenon is to be under-
stood only by considering, in the most general
way, the biological factors which influence the
growth and development of marine communities.

FOULING AS A COMMUNITY
1-

Although the fouling on a submerged surface

may be described by naming the species and
counting their numbers, the assemblages have

properties of their own which are additional to
those of the separate organisms. Each individual

grows at a characteristic rate, attains some ul..

timate size, and dies after an allotted period. The
population may contain organisms of many dif-
ferent ages, and wil increase in bulk at a rate
which has little apparent relation to the growth
of its members. Although the individuals may

die, the population as a whole may persist per-
manently. In addition, the various members of

the population influence one another. Crowding
may check their growth or modify their form. In
communities composed of several species, more
complicated relations arise. The presence of one
species may favor the growth of another, or a
slowly-growing form may crowd out others which
became established earlier.

The dominant organism in a community deter-
mines, to a large degree, its general character and
gives the community its name. Thus the natural
assemblages dominated by mussels are known as
Mytilus communities. Although no two mussel

beds, or parts of the same bed, are exactly alike
in the kinds and proportions of other species

present, mussel beds in general resemble one an-
other more than they differ and may be recognized
as a definite entity. Mytilus communities, as ob-
served in fouling, are essentially similar to natural
mussel beds. They display characteristics which
make them recognizable as something more than
an accidental collection of species.

Buoys along the coast of the northeastern

United States are usually fouled by the Mytilus
community. Different subordinate species are
found associated with the mussels in different
regions. Kelp and the barnacle, Balanus crenatus,
for example, are associated with the mussels north
of Cape Cod, while further south the kelp is less
prominent and the important barnacle is Balanus
improvisus.

The character of the communitietì of the sea

bottom has been shown to be governed by the
nature of the bottom and its depth (2, 7, 9, 10).
The communities of mud, sand, gravel, or rock
bottoms are each distinctive. Their distribution
parallels the distribution of the bottom materials,
and tends to fall into depth zones more or less

parallel to the shore. In much the same way the.
communities of fouling depend upon the character
of the structures and their conditions of exposure.

Thus mussels rarely attach to ships unless these
are moored for long periods, and ships are usually
fouled by a Balanus community, with algae pre-
dominant at the water line. Buoys in bays and
estuaries often support a community dominated
by Balanus improvisus or Ciona intestinalis, while



THE FOULING COMMUNITY

those moored well off shore are fouled with goose
barnacles. Buoy anchors often support a com-
munity which is different from that on structures
suspended directly above the bottom. The My-
tilus community is generally confined to the buoy
and chain, and is replaced on the anchor by bar-
nacles.

It may be seen that fouling is not a well de-
fined entity. The assemblage of organisms to be
found on an exposed structure depends upon the

species naturally present at the site of exposure

and upon their ability to attach and grow on its
surface. The characteristics and the activity of the
structure contribute to this selection. In addition
the reproductive habits of the different species

wil determine which organisms appear first on
structures exposed at different seasons. The inter-
actions of the various kinds which may appear
simultaneously or in succession modify the as-
semblage and determine the character of the
community which finally emerges.

These varied factors, which must be taken into
account in order to understand the communities

of organisms which are found on artificial struc-
tures, wil be considered in the chapters which

follow.
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CHAPTER 4

Temporal Sequences and Biotic Successions
Fouling communities may be understood only

in terms of their development. The population

present on a surface exposed in the sea changes

with time as the result of a variety of influences.

On a newly exposed surface, microscopic organ-
isms appear first and multiply rapidly. Later the
more. rapidly \ developing macro organisms may
cover the surfàce only to be replaced by more
slowy developing forms which crowd out the
first comers. There is thus a temporal sequence in

the development of the community.
There is reason to believe that the presence of a

population of one type may facilitate the subse-
quent development of other species. Temporal

sequences controlled by biological relations of this
sort are called biotic successions. Finally, the se-

quence in which organisms appear in the fouling
is influenced by the time of the year at which a
structure is exposed, since different organisms re-
produce at different seasons and attachment can
take place only when their larvae are present in
the water. The seasonal sequences which result

differ greatly according to the geographic location.

TEMPORAL SEQUENCES
On a newly exposed surface the fouling process

usually begins with the formation of a slime film
which is produced by bacteria and diatoms. The
bacteria attach and grow rapidly; their numbers on
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FIGURE 1. Temporal sequence of bacteria, algae, and protozoa in the
slime fim developing on a surface i'mersed in the sea.

each square centimeter of surface may reach one
hundred in a few minutes, several thousand in the
first day, and several milion in the first forty-
eight hours. Algae and diatoms are uncommon
during the first two or three days, but then may
develop rapidly so that several thousand per

square centimeter may be present within a week.
Protozoa follow. They are generally uncommon
during the first week and reach their maximum
growth by the end of the second or third week.

A typical example of the sequence of these forms
on a freshly exposed plate is shown in Figure 1.
Depending upon local conditions, each form may
persist at a high population level, or may decline
to a lower leveL.

A similar sequence may also be observed in the
appearance of the larger forms which make up
the bulk of fouling. The first to attach wil be
those species whose swimming larvae are present
in the water at the time of immersion. They wil
vary in kind according to their seasonal breeding

habits. Rapidly growing forms, which become

noticeable first, may ultimately be crowded out
by others which grow more slowly.

A temporal sequence of this sort is illustrated
in Figure 2, which shows the history of a com-

munity of barnacles (Balanus improvisus) on a
test panel at Miami. After four weeks' exposure

the panel was covered uniformly with barnacles

of various sizes. At the end of ten weeks a few
tunicates appeared growing over the barnacles.
At the sixteenth week the tunicates had increased

in numbers and size. The barnacle shells were
larger, but much fewer in number. Most of the
shells were unoccupied, the animals having died
and disintegrated. A few large solitary tunicates
had also appeared. By the twenty-sixth week

tunicates and bryozoa completely dominated the
community and the barnacles were buried beneath
them. Figure 3 shows in greater detail a com-
munity of barnacles which has been almost com-
pletely covered by a layer of colonial tunicates.

BIOTIC SUCCESSION
Among terrestrial plant communities it is well

established that one type of vegetation may modi-
fy the soil or in other ways prepare a situation

favorable for a succeeding community of plants.
. Thus in the eastern United States denuded rock
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FIGURE 2. History of a community of barnacles. showing its replacement by tunicates and bryozoans in the course of one half year.
Numbers indicate the duration of exposure in \veeks. Photos by C. :N1. \Veiss at :Miami Beach, Florida.

may first be populated with lichens, followed in
turn by grasses, pines, an oak-hickory forest, and

finally by a climax community in the form of a
maple-beach-hemlock forest. The climax is a final

stage so stable that no further change is to be

expected. The climax community developed in a
given place wil be the same, regardless of the par-
ticular temporal sequences which may precede it.
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FIGURE 3. A population of barnacles which has been almost completely covered
by colonial tunIcates. Natural size. Photo by C. 1'1 \Veiss at -Miami Beach,
Florida.

Efforts to establish similar successional rela-

tions between the animal communities of the sea
bottom have been repeatedly attempted (4, 7,
18). In the sea, in contrast to the land, the char-

acter of the bottom is not greatly modified by the

activities of organisms, and the conditions which
determine the kind of community present change
little with time. Consequently it is doubtful

whether the pattern of communities found on the
sea bottom is the product of biotic succession.

However, in the development of a new community
on a bare surface there is evidence that a rapid
type of succession takes place. This succession

culminates in a community which may be re-
garded as a climax which is characteristic of the
particular substratum and locality.

Brooks (2) stated in 1880 that the surface

should be rough and clean to permit the attach-
ment of young oysters. Later investigators have
found that the presence of the slime film influ-
ences subsequent attachment of larger fouling
forms. Some have claimed that its presence is
essentiaL. If true, this would be a real case of
biotic succession. There has been much discussion
but little critical investigation of this matter.

Some experiments by Phelps (15) indicate that
the presence of a slime film on a submerged surface
may favor the attachment of barnacles. In these
experiments one panel was exposed continuously
so that slime and a barnacle population developed
on it. Each day a fresh, duplicate panel was also

exposed. The numbers of cyprids attaching each
day to the continuously exposed panels are com-

pared, in Table 1, to the daily attachments to the
fresh panels. During the first three days greater
numbers of barnacles appeared on the fresh panels
than on the panel which had been permitted to

accumulate slime. After this time the attach-

ments to the slimed panels increased until, in one
experiment, these panels accumulated about

twenty times as many new barnacles each day as
the fresh panels. After about the tenth to fifteenth
day the population of barnacles on the continu-

ously exposed panel declined. Although cyprids
were observed on the panel after this time, the loss
of metamorphosed barnacles was greater than the
new attachments.

These experiments indicate that the presence of
a slime film on a glass panel favors attachment of
barnacle larvae. The fact that Phelps observed

attachments on freshly exposed panels shows that

TABLE 1. Comparison of Attachment of Barnacles to Slimed
and Fresh Glass Panels (15)

Slimed Panels
------------ Fresh Panels Ratio Dailv

Additional Dailv A tt acll/ienis
Total A ttacll/ients A ttachii(ents Slimed

Exposure A ttacll11/eiits No.jcm2j24 No.jcm2j24
Days No.jcm2 hI'S.' hI'S. Fresh

2 0.16 0.18
3 0.18 0.02 0.28 0.07
4 0.66 0.48 0.24 2.0
5 1.01 0.35 0.09 3.90
6 3.36 2.35 0.11 21.4
8 9.55 (3.10) 0.13 23.9
9 8.61 0.32

10 10.38 1. 77 0.28 6.33
15 7.28 0.12
19 6.02 0.27

2 0.20 0.22
3 0.21 0.01 0.18 0.06
4 0.63 0.42 0.24 1. 75
5 0.92 0.29 0.31 0.94
6 2.08 1.16 0.36 3.23
8 3.02 (0.47) 0.09 5.23
9 3.84 0.82 0.25 3.29

10 4.41 0.57 0.43 1.33
15 7.57 (0.63) 0.42 1.50
19 6.00 0.36

* Values in parentheses have been reduced from a longer exposure to a 24-hour
basis.

TABLE 2. Attachment of Bugula larvae to Slimed and
Cleaned Non-toxic Surfaces (11)

Number A ttached to
Age of ----------
5'liine Slimed Cleaned Ratio

Sltjace Weeks SUijace SUijace Slimed: Cleaned
Paint A 4 72 19 3.8
Paint A 4 79 5 15.7
Paint A 10 95 48 2.0

Paint B 4 90 6 15.0
Paint B 10 56 6 9.3

Paint C 4 165 77 2.1
Paint C 4 55 12 4.6

Glass 6 45 4 11. 2

Glass 6 65 23 2.8
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the slime is not, however, essential for their at-
tachment. This is further emphasized by the ob-

servations of Clarke (3), who obtained substantial
numbers of cyprid larvae attaching to glass panels
within an hour of exposure.

Miller and co-workers (10, 11) studied the at-
tachment of larvae of Bugula neritina to non-
toxic surfaces. They concluded that the presence
of the slime film facilitated but was not essential
for the attachment of this organism. In tests
where both slimed and nonslimed surfaces were

4S

tions, indicate a greater influence of the slime

film than was found in the laboratory by Miler.
Scheer was able to show, furthermore, that the
properties of the slime favorable for bryozoans

can be attributed to an algal population consisting

mainly of diatoms. Bacterial films were allowed to
develop on panels in the laboratory, and the
panels were then suspended in the sea. Although
hydroids settled more abundantly on the surfaces
coated with a bacterial slime than on clean sur-
faces, the attachment of bryozoans and ascidians

TABLE 3. Number of New Settlements of Erect Bryozoans on Glass Plates during Successive Two-week Periods, 1944,
at Newport Harbor, California (17)

Date Date of Original Exposure
Ex-

Feb. 141 FÓ. 28 I Mar. 121 Mar. 2~~!:!~I_~~amined Jan. 17 Jan. 31 June 8 July 6 I At
Mar. 27 0 0 0 0 0
Apr. 8 4 0 0 0 0 0
Apr. 26 11 10 10 0 5 0
May 9 20 29 28 35 48 3 0
May 24 5 4 6 - 17 18 0 0
June 7 11 18 7 22 14 17 5 10
June 21 21 27 36 24 - 27 72 44 2
July 6 40 5
July 17 28 12
July 31 33 3
Aug. 14 28 11
Aug. 28 13
Sept. 11

Sept. 25

Oct. 10
Oct. 23

used, i.e., where the larvae had a choice of surface
on which to settle, greater numbers of attach-
ments occurred on the slimed surfaces. In some
cases the numbers indicated a fifteenfold prefer-
ence for the slimed panels. Examples from their
data are given in Table 2. In other experiments in
which no choice was given, and in which only one
surface was presented for attachment, the larvae
were found to attach in a shorter time to those
surfaces which were covered with slime.

Whedon (19, 20) states that the presence of a
slime film facilitates the attachment of Ciona lar-
vae to glass panels, and that experiments with

Balanus tintinnabulum gave similar results. The
data on which these conclusions are based are not
presented.

Scheer (17) has found that the numbers of erect
bryozoans (mostly Bugula neritina) which settle
on glass panels increase after the first weeks,

when a slime film has had time to develop. Fre-
quently no attachments occurred on a panel during
the first two or three weeks of exposure, although
many bryozoans setted on older panels during the
same period. This evidence is shown in Table 3.
These observations, made under natural condi-

¡g. 1 I Sept. 11 I Oct. 10

1---

1

4
919 118 0

was not increased. A diatom population developed
on the panels after immersion in the sea, where-

upon the surface appeared to become more suit-
able for the attachment of the bryozoans and

ascidians.
Several other authors have found that a growth

of diatoms facilitates the attachment of larger
forms of algae (1, 21, 22). Coe and Allen (5) ob-
served that fouling is heavier on previously fouled
panels after scraping than on clean surfaces, and

attributed this result to "a more favorable physi-
cal surface, resulting from the retention of micro-
scopic organisms and minute particles remaining
from the previous growth."

Although most of the work on biotic succession
has centered on the relation of the slime film to
subsequent fouling, important interrelations be-
tween organisms are not confined to this single
step. Some of the macroscopic forms may provide
favorable conditions or otherwise influence the

attachment of others.
According to Scheer, the development of com-

munities on the bottom of floats at Newport

Harbor, California, normally follows one of the
sequences shown in Figure 4. These sequences

f.
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were observed under natural conditions, and since
most of the forms were found on some surfaces at
all times of the year, Scheer concludes that the

succession is nearly if not entirely independent of
seasonal variations. Mussels were observed to set-
tle only on surfaces bearing a bryozoan, Ciona, or
Styela community. Together with Saxicava,
sponges, and ascidians, the mussels appeared in
measurable quantities only on plates exposed for

CLEAN SURFACE
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FIGUR 4. Sequences of dominant organisms on surfaces exposed in
Newport Harbor, California. From Scbeer (17).

twenty weeks or longer. Thus the presence of a
bryozoan community seems to favor the attach-
ment of mussel larvae. The growth of the mussels
effectively covers the bryozoan community, which
then perishes. Barnacles, on the other hand, ap-
peared to settle irregularly without any relation
to the duration of exposure, and thus their attach-

ment did not seem to be favored by other com-

munities, including the slime film. This conclusion
contrasts with the observations of Phelps. Scheer

considers that the Mytilus community represented
a climax in the float-bottom associations of New-
.port Harbor.

Hewatt (7) removed the mussels (M. cali forni-
anus) from an intertidal area in Monterey Bay,
and found that the limpets and barnacles which

normally lived at higher levels extended their.
range downward into the bare area. The species
which depend on mussel beds for shelter were
absent from the area for over a year. The mussels
gradually returned, and with them their associ-
ated species, eliminating the barnacles anct lim-
pets. The reconstitution of the mussel community
required more than two amI one-half years. Com-

pared to the rate of development of the plant

climax on land, this is a very short period.
At St. Andrews, New Brunswick, in seasons

favorable for the development of the Balanus-

Mytilus association, surface conditions such as the
accumulation of shells on the beaches permit the
establishment of heavy sets of mussels. These

spread rapidly and form a surface layer that kils
the clams (Mya arenaria) and alters the physical
and chemical conditions in the subsurface layers.
Newcombe (14) concluded that this constitutes
true succession in a marine community

According to Hatton (6), the sporelings of Fucus
have a better chance of establishing themselves in
the moist environment provided by a carpet of
Enteromorpha than when they settle on bare rock
exposed to the sun at low tide. The Fucus chokes
out the Enteromo'rpha eventually, and is in turn
choked out by Ascophyllum, the attachment of
which is similarly facilitated by a mat of Fucus.

The growth of Balanus balanoides is inhibited
in the immediate proximity of fucoids, such as
Ascophyllum, by the mechanical action of the
waves in rubbing the fronds over the surface of
the rock (8). In this way fucoids can control the

habitat to the extent of excluding the barnacles.

On the other hand, Hatton (6) has shown that

growing barnacles can eliminate young Fucus' by

"nipping their feet."
In conclusion, it appears that several authentic

cases of biotic succession in sedentary communi-
ties have been described. It must be pointed out,
however, that seasonal succession wil dominate
the picture in many cases, so that true biotic
succession wil be diffcult to recognize. In this

connection it may be significant that a high pro-
portion of the evidence for biotic succession comes
from the Pacific coast of North America (5, 7, 17,
21), where seasonal phenomena are less pro-
nounced than elsewhere in the temperate zone.
Where seasonal variations are large, biotic suc-
cession may not be obvious (9, 12, 13, 16).
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CHAPTER 5

The Seasonal Sequence
In regions where marked seasonal changes in

temperature occur, the reproduction and growth
of many organisms are completely suppressed dur-
ing the winter period. In tropical climates the

seasonal changes in conditions are relatively small,
and fouling may continue without interruption

. throughout the year. Yet even under such condi-
tions the individual species which attach to a
freshly exposed surface vary from month to month,
as ilustrated in Figure 1.

The interpretation of the seasonal attachment
of fouling is complicated by the fact that the

reproductive process has an inherent rhythm im-
posed by the time required for the maturation of
the sex products of the adult, the development of
the larvae to the stage of attachment, and the

growth of the attached organisms to the point
where they are ready to reproduce the next gen-

eration. These processes are all influenced by the
environment. The cycle may be interrupted when
conditions are unfavorable, and be resumed again
when a favorable environment is restored. As a
result, attachment may be determined by condi-
tions at some previous period, and may not cor-
relate exactly with the condition of the water at
the time when it occurs.

Many species pass the winter in the adult stage,
which is stimulated to reproductive activity with
the coming of spring. Time is required, however,
for the sex products to mature to the condition in
which fertilization takes place. In some organisms,
such as Bugula, the larval stage is short and attach-
ment follows spawning almost immediately. In
others the larval period may be considerable. In
the mussel, for example, the larvae do not . settle
until one to three months after spawning begins

(46). Sòme forms pass the winter in a premature
stage. Balanus balanoides, for example, breeds in
the fall of the year at Plymouth but retains the
young within the mantle cavity until the follow-
ing spring, when they are discharged and attach
after a short period as free-swimming larvae.

When the development of favorable conditions
starts the breeding cycle in the spring, it continues
during the summer in a way which varies with the
species. Some attach almost continuously through-
out the season; others vary in abundance in a way
which suggests that successive generations are

coming to maturity. The number of generations

which can be produced in a single season varies
with the time required for the species to grow to

maturity and with the length of the period in
which suitable conditions persist. In temperate
regions, slowly developing forms may be able to
produce but a single generation in the course of
the short summer. In warmer regions development
is more rapid and many generations may be pro-
duced each year. Actually very little is known of
the ages at which marine organisms attain ma-

turity, or how they vary in different situations.
Table 1 summarizes some of the data which apply
to fouling.

The breeding period is controlled by the special
habits of reproduction and development in each
species and by the annual fluctuations in temperac
ture and other conditions. The latter vary in in-
tensity and duration according to the location;
consequently, the season of attachment can only
be specified exactly by considering each species

and locality separately. The seasonal breeding

behavior of fouling organisms may be divided
into a number of categories which al"e useful in
summarizing the phenomena.1 These are:

Type 1. Attachment continuous throughout the
year without definite seasonal fluctuation.

Type 2. Attachment continuous, but with in-

creased frequency during a definite por-
tion of the year.

Type 3. Attachment limited to some definite por-
tion of the year.

Type 4. Attachment occurring at two separated
periods of the year.

A given species may conform to a different type
in different parts of its range.

l
;'~t
J\

EFFECT OF TEMPERATURE ON
SEASONAL BREEDING

BEHA VIOR

Temperature appears to be the principal condi-
tion limiting the geographical distribution of ma-
rine animals, and determining their periods of
breeding. Adult organisms can frequently survive
under extremes of temperature which are unfavor-
able for reproduction. Consequently a species may

1 These categories are derived from a classification of the breeding behavior of
marine animals in tropical waters proposed by Paul (32). The categories given
apply more generally. Paul includes a fifth category of breeding which is discon-
tinuous and depends upon the phases of the moon. No important fouling or~
ganisms aTe known to exhibit this type of breeding behavior.
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FIGURE 1. Variable character of fouling accumulating on test panels exposeù at Ì\-1iami Beach, Florida. for Intervals of one month at different.
seasons of the year. Photographs by C. 1\'1. \\leiss. Periods of Exposure:

1. January IS-February 15, 1945 4. May IS-June 15, 1943
2. February I-March 1, 1945 5. June I-July 1, 1945
3. March I-April 1, 1943 6. June IS-July 15,1943
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maintain itself where conditions are suitable for re-
production during only a small part of the year.
The four types of breeding behavior may be ex-

plained on these principles if the seasonal range in
temperature and the limits of temperature at
which a species can breed are taken into account.

Type 1. Attachment Continuous Throughout
the Year Without Definite Seasonal
Fluctuations

This type of breeding behavior is to be expected
only where seasonal conditions vary so slightly
that the normal breeding rhythms are uninflu-
enced by them. Such conditions are most likely
to occur in the tropics or at considerable depths.

There are no data on breeding seasons in the latter
situation. It is commonly supposed that repro-
duction is continuous in the tropics, and Paul has
indicated that several species conform to this
type of behavior at Madras, as shown in Figure 2.

The distinction between this type of behavior and
that in which continuous attachment varies in

i

intensity with the season is a quantitative one,

which can only be drawn on the basis of detailed
observation. As such studies accumulate it be-
comes evident that many tropical species show

definite variation in the frequency of attachment
at different seasons.

Type 2. Attachment Continuous, but With
Increased Frequency During a Definite
Portion of the Year

Wherever conditions during one portion of the
year are less favorable for the reproduction of a
species than at another, without at any time being
incompatible with breeding, this type of behavior
is to be expected. It is ilustrated in Figure 3,

which shows the number of barnacles of the three
species common at Miami, Florida, which attached
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each month to a standard test paneL. There was

no month of the year when barnacles of each sort
were not present, yet each fluctuated in numbers
throughout the year in a distinctive way. Balanus
eburneus attached with increasing frequency in
summer and early falL. The same was true of
Balanus amphitrite. This species, -however, dis-
played three distinct maxima of abundance which
may represent the development of successive gen-
erations. Balanus improvisus fluctuated in num-
bers greatly throughout the year, but attached in
smallest numbers in December or January. The
temperature of the water at Miami varies between
about 2üoC in January to 3üoC in midsummer.

The lower temperatures in midwinter appear to be
unfavorable for the breeding of the barnacles

without altogether inhibiting it (42).

Type 3. Attachment Limited to Some
Definite Portion of the Year

In temperate regions, where the annual change

in temperature is relatively great, this is the most
usual type of breeding. It results from the fact
that water temperatures are too low in winter to
permit reproduction, although the adults survive

in suffcient numbers to start a new generation in

the spring. The duration of the breeding season is

determined by the time during which the tem-

peratures remain above the critical level for re-.
production. Within the range for any species this
period is narrowed as the latitude increases, until
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FIGURE 3. Numbers of barnacles attaching to test panels exposed at Miami

Beach during successive years. A fresh panel was inuersed every 15 days and
was examined after one month's exposure. The solid area represents Balanus
eburneus; the clear area, Balanus amphitrite; and the hatched area. Balanus
improvisus. After Weiss (42).
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TABLE 2. Temperatures of Breeding and Attachment of Mytilus edulis at Various Localities

Attachment Breeding

Maximum Beginning
Beginning

Station time Temp. Time Temp. Time Temp. Authority

Lamoine late June 13 end July 15 (11)
Woods Hole June 20 14 (8)

early June 15 (10)
Milford 1942 June 1 12 June 15 (7)

1943 June 15 17 July 1 18 (7)
Oakland March 14 May 18 (12)
La Jolla Spring 14-16 - - (3)
Kola Fjord July 12 - - (48)
Milport & Caernarvon 1941-42 July 12 - - (2)
Milport 1942-43 June 10 August 13 (26)
Plymouth 1942-43 June 13 none (26)
Plymouth Jan.-March 8-10 (46)
Kanazawa January 10 May 17 (24)

at some point the species cannot maint~in itself.
The sharp onset of attachment in the spring

suggests that for each species some characteristic
temperature may exist which is associated with the
time at which attachment begins. Table 2 pre-
sents some records for the time of attachment of

TABLE 3. Dates and Temperatures at which Attachment of
Bugula neritina Begins at Various Localities

Station Time Temp. Reference
Beaufort, N. C. mid-April 15 (23)
Kure Beach, N. C. June 1 18 (34)La Jolla, CaL. April 15 (3)
Kanazawa, Japan May 17 (24)

Mytilus edulis in different localities, together with
the attendant water temperatures. They indicate
that mussels do not attach until the temperature

rises to some value between 10° and 14° C. The
temperatures at which Bugula neritina first at-
taches, recorded in Table 3, fix the range for this
species between 15° and 18°C. When it is recalled
that attachment is the culmination of a series of
events in the reproductive cycle, all of which are
influenced by earlier temperatures, it is not sur-
prising that closer correlations are not obtained.

It should not be thought that winter is the
only time when breeding is interrupted. High
temperatures in summer may be unfavorable to

30
N
:: 25o
a: 20
4J
a. 15

a:
li10::
:: 5z

reproduction, and may permit a species to breed
only in winter. An example is found in the case of
Bugula avicularia. At Miami, this species stops
attaching in June when the temperature or the
water increases to 29°C, and fails to reproduce
again until November when the temperature falls
below 23°C. Figure 4 shows the regularity with
which the seasonal attachment of Bugula species

at Miami is limited to the winter season.
The season at which a given species breeds may

be different in different parts of its range. For ex-
ample, Bugula neritina commences to attach at

Beaufort, North Carolina, in April when the tem-
perature of the water increases to 15°C. Its prin-
cipal season of reproduction is in the summer and
fall. At Miami, on the other hand, Bugula neritina
is a winter breeder which attaches only after the
temperature of the water has fallen to about 23°C
(42). Thus low temperatures appear to interrupt
its breeding in winter in the northern portion of
its range, and high temperatures do the same in
summer in the southern portion. The seasonal

breeding behavior is thus seen to depend on the
time of year at which conditions happen to be

favorable at a given place, and is not a fied

characteristic of a species throughout its range.

o JFMAMJ JASONDJFMAM J JASONDJ FMAMJ J A SOND JFMAMJJ1943 1944 1945 1946
FIGURE 4. Numbers of Bugula attaching to test panels exposed at Miami Beach during successive years. A fresh panel was immersed

every 15 days and was examined after one month's exposure. Bugula avic-ulaTaa was represented throughout the entire period of
attachment each year. Bugula neritina was present only during the fist peak of each breeding season. After Weiss (42).
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Type 4. Attachment Occurring at Two
Separate Periods of the Year

Certain species are so limited in the range of

temperature' at which reproduction takes place

that at some places they can breed only during a

short period in the spring and fall when the chàng-
ing conditions are favorable. Breeding is inter-
rupted by unfavorable conditions, both in winter
and summer. This is most likely to occur where
seasonal changes in temperature are great.

This behavior is characteristic of Tubularia
crocea along the middle Atlantic coast of the

United States. At Beaufort, North Carolina, for
example, this hydroid attaches between April and
June, and again between October and January (23).
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temperature, but it should not be forgotten that
many other aspects of the season may be directly
or indirectly responsible for the observed events.
Thus the temperature cycle itself is a mere reflec-
tion of the annual fluctuation in solar radiation.
This may act on marine communities, not only in
affecting water temperature, but also in influ-
encing the rate of photosynthesis of plants and

thus controllng the nutrition of animals. In most
parts of the world the rainfall reflects the passing
seasons. During the wet season, excessive runoff
may decrease the salinity notably, and may create
conditions unfavorable to the development of. .
manne orgamsms.

In Hawaii fouling by barnacles is reduced dur-

TABLE 4. Dates and Temperatures for Attachment and Aestivation of Titbitlaria crocea at Various Localities

Spring Attachment Aestivation Fall Attachment

Locality Time Temp. Time Temp. Time Temp. Reference

Lamoine, Me. July 15 none none (1 Z)
Oakland, CaL. none none (12)
Woods Hole, Mass. 20-21 (25)
Beaufort, N. C. April 10 June 24 Nov. 18 (23)
San Diego* June 20 Oct. 21 (45)
Kanazawa t April 10 June 21 Oct. 21 (24)

* Attachment continuous October to June.
t These data refer to Tubularia mesembryanthemum.

The data on Tubularia crocea again ilustrate
that the type of breeding behavior depends upon

the way in which local temperatures vary in rela-
tion to. the physiological characteristics of the

species. In the northern portion of its range, as at
Lamoine, Maine, Tubularia attaches only in mid-
summer. Farther south, where the temperature

rises to above ,20°C in summer, breeding is inter-
rupted while higher temperatures prevail, as well
as during the winter period. At San Diego, Cali-

fornia, where the temperature range is smaller, at-
tachment is continuous between October and

June, and is interrupted only in summer when
temperatures rise above 20°C. Table 4 summarizes
the data on the times of attachment of Tubularia
crocea at various places. While a close correlation
between temperature and reproduction which is
applicable to all localities can not be found, it may
be said that reproduction is suspended when and
wherever the temperature is below 1O-15°C or
above 18-24°C.

OTHER FACTORS CONTROLLING
SEASONAL BREEDING

BEHA VIOR

It is probably correct to associate the seasónal

occurrence of fouling organisms primarily with

ing the winter when the surface waters reach the
minimum temperature of the year (20-21°C),
but, at this time, periods of turbidity and dilution
are frequent, owing to heavy rains (6). At Madras,
India, the temperature of the sea water fluctuates
in a semiannual cycle, there being two periods of
maximum temperature (86°F) in April and at the
end of October, with intervening low temperatures
(79°F) in January and July. Nevertheless, several
species of organisms show a single period of at-
tachment each year. (See Figure 2.) Thus Lao-
medea and Therapon are present in abundance

from October through February, while Diandro-
carpa, Polycarpa, Mytilus, and Ostrea attach heav-
ily only in the summer months (32). These seasonal
distributions appear to be correlated with the
duration of the northeast and southwest mon-

soons with their associated effects on rainfall,
ocean currents, etc., rather than with the actual
fluctuation in temperature.

The evidence of the seasonal character of breed-
ir.g in the tropics has been reviewed by Paul (32).
He concludes that temperature may not be the
important factor in establishing periodic repro-

ductive behavior, and he cites the case of the
oyster, in which breeding appears to be related to
seasonal changes in the salinity of the water.
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REGIONAL CHARACTERISTICS OF THE
SEASONAL SUCCESSION OF FOULING
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A series of diagrams which summarize what is
known of the seasons at which various species or
groups of fouling organisms attach at different
locations are appended to this chapter (Figures 8-
27). These figures present the best available data
for estimating when and where fouling of various
types may be expected to occur, and the intensity
of its occurrence. The data are based on reports of
various observers, who unfortunately have not

- employed uniform methods of exposure, inspec-
tion, or identification. In general, several species

of a common type, such as hydroids, barnacles
etc. are lumped together. With a few excep-

tions, zoologists have failed to record exact in-
formation on the seasons of reproduction and at-
tachment of the sedentary organisms.

. In the interpretation of the data it should be re-

called that it is based on attachment to test sur-
faces. It does not necessarily represent, particu-

larly in its quantit,ative aspect, the relative im-

portance of the different species in the natural
populations or on artificial structures of different
types. Mytilus edulis, for example, occurs infre-
quently in the panel records, although it is often
a dominant organism on navigztion buoys and in
the natural bottom fauna.

Temperate and Tropical Waters
Attachment seasons are more limited in tem-

perate than in tropical waters. For many groups

the season lasts all year around in the tropics, as
at Miami and Madras, and is confined to the
summer in temperate waters, as in the British
Isles and on the Atlantic coast of North America.
There are some exceptions, however. In the
tropics the attachment of some forms is limited
to the cooler parts of the year, e.g., Obelia spinu-

losa minor at Madras, algae and Bugula at Miami,
and hydroids at Cavite. In temperate waters

some forms attach throughout the year, or are
limited to winter and early spring, e.g., Pedicellina
and Balanus balanoides at Woods Hole and
M embranipora villosa at Friday Harbor. Tunicates
appear to attach more frequently in summer, both
in temperate waters and in the tropics, as may
be seen from their occurrence at Milport, Beau-
fort, Miami, and Madras. In Japanese waters,

however, Styela clava settles conspicuously in
winter. Styela plicata seems to be a summer form
in Japan, with an earlier attachment season

farther south, as may be seen by comparing its
season at Maizuru with that at Kobe and Sasebo.

At Beaufort this species has a season of attach-
ment in the late fall as well as in the spring.

East and West Coasts of North America
On the east coast the fouling season on the

whole is shorter than on the west coast at compara-
ble latitudes. This is explained by the difference in
the annual range of temperature on the two coasts
On the east coast the annual range of temperature
is greater, and many organisms can breed only
during the restricted period when the water is
suffciently warm. The breeding season starts later
and terminates earlier as one proceeds northward.
For areas in comparable latitudes on the two

coasts, compare Beaufort with La Jolla, or La-
moine with Friday Harbor. For the progressive
restriction of the breeding season with increasing
latitude, compare the conditions at Beaufort,

Woods Hole, and Lamoine.

Other Gross Comparisons
At Port Jackson, Australia, the only station in

the southern hemisphere, the seasonal range in
temperature is intermediate between that of the

Atlantic and Pacific coasts of North America. The
length of the fouling season appears also to be

intermediate. Port Jackson is comparable in lati-
tude with La Jolla and Beaufort. The mussel,

Mytilus obscurus, is an important fouling organ-
ism there, and the dominant hydroids are plum-
ularians, which are summer forms. In both these
respects Port Jackson resembles La Jolla more
closely than Beaufort.

The Japanese ports resemble the North .Ameri-
can Atlantic stations in many respects. At Kana-
zawaand Beaufort Bugula neritiria and Schizo-
porella unicornis are prominent bryozoans and
have identical attachment seasons. Seasons of at-
tachment of Ostrea, Tubularia, and Hydroides are
similar at the two stations despite the fact that
the species concerned are different. Balanus am-
phitrite, the dominant barnacle at Kanazawa, is
not prominent as .far north as Beaufort in the
Atlantic, though it does occur there. Mytilus

edulis is a minor fouling form at both localities,
but Miyazaki implies that the mussel has only

recently migrated into the Tokyo area. Of the
Japanese ports, Bako is evidently fully tropicaL.

VARIATIONS FROM YEAR TO YEAR
When systematic observations are made over a

series of years at anyone location, it is usually
found that although there is noticeable uniformity
in the species represented at each season of the
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FIGURE 5. The relative volumes of the principal types of sedentary organisms s~ttling on glass test panels at La Jolla, California, during the years 1933J
1934, and 1935. The panels were each exposed for 8 weeks before examination. Reproduced from Coe and Alen (4).

year, there is a wide divergence in their relative
abundance.

The variable proportions in which different spe-
cies contribute to fouling in different years has

been followed by Coe and Allen (4). Figure 5
shows the relative weight of fouling of different
types attaching to test panels at La Jolla at

monthly intervals during three successive years.

The diagram ilustrates the general dominance of
hydroids in late winter and spring, and of barna-
cles and amphipods during the warmer months.
The relative abundance of the several types dif-
fers greatly, however, if the composition of the
fouling during any mouth is compared for the
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FIGURE 6. Tbe quantity of the principal types of sedentary organisms attached to glass test panels at Miami Beach, Florida, during the years 1942 to 1946. A fresh
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three years. Note, for example, the great abun-

dance of amphipods during May, June, and July
of 1933, and the relatively poor showing of bar-
nacles in August and September of that year as
compared to the years following.

The composition of the fouling attaching at
Miami Beach, Florida, was studied during three
years by Weiss (42). Figure 6 shows the numbers
recorded every two weeks on panels which had
been exposed for one month. While each kind of
fouling followed a characteristic pattern related
to the season, the fouling as a whole became

heavier each year. This tendency was shared by
the barnacles, encrusting bryozoans, and tube

worms. Anomia appeared only in the last year of
observation. In contrast, however, the tunicates

and Bugula showed comparatively little variation
from year to year.

The weight of fouling collected each month by a
standard cement block at Point Reyes, California,
has been recorded since 1934 by the Paint Labora-
tory of the Mare Island Naval Shipyard. Figure 7
shows how greatly fouling at this station varies
from year to year, both in quantity and in the
pattern of its occurrence. Barnacles are the prin-

cipal source of fouling on short term exposures at
Point Reyes and are responsible for the greater
part of the variation. These data show that a series
of poor years, 1937 to 1942, intervened between

periods of more active fouling. This suggests that
marine fouling, like many other kinds of natural
populations, may be subject to long term periodic
fluctuations in abundance.

The causes of the annual variability of fouling
are quite unknown. They have never been cor-
related . with any measured variation in the phys-
ical aspects of the environment. It is evident that
conditions which are favorable for one form may
not influence others. The scarcity of one species

may in fact increase the numbers of others on test
surfaces since this leaves more space available for
their attachment.

SUMMARY
Seasonal variation in attachment arises from the

inability of any given species to reproduce except
under a limited range of conditions. In different
regions these conditions, particularly tempera-

ture, vary in characteristic ways. Certain general

types of breeding behavior, such as a summer or
winter period of attachment or . two separate
periods in spring and fall, result and may be ob-
served in different species at the same locality. In
each locality the sequences of organisms which at-
tach throughout the year have characteristics
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FIGUR 7. Weight of fouling collected from a cement block exposed at the

testing station of the Mare Island Naval Ship Yard at Point Reyes, California,
during the period 1934 to 1945. The curves show the wet weight of fouling wbich
accumwated on the block, previously cleaned, during each month of the year (22).

which are common to many localities where similar
climatic influences obtain.

Some judgment of the seasonal character of
foulng in different parts of the world can be
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drawn from what is already known about a limited
number of places. The actual events, however, are
dependent on the interplay of a large number of
factors, such as the distinctive physiological char-
acteristics of the many species of fouling organisms,
their geographical distribution, local variations in
the character of temperature changes, and the in-
fluence of other and less obvious seasonal aspects
of the environment. More exact knowledge of the
seasonal sequences to be expected throughout the
world can be obtained only by systematic studies
in a large number of different locations. Even
when this is accomplished it wil be found that the
sequences of occurrence wil fluctuate in detail
from year to year from causes which are as yet
unexplained.

APPENDIX: THE SEASONS OF FOULING
IN DIFFERENT PARTS OF THE WORLD

Atlantic Ocean-East Shore
Kola Fjord, Barents Sea

British Isles: Milport and Caernarvon, Plymouth
Figure 8

Figure 9

KOLA FJORD

Atlantic Ocean-West Shore
Lamoine, Maine
Woods Hole, MassachusetLs
Chesapeake Bay
Beaufort, North Carolina
Kure Beach, North Carolina
Daytona, Florida
Miami,_Flonda

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Atlantic Ocean-Gulf of Mexico
Pensacola, Florida

Pacific Ocean-East Shore
Friday Harbor, Washington
Oakland, California
La Jolla, California
San Diego, California

Pacific Ocean-Hawaiian Islands
Kaneohe Bay, Oahu

Pacific Ocean-West Shore
Kanazawa Oyster Farm (near Tokyo), Japan
Ominato, Maizuru, and Y okosuka, Japan
Kobe, Japan; Chin Kai, Korea; Sasebo, Kyushu and

Bako, Pescadores Islands
Cavite, Philippine Islands

Port Jackson, Australia

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

'Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Indian Ocean

Madras, India-See Figure 2, page 51
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FIGURE 8. Kola Fjord, Barents Sea. Fouling on concrete asbestos panels exposed one month, June to September only. Temperatures as observed

at site of exposure. After Zenkewitsch (48).
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MILLPORT AND CAERNARVON
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FIGUR 9. British Isles: Milport and Caernarvon; Plymouth. Fouling on painted steel panels exposed for short periods.
Temperatures as observed at Milport. After Bengough and Shepheard (2) and Molt (26).
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LAMOINE
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£NCRUSTING BRYOZOA
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FIGURE 10. Lamoine, Maine. Fouling on short and long term exposures of collectors, Máy to October, 1943 and 1944.

Temperature as observed at site. After Fuller (J 1).
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WOODS HOLE 70
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BOTRYLLUS GOULDI/.

HYDROIDES HEXAGONIS

'BALANUS BALANOIDES

BALANUS EBURNEUSJ 0
FIGURE 11. Woods Hole, Massachusetts. Fouling on: (Above) Glass test

panels exposed one month between August 1940 to December 1941. Mter
Ketchum et al. (20). (Below) Short and long term exposures of wooden surfaces

during about 10 years. Mter Grave (14). Temperatures: 5 day mean values
during 1902-1906. After Sumner, Osburn, and Cole (38).
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CHESAPEAKE BAY
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FIGUR 12. Chesapeake Bay. Fouling on glass panels exposed one month.
(Above) Occurrences recorded at Norfolk, Virginia, October 1940 to January 1942.
After Ketchum et al. (20). (Below) Wet weight of fouling accumulating each
month on glass panels at Norfolk, September 1941 to August 1942, after Wharton

(43), and at Hampton Roads and Yorktown, Virginia, in 1944, after Norfolk
Navy Yard (27). Temperature: mean monthly values at Solomon's Island,
Maryland, 1938-1942, from U. S. Coast and Geodetic Survey (40).
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FIGUR 13. Beaufort, North Carolina. Fouling on wooden and glass surfaces February 1942, by Ketchum et al. (20). Temperatures are mean monthly values

exposed for short and long periods between February 1941 and February 1942, at Piver's Island, 1914-1928, from McDougall, after Gutsell.
by McDougall (23), and on glass panels one month between November 1940 and
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FIGml. 14. Kure Beach, North Carolina. Fouling on wooden blocks exposed for short periods, December 1940 to April 1943. After Richards (34).
Temperatures are monthly averages for 1942 at the site, supplied by the Dow Chemical Company through courtesy of Mr. 1. F. Harlow.
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FIGURE 15. Daytona, Florida. Fouling on wood blocks exposed for one month during the year 1942, at Ponce de Leon Tidal Inlet. Temperature:
as observed on 20th of each month at site. After Richards and Clapp (35).
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MI A M I
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FIGUR 16. Miami, Florida. Fouling on glass panels immersed every 15 days and exposed for one month, 1942 to 1945, at Miami Beach and Tahiti
Beach. After Weiss (42). Temperatures: mean monthly values at Miami Beach, 1940 to 1942, from U. S. Coast and Geodetic Survey (40).



66 MARINE FOULING AND ITS PREVENTION

PENSACOL A
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FIGUR 17. Pensacola, Florida. Fouling on glass panels exposed one month, Marcb 1941 to February 1942. After Ketchum et ai. (20).
Temperatures: mean monthly values supplied by courtesy of Dr. A. E. Hopkins.
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FRIDAY HARBOR
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MICROPOR£LLA CALIFORNICA
TUBULIPORA FLAB£LLARIS

BUGULA PACIFICA

£UPOMA TUS

SPIRORBIS SPIRILLUM

BALANUS GLANDULAJ 0
FIGURE 18. Friday Harbor, Puget Souad, Washington. Fouling on wooden blocks exposed for 3 months, immersed at monthly intervals, October 1928 to

January 1930. After Johnson ani Miller (18). Te.nperatures: mean montbly values for 1935-1940, from U. S. Coast and Geodetic Survey (39).
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BALANUS IMPROVISUSJ D
FIGURE 19. Oakland, California. Fouling of wooden panels on short and long term exposure, December 1940 to February 1942.

After Grabam and Gay (12). Temperatures: at site of exposure.
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LA JOLLA

ECTOCARPUS
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£UPOMA TUS GRACILIS
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FIGURE 20. La Jolla, California. Fouling on glass and concrete surfaces on short
and long term exposure during 9 years. Results from October 1932 to October 1935
reported in greatest detaiL. (Below) Relative volume of fouling developed on

plates exposed for 8 weeks. After Coe and Alen (4). Temperatures: mean weekly
values at exposure site 1925-1940. Estimated from graphs given by Allen (1).
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SAN DIEGO
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TUBULARIA CROCEA

8UGULA HERITINA

'C ION A INTESTINALIS

EUPOMATUS

BALANUS TINTINNABULUM

WET WEIGHT

J 0
FIGURE 21. San Diego, California. Fouling of glass and concrete surfaces ex-

posed one montb, February 1939 to April 1943. (Below) Wet weight of fouling
developed per month per square foot of surface. Temperatures: mean monthly
values at exposure site 1941-1942. After Whedon (44, 45).
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FIGURE 22. Kaneohe Bay, Oahu, Hawaiian Islands. Fouling of various ma-
terials on short and long term exposure. After Edmondson and Ingram (6).
Temperatures: mean monthly sea surface temperatures in Hawaiian region, from

Hydrographic Offce. World Atlas of Sea Surface Temperatures (I5). For addi-
tional information on fouìing in Hawaiian sea, see Visscher (41).
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FIGURE 23. Kanazawa Oyster Farm (near Tokyo), Japan. Fouling on calcareous plates exposed for short periods, Februar 1935 to March 1936.

Temperatures apparently from isolated observations at exposure site. After Miyazaki (24).
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FIGURE 24. Japanese Area. OminatoJ north Honshu; Maizurui northwest
Honshu¡ Yokosuka, east Honshu. Fouling of glass panels exposed one month.

After Saito (37). Dry weights of fouling from these localities, presumably obtained
from the same experiments, are given by Izubuchi (17).
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FIGURE 25. Japanese Area. Kobe, on the Inland Sea, southwest Honshu;
Sasebo, Kyushu; Bako, Pescadores Islands, west of Formosa. Fouling on glass
panels exposed one montb. After Saito (37). Dry weights of fouling from these

localities, presumably obtained from the same experiments,' are given by Izu-
buchi (17).
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FIGUR 26. Cavite, Luzon, Phippine Islands. Fouling on panels exposed one month, immersed at 2 week intervals, June 1937 to August 1938. After Lunz (21).
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FIGUR 27. Port Jackson, Australia. Fouling developing during first few
months of expsure on wood panels, immersed monthly, 1932-1934. After Iredale,
Johnson, and MacNeil (16) and Johnson and MacNeil (19). Temperatures:

mean montlùy values from daily observations during 10 years from Fischer (9)
after Russell.
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CHAPTER 6

Quantitative Aspects of Fouling

The severity of fouling in any given situation
depends on the numbers of larvae of suitable
organisms present in the water, the rate at which
the attached organisms grow, and the bulk at-
tained by the characteristic growths.

It frequently happens that such great numbers
of larvae of one sort are present and ready to at-
tach that a surface exposed in the water very

rapidly picks up more larvae than can find room
after growth has taken place. Under such circuln-
stances a practically pure population of a single

species may develop. Figure 1 ilustrates the
density with which barnacles may settle on a
freshly exposed surface. The pure population of
barnacles which develops as the result of such

settlement is shown in Figure 2.

FIGURE 1. Photograph showing dense settlement of minute barnacles on a paneL.
Natural size. Photo by C. :11. ''leiss.

THE GROWTH OF COMMUNITIES
Except for the microscopic forms, few fouling

organisms multiply by reproduction on the sur-
face. After attachment has taken place, the in-
crease in the bulk of the fouling depends on the
rate of growth of the attached individuals. This

differs naturally from species to species, and is
controlled by the temperature of the water and by
the availability of suitable food. However, a num-

bel' of forms, such as the bryozoans and tunicates,
develop branching colonies which spread rapidly
over a surface on which a single individual has
become established. (See Figure 3.) In addition,
the bulk of the community may be increased by
the continued addition of new individuals brought
to it by currents as free swimming larvae. Figure 4

FIGURE 2, A population consisting exclusively of barnacles, resulting from
exposure at time when barnacle larvae are most abundant. Natural size.

shows a test panel on which barnacles of varied
size are growing as the result of successive at-

tachments.
The growth rate of the individual organisms

usually becomes slower as they increase in size,
and most species tend to approach a fairly definite
maximum size. This factor and crowding tend to
limit the bulk of any type of fouling which can de-
velop. The bulk of the community is not limited
to a single layer of organisms, however, for fre-
quently a later generation may attach to the in-
dividuals earlier established. Frequently small
barnacles are found growing on the shells of larger
predecessors. Mussel fouling very commonly de-
velops in layers much thicker than the length of
the larger individuals. (See Figure 5.)

The process of piling up of one layer of fouling on
another has its natural limit since the animals in

the deeper layers die from lack of nourishment or
oxygen. Later their remnants may become de-
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FIG1.TRE 3. Photograph of a spreading colony of encrusting bryozoans. Natural
size. The small dark spots on the panel arc nc\vly attached individuals. Photo by
C. M. Weiss.

tached, and the entire mass falls away. However,
some organisms, such as the corals, develop limey
skeletons of such permanence that the encrusta-
tion may continue to grow in thickness indefi-
nitely. In the competition between species for

space, the forms which spread rapidly over those
established earlier finally become dominant.

It is only in the case of two types of fouling,

barnacles and mussels, that a quantitative account
can be given of the development of the com-

munity. Growth curves for a number of other

FIGURE 4. Test panel after 4 weeks' exposure, showing barnacles of different
sizes which develop as the result of successive infections. Natural size. Photo by
C. M. Weiss.

species are given by Paul (16), Coe and Allen (2),
and Edmondson and Ingram (4).

The Barnacle Community
SETTLING OF CYPRlDS

Barnacles attach when the larvae are in a stage
known as the cyprid. At Miami, where barnacles
attach at all seasons of the year, C. M. Weiss has

FIGURE 5. Navigation buoy fouled with mussels, showing a recent setting of
small mussels growing over the larger mussels of greater age.

found, by counts of the number of cyprids settling
on panels immersed daily, that the numbers avail-
able fluctuate greatly. (See Figure 6.) When the
cyprids are abundant many more settle on the
surface than survive.

The number of barnacles which develop on the
panels exposed for one month at Miami rarely
exceeds 300 per square decimeter and usually does

not exceed 100 per square decimeter. During their
peak abundance as many cyprids may attach to a
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fresh panel in one day as develop into barnacles in
the course of a month's exposure. During the two
or three weeks of exposure when the cyprids

which finally develop into barnacles are attaching,
many more settle than survive. It is obvious that
a limit to the survival of the cyprids is set by the
area of the panel, which wil not accommodate,

per square decimeter, more than 100 to 300
barnacles of such size as can be reached in the

i¡ 2 HR

7 DAYS

These relations are brought out in more detail in
Figure 7, in which the number of barnacles de-
veloping on test panels each month is plotted
against the sum of the number of cyprids attach-
ing each day to freshly exposed surfaces. 

1 It may
be seen that in 1943 the number of barnacles sur-
viving never exceeded about 80 per square deci-
meter, although many more cyprids were attach-
ing. Mortality in the early stages of development

12HRS.

10 DAY

I DAY 2 DAY S DAYS

FIGURE 8. Enlarged photographs of a barnacle growing in the laboratory at l\fiami, showing increase in size from
30 minutes after metamorphosis to an age of 2 'weeks. Photographs by C. :M: . \Veiss.

course of a month's growth. Survival is thus
limited by crowding. The survival of the cyprids
which attach appears to be influenced also by other
factors, which vary from year to year and from
time to time. Thus, 1943 was a year characterized

by exceptionally heavy settings of cyprids at
Miami; yet the number of barnacles attached to
panels exposed each month was relatively smalL.
In contrast, in 1945 the cyprid set w.as poor, while

the number of barnacles developing on the panels
was unusually great. (Compare Figure 6 of this
chapter and Figure 3 of Chapter 5.)

was high. In 1945, in contrast, numbers of
barnacles developing were approximately equal to
the numbers of cyprids attaching during most of
the periods tested. During many periods much
larger numbers of barnacles wei;e found on the
panels than at any period in 1943.

The metamorphosis of the cyprid into the adult
barnacle form is described in Chapter 9. The

1 In estimating the number of cyprids attaching during the month, the num-
bers observed to attach each day during the first two or three weeks 'were added
together. In summer the attachments during the last week, and in ,,,inter during
the last two 'weeks, were not included because cyprids attaching during these
weeks would not grow to be barnacles of the size counted.
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process requires up to 24 hours after the cyprid

settles on the surface. The growth of a young
barnacle in the laboratory during the first two
weeks is shown in Figure 8. At the end ò£ that

time its diameter was about 3.5 milimeters.

GROWTH OF BARNACLES

The growth of Balanus balanoides in its natural
environment has been studied by Hatton (11) at
St. Malo, France. Rectangular areas of rock, situ-
ated at different tidal levels, were cleaned off in

the early spring before spatfall. The number of
barnacles on these areas and their growth in size
was followed during a period of three years.

To avoid the influence of crowding during
growth, the initial population density was not
allowed to exceed 100 barnacles per square

decimeter. The growth curve for the barnacles

situattd at three different intertidal levels is shown
in Figure 9. Growth was very rapid during the
first month, after which it proceeded very much
more slowly. A second period of accelerated growth
occurred in the spring of the second year. The

populations on areas at the higher tide levels
showed the least growth during the first months,
but subsequently grew to greater size than those
at lower levels.

The effect of seasonal differences in temperature
on the rate of growth of barnacles is brought out
in Figure 10. This figure shows the maximum ?ize
of three species of barnacles found on test panels
following one month's immersion at different
seasons of the year. The sizes are plotted against
the average temperature of the water during the
month of exposure. Balanus improvisus and
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Balanus amphitrite grow more rapidly as the tem-
perature increases to about 25° C, when they reach
a diameter of about 10 mm. in one month. No in-
crease in the size attained is apparent at higher
temperatures. Balanus eburneus, in contrast, con-
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FIGURE 9. Growth curves of Balanus bala1Wides at three different tide
levels at St. Malo, France. After Hatton (J 1).

tinues to increase in size through the full range of
temperature which prevailed.

The sizes attained by barnacles under natural
conditions are further ilustrated by data from
navigation buoys. Table 1 shows measurements

of the maximum size of several species collected
from buoys which had been set for known periods
in different locations along the United States
coast. How long the buoys had been exposed be-
fore the barnacles setted is unknown. It may be
seen, however, that diameters of 15 mm. were at-
tained in several cases after one month's exposure,
though few buoys developed barnacles more than

Balanus amphitrite Balanus .burneus

2
.19 20 21 22 23 24 2~ 26 27 2e 29 30 20 21 22 23 24 25 26 27 2Ø 29 30 20 21 22 23 24 25 26 27 2e 29 3()

Averaoe Monthly Temperature in .C

FIGURE 10. Maximum size attained by .bàrnacles of three species on test panels immersed for one month; related to the
temperature of the water during the period. Observations by C. M. Weiss at Miami Beach, Florida.
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TABLE 1. Size Attained by Barnacles on Buoys and Test Panels. Size is Expressed as Greatest Diameter Measured in Millmeters.
In the Case of Goose Barnacles it is the Length of the Body, Exclusive of the Stalk

Greatest Months
Acorn Barnacles Diameter Exposed Period of Immersion Locality

B. amphitrite 17 11 Oct. '43-Sept.'44 Cape Lookout, N. C.
15 1 July-Aug. '45 Miami Beach, Fla.*
13 10 Oct. '42-Aug. '43 Fort Pierce, Fla.
11 7 May-Dec. '43 San Diego, CaL.
9 11 May '44Apr. '45 Off Delaware Bay
7 l Jan.-Feb. '45 Miami Beach, Fla.*

B. balanoides 25 13 July '43-Aug. '44 Off Jonesport, Me.
17 17 Feb. '43-July '44 Argentia, Newfoundland

B. crenatus 40 25 Nov. '41-Dec. '43 San Francisco, CaL.
25 10 Oct. '41-Aug. '42 Off Baker Island, Me.
21 38 Feb. '4D-Apr. '43 Nantucket Sound, Mass.
19 12 July '42-July '43 San Pablo Bay, CaL.
19 10 Oct. '43-Aug. '44 Off Lapush, Wash.

B. glandula 18 9 Jan.-Oct. '43 Admiralty Inlet, Wash.
10 7 Jan.-Aug. '43 San Francisco, CaL.

B. improvisus 23 18 May '42-Nov. '43 Norfolk, Va.
16 11 May '44Apr. '45 Off Delaware Bay
15 1 July-Aug. '45 Miami Beach, Fla.*
14 12 July '42-July '43 San Francisco, CaL.
12 12 July '42-July '43 San Pablo, CaL.
8 1 Jan.-Feb. '45 Miami Beach, Fla.*

B. tintinnabiilum 44 10 Oct. '42-Aug. '43 Balboa, Panama
40 16 Apr. '42-Aug. '43 Caribbean Entrance, Panama Canal
40 25 Nov. '41-Dec. '43 San Francisco, CaL.
36 7 Jan.-Aug. '43 Port Everglades, Fla.

B. eburneus 21 11 Oct. '43-Sept. '44 Cape Lookout, N. C.
19 27 May '41-Aug. '43 Houston Ship Canal, Tex.
17 19 June '43-Jan. '45 Woods Hole, Mass.
16 8 Feb.-Oct. '43 Nawiliwili Reef, Hawaii
15 1 July-Aug. '45 Miami Beach, Fla. *

8 1 Jan.-Feb. '45 Miami Beach, Fla.*

Chelonibia sp. 40 5 Feb.-July '43 Matagorda Island, Texas

Tetraclita sp. 24 16 Apr. '42-Aug. '43 Caribbean Entrance, Panama Canal
21 17 Mar. '42-Aug. '43 Lake Worth, Fla.
16 18 Feb. '42-Aug. '43 Port Everglades, Fla.
15 8 Apr.-Dec. '43 Los Angeles, CaL.
14 8 Jan.-Sept. '43 Walker Cay, Bahamas
13 18 Feb. '42-Aug. '43 Port Everglades, Fla.

Goose Barnacles

Lepas sp. 50 12 Sept. '43-Sept. '44 Off San Francisco
43 8 Oct. '43-June'44 Off Chesapeake Bay
39 10 June '43-Apr. '44 Off Nantucket
34 13 Aug. '42-Sept.'43 Bahamas
33 13 Nov. '42-Dec. '43 Block Island, R. i.
30 15 May '43-Aug. '44 Cape Lookout, N. C.
30 5 July-Dec. '43 Off Santa Barbara, CaL.
30 19 Jan. '42-Aug. '43 Key West, Fla.
26 16 Apr. '42-Aug. '43 Caribbean Entrance, Panama Canal
25 3 June-Sept. '43 Off Cape Flattery, Wash.
21 10 Oct. '42-Aug. '43 Balboa, Panama

Conchoderma sp. 35 6 Feb.-Aug. '43 Key West, Fla.
25 13 Nov. '42-Dec. '43 Block Island, R. i.

Mitella sp. 30 17 Feb. '42-July '43 Bonito Channel, San Francisco
22 10 Oct. '42-July '43 Golden Gate, San Francisco
14 8 Apr.-Dec. '43 Los Angeles, CaL.

. Data from test panels; data from all other localities are from buoys.

20 mm. in diameter during the first year. Balanus
tintinnabulum and Chelonibia are larger species
which reach about 40 mm. in diameter in the first
six to twelve months. For the most part, the
barnacles found on buoys exposed for longer

periods are not larger than those on buoys ex-
posed for one year.

THE BULK OF BARNACLE FOULING

The bulk of barnacle fouling is indicated by the
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weight of the material growing on a unit area of
surface. Such measurements have been made from
the growth on navigation buoys and are recorded

in Table 2. As much as 5 or 6 pounds of barnacles
may collect on a square foot of surface in less than
a year. The heaviest collections are for the most
part those for which the larger species, Balanus

tintinnabulum and Balanus crenatus, are responsi-
ble.

LONGEVITY AND MORTALITY

According to Runnström's observations in
Norway, Balanus balanoides ordinarily reaches an
age of two years, but exceptional individuals may
live to be three years old (19). At the Isle of Man,
Moore found that these barnacles when living at
the lower intertidal levels die in their third year,

but at higher levels they may survive longer and
may live for five or six years, or longer (14). The
mortality rate of Balanus balanoides, based on a

small number of observations on animals about
four months old and older, was found by Moore to
vary between 35 per hundred per year at midtide
level and 3 per hundred per year at high water
neap tide leveL. Similar values are given fo-r the
mortality rate of Chthamalus stellatus in which also
the mortality varies with the tide level (15).

TABLE 2. Quantity of Barnacle Fouling on Navigation Buoys

Fresh
Exposure Weight
Months pound/sq./t.

Region Species

Gulf of
Maine B. balanoides 4 1.8

B. balanoides 4 1.4
B. balanoides 7 2.0
B. balanoides 12 1.2
B. balanoides 14 4.5
B. balanoides & crenatus 10.5 0.7
B. balanoides & crenatus 10.5 2.9
B. balanoides & crenatus 14 3.8
B. balanoides & crenatus 14 5.0
B. crenatus 10 3.9"
B. crenatus 10 4.5"
B. ci'enatus 11 3.2
B. tintinnabulum 8 6.2
B. tintinnabulum 10 5.0
B. tintinnabulum, amphitrite

& others 17 4.0
B. tintinnabulum, amphitrite

& others 17 5.5
B. improvisus, amphitrite &

eburneus 4 2.0

Seattle

California
Florida

. Barnacle fraction only from uuxed fouling.

The survival of Balanus balanoides at different
tide levels has also been studied in detail at St.
Malo, France, by Hatton (11). As shown in Figure
Ü, at the two higher levels heavy mortality oc-

curred during the first winter. After that the

barnacles at the high tide level continued to live
with few losses through the third winter; those at
half-tide level died off during the second year. The
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population at low tide level, which was almost
continuously submerged, died off steadily after
the first summer and became extinct at the end
of the second year. By inspection of the curves in
Figure 11 it may be seen that in general the mor-
tality is greatest at the time when the number of
barnacles per unit surface is largest.

Hatton's observations have, been submitted to
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FIGUR 11. Survval of barnacles at dierent tide levels at St. Malo, France.
Mter Hatton (11).

an elaborate statistical analysis by Deevey (3).
Life tables have been prepared showing the mor-
tality rate and expectation of further life of the
barnacles at different ages and in the various situ-
ations where they grew. Hatton concludes that the

population density has an effect on the survival of
the barnacles, which have a shorter expectation
of further life as crowding increases. This relation
becomes less definite at advanced ages.

Observations on the longevity of other species of
barnacles which live continuously submerged do
not appear to have been made.

The life of the barnacle population is frequently
terminated by natural causes other than crowding
or old age. In northern waters, winter ice may be
very destructive by grinding off the barnacles.

Fish equipped with heavy teeth, such as the
tautog, parrot fish, or sheepshead frequently feed
on the barnacles growing on submerged rocks or

on test panels. A more severe danger is overgrowth
of the community by soft bodied organisms such
as the tunicates, or by larger forms such as mus-
sels, which eventually exterminate the barnacles.
An example of such a temporal sequence is ilus-
trated in Chapter 4, Figures 2 and 3.

THE IMPORTANCE OF BARNACLE FOULING

Barnacle fouling is important because the larvae
settle in great numbers on newly exposed surfaces
and grow so rapidly that the surfaces are covered
completely in a short time. This type of fouling

consequently is very evident on test panels which
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are examined at short intervals. On ships, barna-
cles are usually the first forms to appear in num-
bers if the .protective paints are inadequate or
become so. The firm attachment of barnacles to
the surface also favors their persistence on ships

in active use.

In situations where competing forms are absent
or unable to attach and grow, as on active ships,
the barnacle community may persist for several
years, or permanently if replacement takes place.
More commonly, however, the barnacle com-
munity is replaced by more massive forms such as
mussels and tunicates. This often occurs on fixed
installations such as buoys, and on ships which
are laid up in harbor.

The Mussel Community
SPAWNING AND SETTLING

The larvae of mussels undergo a complete

metamorphosis into the adult form before attach-
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FIGURE 12. Season of spawning of mussels, Mytilus calijornianus,. at La Jolla
California. The smoothed curve was charted by averaging the percentages for
three-manth periods. From Young (26).

ment takes place. The larvae _ assume a form

which, while stil capable of. swimming freely

through the water, is protected by a completely

formed bivalve shell. Like the adult, it attaches
by secreting a byssùs composed of tough threads
with which it holds fast to the surface on which it
settles.

The periods of spawning of Mytilus californianus
at La Jolla, California, have been studied by

Young (26). The numbers of mussels in condition
to spawn at any time vary greatly from week to

week, but show a distinct seasonal trend, as shown
in Figure 12. Young's observations at several
nearby locations, however, show great differences
in the numbers spawning at any time and in the
character of the yearly trend. Young reviews the
observations of others on the season of spawning,

which are in poor agreement, but states that in
his observation there is a maximum spawning
period between October and March, with infre-
quent spawning during all parts of the remainder
of the year. . -

The settling of M. californianus follows spawn-

ing by periods of one to three months. There is
consequently ample opportunity for the larvae to
be carried great distances to infect new areas.
The mussles range in size from 1 to 10 mm. in
length at the time of settling. On the Atlantic
Coast at Woods Hole, where the seasonal varia-
tion in temperature is more extreme, the larvae of
Mytilus edulis are present early in June, and

breeding continues on into September (5, 7).

GROWTH OF MUSSELS

The rate of growth of M ytilus californianus is
shown in Figure 13. In contrast to the barnacle,
B. balanoides, growth continues with only slight
abatement during the second and third year.
Growth curves for Mytilus edulis diegensis indicate
tha,t this form grows more rapidly than M. cali-
fornianus during the first year, but at a much
slower rate in later years (1,8).
11" The growth of mussels is more rapid during the
summer. This probably is due not only to the di-
rect effects of temperature on growth but also to
variations in the amount of food available at dif-
ferent seasons. Figure 14 shows the growth rate
of Mytilus edulis at different times of year, and
the associated temperature of the water at Woods
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during growth of Mytilus californianus. From Fox and Coe (8)
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15 shows similar data for M. californianus grow-

ing at La Jolla, California (17). It may be noted
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fouling increases in bulk with time of exposure.

Figure 16 shows the weight of fouling observed on
a large number of buoys, plotted against the time
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FIGURE 15. Growth rate of Mytilus californìanus and sea water temperature

at La Jolla, California. Growth rates after Richards (17); tèmperatures from
U. S. Coast and Geodetic Survey (22).
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FIGURE 16. Weight of fouling dominated by mussels on navigation buoys related
to time of exposure. After Hutchins and Deevey (12).

that the seasonal variation in growth rate is much
greater at Woods Hole, where the temperature

fluctuates greatly in the course of the year. The
growth curves do not follow the temperature

cycle very exactly. This may indicate that some
factor other than temperature, such as the nu-

trient supply, is influencing the growth rate.

THE BULK OF MUSSEL FOULING

Observations on the Mytilus communities which
grow on navigation buoys show how this type of

during which the buoy had been set. The maximum
rate of accumulation is 11 pounds per square foot
per year, and the maximum weight recorded is
nearly 26 pounds per square foot. There is much
variation, and the average values are less than half
of these maximum values (12).

The variation in the rate of fouling of buoys

may be attributed to several causes, chief of which
are the time of year at which tne buoy' was set
and the temperature of the water throughout the
period of exposure. On the Atlantic coast, buoys
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set during the winter do not begin to accumulate
mussels unti some time in spring when the water
becomes suffciently warm to favor attachment.
Once established, the growth of the mussels is very
much more rapid in the summer. The increase in
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FIGUR 17 . Weight of mussel fonlng related to month-degrees of exposure.
After Hutchins and Deevey (12).

fouling has been found to be related to the product
of the duration of exposure and the average tem-
perature in excess of 32° F during this period.
This product is expressed as month-degrees and is
symbolized by T32. When the data from the East
Coast buoys are plotted against the month-degrees
of exposure, Figure 17 is obtained.

From these data an empirical equation has
been developed from which the weight of fouling
(in air), Ma, may be predicted from the seasonal
temperature of the water as follows:

Ma= -0.18+0.019 Tn

Figure 17 indicates that variations from the pre-
diction of about 50 per cent are to be expected. A
number of alternate equations, based on different
assumed values for the minimal temperature at
which growth wil occur, were tried but did not
significantly improve the correlation.

From the foregoing equation it is possible to
estimate from hydrographic data the expected

TABLE 3. Estimated Yearly Accumulation of Mussel Fouling

Mean Yearly M onth- Estimated
Temperature degrees Pouling0p per Year lbs./sq.ft./yr.
44.7 152 2.72
48.3 196 3.55
52.9 251 4.61
57.5 306 5.65

Location

Mount Desert Rock
Boston Lightship
Fire Island Lightship
Winter Quarter Lightship

rate of accumulation of mussel fouling at different
places along the coast. Such estimates are given
in Table 3, which shows that very substantial dif-
ferences are to be expected because of the char-
acteristic temperatures of the water in different
localities.

A secondary cause for variation in the rate of
increase in M ytilus fouling appears to be the
strength of the tidal currents in which the buoys
are set. A limited number of buoys examined by
Hutchins and Deevey were fouled very much
more heavily than those entered in Figure 17.

These were located in positions where mean tidal
currents stronger than one knot occur. The rate
of increase in the fouling on these buoys and on a
number of .others which fouled at normal rates is
entered in Table 4, together with the mean tidal

TABLE 4. Relation of Rate of Increase of Mussel Fouling to
Velocity of Tidal Currents in the Woods Hole Region.

Calculations Based on Data of Hutchins and Deevey (12)

MeanName of Buoy Current Rate of
Knots Increase*

Chatham Lighted Whistle #6
Bearse Shoal Lighted Gong #6
Old Man Ledge #3
Pollack Rip Lighted Whistle PR
Quicks Hole Bell #1
Nantucket Bar Bell
Naushon Lighted Bell #20
Fifteen Foot Shoal #9

Buzzards Bay Lighted Bell #7
Gong beside following entry
Buzzards Bay Traffc Lighted Buoy #6
Block Island Sound Approach Lighted Bell V

1.02
1.34-t
1.23
1.62
1.02
1.48
0.95
0.28
0.29
0.29
0.41

0.055
0.047
0.044
0.033
0.032
0.027
0.026
0.024
0.019
0.016
0.014
0.013

0.019All Atlantic Coast Buoys-average

* Rate of increase in pounds per square foot per month-degree.
T Tidal current exceptionally strong hi this area. No current data available.

current characterizing their location. The table
indicates that the rate of fouling is correlated

with the strength of the tidal current. Presumably
this is because the rapid flow of water improves
the nutrient condition to which the mussels are

exposed.
Unlike most fouling organisms, mussels are able

to move about after they have become attached

to a surface. As a result, those which settle on

spots which are crowded can move into more
favorable positions. New generations of mussels
frequently attach to the shells of the larger indi-
viduals which have become established earlier.
(See Figure 5.) If there is room they tend to occupy
the spaces between the larger mussels; if not, they
build up an outer layer of shells attached to those
growing beneath. Thus the layer of fouling may
become much thicker than the length of the largest
mussels. Mussel fouling on navigation buoys
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usually forms a layer about 2 inches thick, but in
the cases of the most heavily fouled buoys the

thickness is frequently as great as 6 inches, and
occasionally as great as one foot.

There is a statistical relation between the weight
of the mussel fouling and the thickness. Roughly
speaking, the thickness in inches is given by one-
third the weight in air in pounds. It may be esti-
mated from Table 3 that the annual increment in
thickness of mussel fouling on the Atlantic coast

wil vary from about one inch at Mt. Desert
Rock to two inches at Winter Quarter Lightship.

LONGEVITY AND MORTALITY

While individual mussels and the co,mmunities

which they form have been shown to grow con-

tinuously in bulk for two or three years, little is
known of the later life of such communities. Field
states that ordinarily the time required for Mytilus
edulis to attain a length of 3 inches is five to seven

years (6), but data on the longevity of mussels is

lacking. Natural mussel beds are subject to many
dangers. Frequently they are covered by shifting
sand, or damaged by ice and by freezing. Small
mussels are a favorite food of the sea ducks

(Scooters and Eiders), which may collect in great
numbers to feed on a freshly established bed.
Larger mussels are destroyed by starfish, oyster
drils, and other gastropods.

Scheer considered mussels to be the climax com-
munity in the fouling of floats at Newport Harbor
(20). The relatively large size and motile powers
of the mussel protect it somewhat from over-

growth by competing species, though it is notably
absent from situations where large masses of
tunicates, sponges, and anemones occupy the sur-
face. Smaller varieties of fouling, such as barnacles
and tube worms, may settle and grow on the mus-
sel shells without doing obvious harm, and large
numbers of free living invertebrates find shelter
between the mussels.

THE IMPORTANCE OF MUSSEL FOULING

Compared to the barnacle community, mussel
fouling develops very much more slowly and
represents a more permanent stage in the biotic
succession. Mussel fouling is relatively unim-

portant on ships, since it usually does not have an
opportunity to develop unless the ship is laid up
for some months in port. Within its natural range,
however, it is the characteristic fouling of fied in-
stallations; that is, of those structures such as
buoys, mines, nets, and sea water conduits which

87

remain submerged long enough to permit this
climax community to develop.

WHAT .DETERMINES THE LOCAL
INTENSITY OF FOULING?

Ship operators have long recognized certain
places as "clean ports" or "foul ports," depending
on the severity of fouling. What can one sayabout
the biological factors on which this separation is
based?

In many cases fouling is light because the port is
situated in the estuary of a fresh-water river, or
because the water is so heavily polluted that
fouling cannot grow. Both these conditions exist,
for example, at the Philadelphia Navy Yard. The
effects of suèh local factors as salinity, pollution,
and distance from shore wil be discussed in

Chapter 8.
_ High water temperature increases the rate at
which fouling develops. This is one of the reasons
why severe fouling is frequently associated with
tropical ports, where even a short sojourn may
result in a heavy growth. In the tropics, fouling
occurs at any season, while in' temperate latitudes
the period during which growth is apt to start is

/ relatively short, being limited to the period of high
temperatures. Massive fouling can develop in such
regions, however, if given time for undisturbed

growth. Such seasonal variations in the spawning
habits of the fouling organisms have been con-

sidered in the preceding chapter.
In addition to these general regional factors to

which the intensity of fouling may be ascribed,
there exist differences between nearby areas which
are more diffcult to explain. Thus, in southern
Florida fouling of test panels is much more severe
at Miami than at Key West. This difference may

be due to the great quantity of marl suspended in

the water at Key West. At Miami, furthermore,

equally great differences exist in the fouling of
test panels at various positions within Biscayne

Bay. Thus fouling has been found repeatedly to be
many times more heavy at Miami Beach than at
Tahiti Beach, located on the mainland side of the
Bay and several miles south of the city of Miami.
Figure 18 shows simultaneous records of fouling on
test panels at these two sites for a period of over a
year. There is no significant difference in the spe-
cies collected at these two positions, though there
is some difference in the relative importance of

different species. Barnacles dominate at Miami
Beach, while the tube worm, Hydroides parvus, is
predominant at Tahiti Beach in the spring and

fall. The barnacle set at Tahiti Beach is occa-
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sionally very large, but the barnacles grow slowly
and suffer a high mortality so that few develop

beyond the 3 mm. size (23).
A survey of fouling on test panels exposed more

generally throughout the Biscayne Bay area indi-
cates that conditions of light fouling, similar to
that observed at Tahiti Beach, is characteristic
of the southern part of the Bay, which is in
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and convert them into organic matter with the
aid of the energy of sunlight. The seaweeds do not,
like land plants, obtain nourishment from the sub-
stratum. Their roots act simply as holdfasts. The
organic matter produced by plants is the basic
source of food for the animals. In producing this
food the fixed seaweeds of the seashore are rela-
tively unimportant, since they occupy a limited
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FIGUR 18. Comparison of fouling observed simultaneously at Beach

Boat Slips, Miami Beach and Tahiti Beach.

relatively free communication with the open sea.
The northern part of the Bay, on which Miami
Beach is located, is somewhat cut off from the sea
by a series of causeways and islands. The water is
somewhat polluted, is turbid with' suspended

detritus, and is moved by strong tidal currents.
These factors suggest that the nutrient conditions

are better in the northern part of the Bay. In addi-
tion this part is heavily bulkheaded, which sup-

ports a large population to keep up the supply of
larvae for new attachment.

THE NUTRITION OF FOULING
ORGANISMS

Sedentary marine organisms obtain their food
from the water which surrounds them. Plants ab-
sorb nutrients such as phosphates, nitrates, and
carbonates which are in solution in the sea water ,

zone along the margin of the ocean. Of greater im-
portance are the microscopic plants which live
suspended in the waters near the surface.

The sessile animals which make up the bulk of
fouling feed upon organic matter which is brought
to them by currents. This may consist of living
microscopic organisms, such as bacteria, diatoms,
or protozoa, or of detritus which is composed of
fragments of dead animals and plants. Different
animals have different methods of collecting this
material from the water. In general they are unable
to select the kind of material ingested, and may
take in many particles which prove to be indi-
gestible.

The nutrition of the mussel has been carefully

studied by Fox and Coe (8). They estimate that
at La Jolla the living organisms present in' the

water filtered by the mussel are scarcely suffcient

~
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to account for the new organic matter synthesized
in growth and in the production of eggs and sperm.
They conclude that large quantities of organic
matter present in the form of' cell fragments,
chloroplasts, starch granules, and the like, and
perhaps of particles ranging in size down through
substances of colloidal status or even those in

true solution, must be drawn upon to supply the
food which is required to meet the energy needs of
the musseL. There is no evidence that mussels can

extract dissolved organic matter directly from the
sea water, and the lower limit of particulate size
which can be concentrated and utilized, by the
mussel has not been established. The estimates in-
dicate that a large fraction of the organic material
present in the water filtered is not utilzed, either
because it is not passed through the gut, or be-
cause it proves to be indigestible.

A balance sheet for the exchange of nutrient
material between sea water and a mussel during
the second year of its life, selected from Fox and
Coe's data, is presented in Table 5.

THE PRODUCTIVITY OF FOULING
COMMUNITIES

A few simple principles control the nutritional
relations of animals in the sea and help in under-
standing what limits the intensity of fouling.
Animals require a certain quantity of energy, ab-
sorbed in the form of food, in order to keep alive
and carry out their necessary activities. Growth

requires additional sources of food to provide the
materials needed for the formation of new tissue.
As a rough rule we may say that only about 10 per
cent of the food absorbed can be used for growth;
the remainder is oxidized in meeting the needs of
vital activity.

The food of animals is supplied by the plants.
Animals cannot exist in greater numbers than can
be fed by the plants being produced to supply their
food. If the plant production is limited, the animal
population may be kept at a low level for lack of
necessary nourishment, and there may be little
food available to provide for growth. If food is
more plentiful, growth wil lead to crowding, and
this wil limit the bulk of animal fouling which can
develop. The relation between the actual standing
crop of fouling which develops and the food supply
may not be very close unless food is distinctly
scarce.

A more exact relation is to be expected between
the food supply and the rate of growth, or produc-
tivity, of the fouling. In general it may be expected
that one-tenth of the food consumed' wil be' used
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productively in the growth of the fouling com-

munity.
The rate of production of organic matter, which

serves as the food source of marine animals, is
controlled by the quantity of light fallng on the

sea's surface, by the hydrographic conditions

which limit the rate at which the nutrient salts
of sea water become available near the sea surface,
and by the size of the standing crop of marine
TABLE 5. Estimated Balance Sheet for Exchange of Organic
Matter Between a Mussel and the Sea During the Second

Year of Life. After Fox and Coe (8)
Sea water filtered
Intake

Organic matter present as
Dinoflagellates'
Diatoms
Bacteria
Detritus and in solution

Total
Utilization

Formation of New Tissue
Formation of Sex Products
Oxidized

Total Utilized
Not Utilized

Excreted as Faeces
Not accounted for*

Total Not Utilized

. Presumably discharged in exhalent water.

22,00 liters

4.2 grams
0.67 grams
o . 05 grams

105 . 0 grams

110.0 grams (100%)

1.6
2.7

38.0

42.3 (38%)

26.0
41. 7

67.7 (62%)

plants which absorb the light and nutrients, con-
verting them into new organic matter. 'Estimates
indicate that the pelagic plants produce from 0.1

to 2 kilograms of organic matter per year for each
square meter of the sea's surface (18). Estimates of
this character are not very exact, but they are sup-
ported by more direct observations on the rate
of growth of algal communities in shallow water.

Several algal associations show annual productivi-
ties of about 1 kilogram dry weight per year (9).
The rock weed, Fucus vesiculosus, may grow at a
rate of 5 kilograms per square meter per year and
develop a standing crop of 10 kilograms per square
meter. On buoys much heavier growths of kelp
may occur. Thus, on a buoy set for one year off
Boon ISland, Maine, the growth of kelp and other
algae weighed, fresh, 40 kilograms per square me-
ter.

It is interesting to compare the actual produc-
tivity of mussel communities with the estimated
rate of food production by pelagic plants. If this
amounts to 1 to 2 kilograms of organic matter per
square meter of sea surface per year, and if 10 per
cent is converted into animal matter by the mus-
sels, then 100 to 200 grams of animal matter should
be prodùcèd per year.
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Uncultivated mussel beds in the British Isles
are reported to produce about 1.09 kilograms of
mussels per square meter per year, or about 40

grams of organic matter. Cultivated beds produce
as much as 150 grams of organic matter (6). These
figures are consequently quite in line with the

productivity estimated from the plant production.
Mussel fouling on buoys, in conduits, and on

ships frequently yields much higher figures for
productivity, however. The average increase in
weight of mussel fouling on buoys on the Maine
coast is about 13 kilograms per square meter per
year; off Virginia it is 28 kilograms. Mussels grow-
ing in the salt water intake tunnels of a power-

house at Lynn, Massachusetts, have been ob-

served to grow in weight to 64 kilograms per square
meter in 21 weeks. On test blocks the accumula-
tion of general mixed fouling over monthly periods
had the following average values:

San Diego, California 25 kgjm2jyear (25)
Port Reyes, California 7.4 kgjm2jyear (13)
Norfolk, Virginia 13.2 kgjm2jyear (24)

Ships rarely are permitted to develop maximum
crops of fouling. Lightships, however, provide

noteworthy records as follows:

Elbe Lightships 40 kgjm2 in 11 months
New York Lightships 23.5 kgjm2 in 15 months
New York Lightships 21.6 kgjm2 in 16 months

When such figures as those quoted above are
translated into production of organic matter and
compared with the food supply available per
square meter of sea surface, it is evident that the
communities growing on fouled structures avail
themselves of much more organic matter than is
produced, on the average, in the volume of water
which they occupy. Two considerations may serve
to explain this finding. In the first place the fouling
communities consume large quantities of food
brought to them from other parts of the sea where
there is no great quantity of animals to consume the
food matter locally produced. This is why currents
favor the growth of fouling. In the second place

fouling growth may occur in specialized localities
where the production of organic matter by plants
is much greater than average, or even where land
and fresh water may contribute to the detritus
utilized by the marine animals of the fouling
community.
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CHAPTER 7

Geographical Distribution
Fouling varies greatly from place to place, both

in the kinds of organisms and in the intensity of
their growth. The differences are of two sorts: the
broad, regional differences discussed iii this chap-
ter, and the variations observed on a more local

scale within each large area. Different sorts of
environmental factors are to be emphasized in in-
terpreting regional and local distributions. On a
regional scale, general' geography, temperature,
and currents are the factors of primary impor-
tance. Features such as salinity, pollution, and the
detailed circumstances of exposure affect the foul-
ing on a more local scale and are discussed in
Chapter 8.

REGIONAL DIFFERENCES IN
SHIP FOULING

Ships from different areas exhibit marked dif-
ferences in fouling. Hentschel (5) examined the
fouling on 48 ships docked at Hamburg, tabulating
the species according to the general parts of the

world to which the ships had voyaged. Ships from
each region had a distinctive combination of
forms. Individual species differed greatly in range
of occurrence, some being limited to only one area,
while others were common to several regions, such
as the tropics at large. Genera and higher sys-

tematic units were usually more widely dis-
tributed than their constituent species.

Hentschel concluded that similar fouling was
found on ships from the European and American
North Atlantic. Except in the case of inactive
ships, it was light, and frequently was composed
largely of algae. Fouling of Mediterranean origin
averaged more species per ship, and was in general
more severe; though less so than that of the tropics.
Hydroids and serpulid worms were found on about
half of the ships from the Mediterranean. In the
tropics, fouling was both varied and severe, but
differed on different coasts. The Indian Ocean and
tropical Pacific produced the most varied fouling.
Tube worms were especially characteristic, how- .
ever. In eastern Asia the variety of forms was less,
and the barnacle fouling not as severe as in the
tropics. The most unique feature of the fouling
of ships from the Pacific coast of South America
was the presence of the very large barnacle,
Balanus psittacus, which is endemic to that coast.

In addition to determining the average numbers

of all species found per ship, Hentschel also meas-
ured the average number of barnacles present per
unit area of ship bottom, and their maximum di-
ameter. The data for the chief regions are given
in Table 1. It appears, for example, that on ships
from the West African tropics the barnacles are
both numerous and large, whereas on ships from

TABLE 1. Quantitative Fouling Data for Ships from Different
Regions, after Hentschel (5). Barnacle Sizes Based

on 10 Largest Specimens on Each Ship

Av. No.
of All

Species
per

Ship
No.

Ships

Av. No. of
Barnacles

per
100 em"

Av. Maxi-
mum

Diameter of
Barnacles,

mm.
North

Europe 9 2.0 46
Mediter-

ranean 5 2.6 37 6
West

Africa 6 4.5 53 21
Indo-Pacific

Tropics 7 4.8 70 12
East Asia 3 3.7 18 11
N. America

Atlantic 5 0.4
West

Indies 3 3.7 22 7.4
S. America

Atlantic 2 4;5 147 5
S. America

Pacific 3 4.0 30 37.5

the West Indies they are few in number and of
small size. The Atlantic coast of South America
appears to have fouling with enormous numbers of
quite small specimens.

The more general of Hentschel's conclusions

agree with the results of studies of distribution of
natural populations, and with similar evidence

from other investigations of fouling. It is well es-
tablished that separate regions support distinc-
tivecombinations of species. The higher average
number of fouling species per ship on vessels from
the tropics likewise agrees with the greater variety
of forms found in tropical waters. The severity of
fouling in much of the tropics is also widely recog-
nized, and is usually jnterpreted as due to the long,
often uninterrupted periods of breeding, and to the
rapid growth which occurs in warm water.

Some of Hentschel's more specific conclusions
are also supported by other investigations. The
general similarity of North European and Ameri-
can Atlantic fouling can be recognized in Visscher's .
data on ship fouling (8). The latter, and other ex-
perience, also show that fouling is light or mod-
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FIGURE 1. Examples of different types of fouling on buoys in American \vaters.
A, Kelp and mussels, Newfoundland. B, Heavy mussel fouling off Delaware Bay.
C, Mixed fouling, including barnacles, algae, and ,rock oysters, near Beaufort.

D, Goose barnacles, with light growth of algae and amphipod tubes, Key West
E, Mussels and kelp outside San Francisco, P, Balanus tintinnabulum, a large
tropical barnacle, Catalina Island, Southern California.
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erate on ships in the North Atlantic, and that on
the whole, algae and some of the smaller barnacles
are the most characteristic forms.

Many of the more detailed observations re-
corded by Hentschel, however, are not reliable
guides to the regional characteristics of fouling be-
cause of the small number of ships examined.

REGIONAL DIFFERENCES IN FOULING
ON BUOYS IN AMERICAN WATERS

The fouling on buoys located from Newfound-
land to the Gulf of Mexico, and from Southern

California to Puget Sound, provides information
about distribution on a near-continental scale, and
is the only major source of such data for coast-
wise fouling as contrasted with that of harbors and
bays. The following conclusions incorporate the re-
sults collected from more than 350 buoys.

From Newfoundland to Cape Hatteras, fouling
is dominated by the mussel, Mytilus edulis. Occa-
sional buoys are fouled chiefly by barnacles or

other forms. North of Cape Cod, Balanus bala-

noides and Balanus crenatus are the important
barnacles; and kelp is often present in considerable
amounts. Between Cape Cod and Cape Hatteras,
B. improvisus and B. eburneus become the more
important barnacles, although B. balanoides and

B. crenatus are stil found occasionally in much of
this area.

South of Cape Hatteras, and in the Gulf of
Mexico, the fouling is more diverse. Mytilus
edulis is lacking. The barnacles B. amphitrite, B.
improvisus, and B. eburneus, and several species of
rock oysters, including Pteria colymbus, are among
the dominant forms. Algae and hydroids, tuni-
cates, and bryozoa are of occasional importance,

and commonly present in lesser quantities. On the
southeastern Florida coast, roughly from Cape
Canaveral to Key West, and in the Bahamas, a
distirict tropical element occurs, including, among
the more conspicuous species, the large barnacle
Balanus tintinnabulum and some of the corallne
algae. Tube worms, tunicates, and goose barnacles
are also often found.

On the Pacific Coast of the United States, re-
gions of distinctive fouling are less easily recog-

nized, due in part to the fact that mussel fouling

extends from Puget Sound to San Diego. Both
M ytilus edulis and M ytilus californianus occur on
the buoys, the latter particularly in the south.
Other northern species ranging over most or all
of the coast include kelps, and barnacles such as
Balanus crenatus. A tropical element is also pres-
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ent, particularly south of San Francisco, and in-
cludes, especially, Balanus tintinnabulum.

Certain characteristics of the fouling appear to
be common to nearly all areas. Thus, there is usu-
ally a band of green algae at the water line, in
which species of Enteromorpha, Ulv.a, and Clado-
phora are among the more widely distributed and
conspicuous elements.

The fouling of navigation buoys shows that
rather broad regions can be distinguished on the

basis of consistent differences in the composition
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FIGUR 2. Diagram of the approximate geographical ranges over which various
species are important in fouling on Atlantic coast buoys. Because of the over-
lapping distributions of the individual forms, there is no point at which a com-
plete change occurs in the composition of fouling. Distinctive combinations of
species, however J characterize different regions of the coast.

of the assemblages. The magnitude of the differ.-
ences is indicated by the representative buoys

shown in Figure 1. These differences depend

chiefly on the presence or absence of a few con-
spicuous species, and the combinations in which
these occur. The value of distinguishing areas by
the combinations of dominant species, rather than
by single forms, is shown by the simultaneous oc-
currence of both M ytilus' edulis and Balanus tin-
tinnabulum as important elements in the southern
California fouling, whereas these forms occur in
separate zones on the Atlantic seaboard.

A further ilustration of this principle is given

in Figure 2, which shows the approximate ranges
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of several important species on the Atlantic coast.
Individual forms drop out or enter the biota at dif-
ferent locations along the coast in such a way that
there is nowhere a complete change in composition,
and no region is characterized exclusively by all
of the importçint species occurring in it. At least

some of the forms important in each region spread
into adjacent areas as well. The combination in
each region, however, is distinctive. The distribu-
tions of the numerous less important species fol-
low the same patterns.

In addition to the presence or absence of par-

BIOTIC PROVINCES
The areas of reasonably consistent fouling ob-

served on the buoys resemble the established bi-
otic provinces of general coastal faunas and floras.
Since these have been worked out in some detail,
and in view of the facultative origin of fouling, it
is of interest to consider briefly the value of such
provinces as indices of the distribution of fouling.

Ekman (2) has provided the most comprehen-
sive compilation of the data for marine animals.

He concluded that the shallow waters of the world
could be divided into fifteen major provinces hav-

\
TABLE 2. Per Cent of Samples of Buoy Fouling Containing Various Groups of Organisms

Atlantie Coast Paeifie Coast
Carolina,
Georgia, &- Southern

North of Gulf of Florida Puget San Fran- Soiithern
C. Hatteas M exieo & Bahamas Sound eiseo area California

Sponges 7.5 29.4 35.7 4.2 14.6 54.1
Hydroids 86.3 87.0 82.2 89.1 86.3 78.6
Anemones 23.1 48.9 24.3 11.8 15.1 33.7
Tube worms 10.2 43.9 59.5 26.9 23.9 71.4
Nemerteans 2.1 14.1 21.1 26.1 54.1 64.3
Bryozoa 37.5 61.5 42.7 39.5 61.0 73.5
Nudibranchs 33.4 9.5 10.3 30.3 29.8 28.6
Mussels 87.0 21.0 1.1 68.9 89.8 68.4
Oysters 0.5 38.5 15.7 2.9 3.1
Acorn barnacles 63.6 93.9 50.3 89.9 95.1 92.9
Goose barnacles 7.4 3.8 33.5 23.5 11. 7 2.0
Amphipods 88.0 93.5 96.2 98.3 97.6 93.9
S tar fish 17.2 1.1 1.0
Tunicates 13.5 21.0 37.3 9.2 5.9 33.7

ticular species, regions may be characterized by
differences in the prevalence of various groups of
organisms in the fouling. Some groups vary greatly
in prevalence, although others are more constant
in occurrence. Table 2 shows for six regions the
percentage of samples of buoy fouling in which

representatives of various groups have been found.
Most of these groups differ considerably in preva-
lence from one region to another. Some, like the
sponges, tube worms, nemerteans, and tunicates,
occur in greater proportions of the samples from
southerly regions. Other groups, such as the bryo-
zoa and barnacles, vary without obvious relation
to latitude, and a few, such as the amphipods and
hydroids, are of very general common occurrence.

While broad, regional consistencies are recog-
nizable in the fouling of buoys, there is, of course,
local variation within each region. Some differences
are due to the duration or season of exposure. The
fouling of buoys in harbors and enclosed coastal

waters is generally distinguishable from' that of
surrounding outer waters. Differences also are
found related to distance from shore or from shoal
water, and to depth in the water. Such intra~

regional differences are discussed in Chapter 8.

ing fundamentally distinctive faunas. These prov-
inces, mapped in Figure 3, are as follows:

1. Indo-West Pacific Tropics.
2. Pacific American Tropics.
3. Atlantic American Tropics.
4. Atlantic African Tropics.

5. Atlantic North American.
6. Mediterranean Atlantic.
7. European BoreaL.

8. Pacific BoreaL.

9. Arctic.

10. Peru-North Chilean.

11. South American Antiboreal.
12. Southwest African.
13. South Australian-New Zealand.

14. Kerguelen Antib9real.
15. Antarctic.

In Ekman's view, a province is distinguished by
possessing a large proportion of species which are
unique to its area. His provinces are so circum-

scribed that each contains a nucleus of such en-

demics, usually amounting to better than 50 per
cent of its entire fauna. The endemic forms of a
province, however, do not necessarily extend
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throughout it. The Indo-West Pacific Tropics and
others of the large provinces can be subdivided,

accordingly, on the grounds of the more restricted
distributions of smaller aggregations of the con-

tained endemic species.
Boundaries of the provinces are generally lo-

cated at points where pronounced changes in the
biota are found; i.e., where the ranges of a number

eo 40 40 eo.

practical problems. Thus, a. number of species

which commonly dominate fouling and determine
its character, range over several Ekman provinces
or have distributions not particularly well repre-
sented by any province or combination of prov-

inces. Among these wider ranging forms are Bala-
nus crenatus and Mytilus edulis, which are circum-
global in northern waters, and Balanus amphitrite,
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FIGUR 3. Map of the 15 major shallow-water faunal provinces recognized by Ekman (2), drawn on the hasis of his discussions.
Adjacent provinces overlap in a number of instances.

of species begin or end. The margins of the prov-
inces may overlap, giving a small area in which
species characteristic of two adjacent provinces are
found. Such an overlap exists between Cape Hat-
teras and Florida, Cape Hatteras marking the
northerI1 limit of many tropical forms; while many
of the boreo-temperate species extend south as far
as eastern Florida.

The use of biotic provinces such as Ekman's to
predict fouling expectancy meets with several dif-
ficulties. One reason is that practical considera-
tions place extremely unequal importance on indi-
vidual fouling species. General biogeography, in
contrast, tends to give equal weight to all forms,
or to emphasize particular species for reasons hav-
ing no relati0tl to fouling, with the result that bio-
geographic provinces often are not applicable to

B. tintinnabulum, and Bugula neritina, circum-
global in th~ tropics and warmer waters. The dis-
tributions of these species often give a better indi-

cation of fouling conditions than can be afforded
by provincial biogeography. The differences sug-
gested by provincial boundaries, though biologi-
cally valid, may be realized only in the -case of
species of comparatively little practical conse-
quence. The prevalence of M ytilus edulis and
Balanus crenatus on fied installations throughout
northern waters provides a similarity that out-
weighs other differences for many practical pur-
poses.

The apparent distinctions between fouling of
various types of structures, furthermore, make it
necessary to consider the geographical aspects of

fouling separately for each sort of problem. Very

,

.
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different appraisals 'of the severity of fouling on
the Atlantic coast are obtained depending on

whether buoys or ships are being considered. For
shallow buoys, Cape Hatteras is the important

division point. The region to the north has the
massive mussel fouling of considerable conse-

quence; to the south, fouling is dominated by other
forms whose bulk and weight are generally much
smaller. For ships, on the other hand, fouling is
light over most of the Atlantic coast, and on the

eo 40 40 eo
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more northerly part of the Atlantic coast has the
more severe fouling.

Similar distinctions related to type of structure
probably explain some of the seeming contradic-
tions about fouling in other areas. It has been re-
ported, for example, that ship fouling in Alaskan
waters is negligible (3), although some barnacles
have been collected from vessels after cruising in
the region (4).

Even these few observations are suffcient to in-
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FIGURE 4. Subdivisions of the shallow waters redrawn from proposals of
Ortmann (7) having reference chieily to distinctive t~mperature conditions
lA, Arctic Circumpolar Subregion; IB, Atlantic Boreal Snbregion; ie, Pacific
Boreal Subregion; 2, Indo-Pacific Region; 3, West American RegIon; 4, East

whole decreases in severity toward the north.

Cape Cod, Cape Hatteras, and Cape Canaveral

would a.1 be recognizable division points on the
basis of the barnacle species, but the real distinc-
tion for practical purposes is between the mod-
erate fouling of most of the coast, and the heavy
tropical fouling south of Cape CanaveraL. In the
latter area, as the studies at Miami have shown,
settlement occurs the year around in great num-
bers, growth is rapid, and the copper-resistant

Balanus amphitrite is abundant. The boundary
points of greatest importance are different for
buoys and for ships, and in the case of buoys the

'\
120 160 ieo 120

American Region; SA, Mediterranean Subregion; 5B, Guinea Subregion; 6, Ant-
arctic Region. Subregions lA, lB, and lC constitute the Arctic Region. Regions
2 to 5 are the Tropics. Ortmann's map shows two subregions in the Antarctic,
but separate designations are not given for their shallow waters.

dicate that nothing in the nature of an over-all
fouling map of the world is to be anticipated, and
to show that biotic provinces based on all marine
organisms have only very moderate applicability
to considerations of the distribution of fouling for
practical purposes.

ANALYTICAL BIOGEOGRAPHY
Analytical biogeography attempts to explain

. geographical distribution in terms of environment
factors which may aid or limit the dispersal of
individual species. Currents, physical geography,
and temperature are the factors of special concern
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for interpreting the distributions of shallow water
forms from which fouling is chiefly drawn.

Currents affect distribution in two ways: by
transporting larvae and otherwise aiding the dis-
persal of species, and by transporting water masses
of particular temperatures or other properties,
thus fiing the conditions for life in the regions to
which the currents flow. Specific boundaries cor-

zonal patterns of distribution result. The general
distinction between "polar" and "tropical" biotas
is thoroughly familiar, and reflects these zonal
patterns.

A number of attempts have been made to utilize
environmental conditions in subdividing the world
into regions comparable to the faunistic provinces
of Ekman and similar workers. The provinces may
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FIGURE 5. Map for sorting data on ship fouling, In each area foulng of dif-
ferenticompositionJ intensity, or season of growth might be expcted. Numbering

related with currents are probably to be inter-
preted most often on the latter grounds, insofar as
sessile fouling forms are concerned.

The most significant feature of physical geogra-
phy for the broader aspects of distribution is the
discontinuity of shallow waters, particularly be-
tween the continental tropical coasts, which tend
to maintain the segregation of differently evolved

biotas in various parts of the world. On a more
local scale, of course, other features such as the
amount and type of land drainage, and the geologi-
cal character of the shore, are also important in de-
termining the biotas.

Temperature is important because few organ-

isms can tolerate the full range which exists be-

tween the equator and the poles. North-south

of the areas is arbitrary, and is not intended to indicate relative severity of foul-
ing. From U. S. Navy Docking Report Manual (1). '

:'1

t
l'

be defined in these cases in terms of their homo-
geneity as physical environments suitable for life.
In usual practice there is some recognition of the
biological data as a guide to the significant cri-
teria chosen to separate provinces.

A simple example of the procedure has been
given by Ortmann (7), who relied almost entirely
on temperature. He divided the coastal waters of
the 'Aorld as shown in Figure 4. The basic dis-
tinction is drawn between the warm water tropics,
and the two cold water zones toward the poles.
Each of these three zones is then subdivided, the
tropics being divided chiefly by continental coasts,
and the polar zones being divided primarily into

sub-zones of more and less extreme coldness. No
absolute temperature values served as criteria for
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the distinctions, but, in general, the boundaries

between the tropics and cold water areas were

located at points where winter temperatures first
begin to drop to significantly lower values than

found in the tropics. At these points the limits of
the stenothermal warm water species are usually
found. The limits of the major zones are actually
set by the great circulatory system of the oceans.

Comparing Ortmann's map with Ekman's (Fig-
ure 3), it wil be seen that they have many points
of similarity, the subdivisions of the three major

THE DISTRIBUTION OF INDIVIDUAL
SPECIES AS RELATED TO

TEMPERATURE
Studies of the distribution of species in relation

to temperature indicate that boundaries are cor-

related generally with either summer or winter
temperatures, i.e., with seasonal extremes. Toward
the poles, organisms may be winter-kiled by cold,
or may be unable to reproduce because tempera-

tures do not rise high enough in summer. Either
relationship can prevent further poleward dis-

/'

FIGURE 6. Maps showing the four sectois of the European coast having limit-
ing temperature conditions corresponding-to the region between Newfoundland
and Cape Hatteras, The geographical extent of each sector is determined by the

zones of Ortmann corresponding roughly to the
provinces of Ekman. The greatest difference is in
the southern hemisphere, where Ekman's treat-
ment is more nearly balanced in detail in compari-
son with the northern hemisphere.

The chart ilustrated in Figure 5 is an applica-
tion of the principle underlying Ortmann's prov-
inces. It was designed to provide a basis for sorting
docking reports for statistical analysis. The vari-
ous areas are intended to represent regions where
somewhat similar fouling conditions are to be ex-
pected. Certain practical considerations, such as

the, presence or absence of ports used by naval
vessels, also entered into its construction. The

numbers assigned to the various areas are not in-
tended to indicate the relative severity of fouling.

points of occurrence of a particular pair of the limiting seasonal extreme tem-
peratures.

persal, establishing a boundary. Toward the equa-
tor, excessive summer heat may establish a bound-
ary by killng off the adults, or winter temperatures
may not fall low enough to permit reproduction or

\
some other essential activity. Evidence for these
relationships has been discussed recently by
Hutchins (6).

Such studies of distribution are closely linked
with the investigations of seasonal phenomena dis-
cussed in Chapter 5. Data on the times of attach-
ment of fouling species at various latitudes, for
example, afford a clue to the critical temperatures
for the reproductive phases.

Four basic types of zonal distributions are pos-
sible if individual boundaries are determined by
summer or winter temperatures. Each type de-
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pends on the particular combination of seasonal

conditions producing the northern and southern
limits, as follows:

Type of Northern
Distribution Limit

1. Too cold in winter
2. Too cold in summer
3. Too cold in summer
4. Too cold in winter

Southern
Limit

Too warm in summer
Too warm in winter
Too warm in summer
Too warm in winter

Distinctive geographical distributions result
from the four types, and in this fact lies the great
importance of recognizing more than one kind of
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tures of the Newfouñdland-Cape Hatteras stretch
occur at four separate places instead of only

two. Thus the 50° temperature characteristic of
Cape Hatteras in winter is found in Brittany,
but the 80° summer temperature occurs far to the
south, in West Africa. Similarly, the summer and
winter Newfoundland temperatures occur at sep-
arate points in northern Europe. As a result, four
different areas of the European coast correspond
to the Newfoundland-Cape Hatteras sector, each
corresponding in respect to one particular pair of
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FiGURE 7. Representative records showing the distribntion of the barnacle

Balanus bataiioides, The southern bonndary is closely approximated by the

zonation. The maps in Figure 6 ilustrate the point
by showing the sections of the European coast
which provide similar temperature conditions to
those found between Newfoundland and Cape
Hatteras. At Newfoundland there is ice in winter,
and a monthly mean temperature of 45°F in
summer. At Cape Hatteras a winter monthly
mean of 50° occurs, while the summer temperature
is 80°. Because the annual range of tempera-

ture at any point in Europe is much less than

on the American coast, these limiti~g tempera-

isotherm of the monthly mean of 45° F at the time of minimum temperatures

in winter. After Hutchins (6).

seasonal extremes defining its northern and south-
ern limits: No portion of the European coast, on
the other hand, has temperatures corresponding

in all details with those between Newfoundland
and Cape Hatteras.

Essentially similar results are reached in com-
paring any two coasts, since the temperature con-
ditions on one are almost never duplicat~d exactly
on the other. In general, however, the distinctive
geographical features of distribution introduced by
correlation with seasonal temperatures are most
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FIGURE 8. Representative records showing the distribution of the mussel
My titus edulis, The sonthern boundary is closely approximated by the monthly

apparent in temperate latitudes, where the differ~
ences in annual temperature conditions are most
pronounced.

The distributions of Balanus balanoides and

M ytilus edulis exemplify the type of differences

suggested by the maps in Figure 6. The southern

lZ BALANUS TINTtNNBULUAI ~ AlYTILUS EOULIS

FIGURE 9. Distribution on the American coasts of Balanus tinlÏnnabutum and
MyWus edulis with reference to temperatnre, The southern limit of My titus
edulis is correlated roughly with occurrence of a monthly mean of 80° F in sum~
mer. The northern limit of Balanus tintinnabalum is correlated with the monthly
mean of 55° F in winter. The extensive overlap of the two species on the Pacific
coast, their occurrence together in a small area at Beaufort, and exclusion of both
species from most of the Carolina-Georgia coast are all consistent with the dis-
tributions of these temperature conditions.
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mean of 80° F at the time of maxImum temperatures in summer. After Hutchins
(6).

boundaries are of special interest. Balanus ba-
lanoides, Figure 7, extends nearly to Cape Hat-
teras, and to the English Channel in the Atlantic.
The southern limit appears to be set by a winter
temperature approximated by the monthly mean
of 45°F. Farther south, the water is apparently

always too warm to permit reproduction, an inter-
pretation supported by the fact that near the

southern limits of the distribution of the species,

the larvae are liberated and attach during the
winter months. Mytilus edulis, on the other hand,
appears to be limited by the inabilty of the adults
to survive where the monthly mean summer tem-
perature exceeds 80°F (Figure 8). Although it is
checked near. Cape Hatteras, the species extends

well into African waters in the eastern Atlantic.
Despite their very similar distributions on the
American Atlantic coast, the two species have dis-
tinctive distributions elsewhere, due apparently to
the fact that winter temperature conditions are

critical for the barnacle, while summer tempera-
tures set the boundary for the musseL.

Relationships of this sort probably explain the
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joint occurrence in southern California of fouling
forms which are segregated as northern or south-
ern on'the Atlantic coast. Figure 9 presents the
interpretation in terms of two of the chief species

involved, 'Mytilus edulis and Balanus tintinnabu-
lum. k3 already pointed out, the southern bound-
ary of the mussel appears to be set by inability
of the individuals to survive where the monthly
mean temperatures in summer exceed 80oy. The

species thus can not extend further south than
about Beaufort, North Carolina, on the Atlantic
coast. On the Pacific coast, however, upwellng
of cool bottom waters along the coast keeps sum-
mer surface water temperatures low enough for
the species to penetrate well down the shore of
Lower California.

The barnacle, in contrast, seems to have a
northern limit set by winter temperatures ap-

proximated by the monthly mean of 55°F. The
isotherm for this value, shown in the figure, closely
defines the extent of the species which extends as
far north as San Francisco on the Pacific coast but
is confined to Florida and southerly waters on the
Atlantic coast, except for its occurrence in an iso-

lated warm spot at Cape Hatteras. The overlap

of the two forms on the Pacific results from
boundaries established by different seasonal ex-
tremes in the two species, coupled with the smaller
annual range of temperature on the Pacific coast
as compared with the Atlantic coast.

STATUS OF STUDIES OF DISTRIBUTION
OF FOULING

It may be noted in conclusion that studies of the
distribution of fouling are not suffcient to warrant
broad generalizations about fouling expectancies
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in many parts of the world. Chiefly, geographical
coverage is inadequate. The British Isles-North
Sea area, and the United States coasts, are the
only places where adequate data on a regional
scale exist. Elsewhere data are meager, an'd are
apt to be limited to one or a few ports, which can
not be assumed to give a fair indication of pro-
vincial conditions. The latter point was ilustrated
during the war, when previous Hawaiian experi-
ence proved misleading regarding the character
and severity of fouling in the tropical Pacific at
large. The complications introduced by the pecu-
liar fouling characteristics of different structures,
and by other sources of variation in data, require
that many more observational records become
available before regional fouling potentials can be
assessed with satisfactory accuracy. The evidence
on hand must be taken as highly tentative for
most regions at present.
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CHAPTER 8

Relations to Local Environments
Marked differences exist between the fouling in

different parts of the same general region, such
as the open coast and the harbors, or even in dif-
ferent parts of the same harbor. The local factors
responsible occur in similar patterns in many dif-
ferent regions. They produce differences in fouling
of two sorts: those which distinguish estuaries,
harbors and other enclosed waters from the open
co"ast, and those related to depth and distance
from shore along the coast.

FOULING IN HARBORS, BAYS, AND
OTHER ESTUARIES

The varied fauna and flora which may occur in
different parts of the same estuary are ilustrated
by the fouling found on navigation buoys in San
Francisco Bay. Near the Golden Gate, where the

open sea Ìs near at hand, the conspicuous elements
in the fouling are mussels and kelp. Fi.rther within
the Bay the kelp disappears, but heavy mussel

fouling persists. At greater distances from the sea,
mussels may persist but hydroids become more
conspicuous, Iparticularly on the underside of the
buoys. In San Pablo Bay, the mussels occur only in
patches on the deeper parts of the buoys and moor-
ing chains, while hydroids and barnacles become
dominant. At the confluence of the San Joaquin
and Sacramento Rivers, fouling is limited to an
algal scum.

These changes in the local character of fouling
in San Francisco Bay are ilustrated in Figure 1.

In a detailed study of fouling on buoys at Plym-
outh, England, Milne (26) also observed that a
number of forms were found only on buoys in the
Sound and outer waters, whilè others were limited
to the estuary. Some, however, were common to
parts of the Sound and estuary. The distribution
of the individual species at Plymouth is ilustrated
in Figure 2. Similar observations have been made
for the fouling of buoys in the Elbe (19) and of

" floating structures in the Liverpool area (10).
The variation in fouling at different places with-

in an estuary must be due to differences in the
characteristics of the water in different places.

Three factors of the environment which singly or
in combination may be responsible for many dif-
ferences in the character of the fouling are the

salinity of the water, pollution, and the prevalence
of silt. "

Salinity
An estuary receives sea water at the mouth, and

fresh water at the head. Mixing of the two takes

place in the intermediate reaches, establishing a

gradient. The salt concentration of the coastal

sea water varies with the region, but is usually be-
tween 3.0 and 3.5 per cent. At anyone station in an
estuary, salinity usually increases from the sur-
face to the bottom. Where river discharge is great
or mixing is poor, a sharply defied layer of nearly
fresh water may occur at the surface.

Salinity is recognized as the most important
factor controllng the occurrences of organisms in

estuaries. Comparatively few species are able to
tolerate the entire range of conditions available in
such places. The organisms therefore exhibit re-
strictions in both horizontal and vertical distribu-
tion, correlated with the distribution of salinity.

Most of the common fouling forms are unable
to withstand low salinities, and therefore do not
appear in fouling on structures exposed well inside

the estuaries of rivers or in similar places. The

tolerances of different species vary, however, and a
few marine forms are able to survive even in
nearly fresh water. Thus, among the barnacles

common in American waters, Balanus tintinna-
bulum and B. amphitrite never invade very brack-
ish localities, though they are common on coast-
wise installations. Other species, such as B. ba-
lanoides, penetrate somewhat further. Finally,
there are two species, B. eburneus and B. impro-
visus, also common along the coast, which are able
to withstand extreme variations in salinity (29),
often being found in water fresh enough to drink.
The marine bryozoan Bowerbankia gracilis, has
been taken in the headwaters of Chesapeake Bay
(28), and in similar nearly fresh localities (17).
Several other marine bryozoans also penetrate to
extreme dilutions."

Ships which are habitually moored in fresh
water between trips to sea enjoy some protection
from fouling. The frequently suggested practice of
taking seagoing vessels into fresh water to remove
the fouling has little to recommend it, since this
does not remove the adherent shells of such organ-
isms as barnacles, and some species may not be
kiled by such treatment.

Some species of fouling are unable to survive in
fully marine situations, and appear to be limited
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FIGURE 1. Fouling on representative buoys in San Francisco Bay, 1943.
N-lO, Mussels and kelp near Goldeu Gate. N-14, Mussels without kelp, further
inside Bay. N-I, Heavy hydroid and barnacle fouling with few mussels, near Mare
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Island, San Pablo Bay. N-ll, Lighter hydroid and barnacle fouling, Suisun Bay.
N-6, Algal scum, Sacramento River. Map shows position and summarizes data
for all buoys.
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to brackish water. Bimeria franciscana, the domi-
nant hydroid in fouling in San Francisco Bay,

shown in Figure 1, is such a form. Other examples
are the widely distributed hydroid, Cordylophora

lacustris, the bryozoan V ictorella pavida, common
in Chesapeake Bay (28), the encrusting bryozoan

FORM

AL GAt:
lAMIN,lRIA SACCHARINA
RHODY MEN IA PAlMATA
ULVA LINZA lANCEOLATA
ULVA LACTUCA LATISSIMA
LAMINARIA DIG-tTATA
ASCOPHYLLUM NODOSUM
POLYSIPHONJA ELONGATA
ENTEROMORPHA INTESTINALIS
CERAMIUM RUBRUM PEDICELLATUM
ENTEROMORPHA TORTA
CALLlTHAMNION CORYM BOSU M

ANIMALS
MEMBRANIPORA MEMBRANACEA
LEUCOSOLENJA COMPlICATA
ASCIDIELLA A"SPERSA
ASTERJ!,S RUBENS
CARCINUS MAE NAS
IOOTHEA PELAGICA
BOTRYLLUS RUBENS
DIDEMNUM GELATINO SUM
HIATELLA ARCTICA
f"ACEllNA LONGICORNIS

UMBONULA VERRUCOSA
EULALIA SP.
HARMOTHOE IMPAR

LEPIOONOTUS SQUAMATUS
SVI'L1S Sp.
METRIOIUM SENILE PALLlOUM
METRIOIUM SENILE DIANTHUS
GRANTIA COM PRE SSA
SyeON CORONATUM
CAPRELLA AEQUILIBRA
MOLGULA SP.

BOTRVLLUS SCHLOSSER.EI TYPICA
JASSA f"ALCATA
NEREIS PELAGICA
STENOTHOE MONOCULOIDES
HALICHONDRIA SPP.
IDOTHEA VIRIDIS
MYTILUS E DUllS
BALANUS BALANOIDES
LEPRALIA PALLASIANA
POMATOtEROS TRIQUETEA
COROPHIUM ACHERUSICUM
MELITA PALMATA
HYALE NIL SSO Nl
INSECT LARVAE SPP.
GAMMARUS lOCUSTA
GAMMARUS Z.ADDACHI
BALANUS IMPROVISUS

with exposure at ports well up rivers. At Hamburg,
Hentschel (14) recorded many fresh water forms
on test panels, among them the sponge, Spongilla,
the hydrozoan Hydra, bryozoans such as Paludi-
cella and Plumatella, oligochaete worms, leeches
and rotifers.

BUOYS IN

OUTER. WATERS
BUOYS IN
ESTUARY

rn C OM MO N

Membranipora lacroixii, and some of the oysters,
such as Ostrea virginica.

In fresh water, heavy slime films develop, and

algae and bryozoa are the commonest macroscopic
forms. O'Connell (27) has reviewed the slimes in
water circuits, while Coil art (6) has described their
occurrence on vessels in the Great Lakes. Occa-
sionally fresh water species are recorded from the
fouling of seagoing ships, usually in connection
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FIGUl 2. Distribution of fouling organisms on buoys at Plymouth, England. Salinity decreases from outer waters to Neal Point. After Milne (26).

The extent to which marine species penetrate
estuaries depends not only on the actual salinity
at various points, but also on the degree to which
the salinity varies with the tide. In Randers Fjord,
a tributäry of the Baltic where there is little tidal
variation in salinity, a greater number of species
extend into lower salinities than in more variable
English estuaries (1). Similar differences in distri-
bution related to tidal variations of salinity are
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observed when the occurrence of several bryozoans
in Chesapeake Bay and in an estuary tributary to
Long Island Sound is compared (17).

In estuaries there are usually marked changes in
salinity resulting from seasonal differences in pre-
cipitation and fresh water run-off. Variation is also
occasioned by wet and dry years. These variations
in salinity give rise to sequences of expansion and
contraction of the areas occupied by the organisms.
The mean annual salinity at a point is therefore a
poor guide to fouling expectancy in most estuaries.
It is probable, in fact, that the distribution of spe-
cies in an estuary as related to salinity is fully as
complex, on a local scale, as the general distribu-
tion of organisms in relation to temperature. Ex-
amples of seasonal invasions have been described
for the teredo in San Francisco Bay (15), and cases
involving fouling were found by Milne in his in-
vestigations at Plymouth (26).

Salinity, like temperature, affects the growth of
marine species in addition to limiting distribution.
Commonly the rate of growth of marine forms is
slower in brackish water than in sea water, and the
ultimate size attained may also be less (4). Table 1
shows the maximum sizes attained by several mol-
luscs in waters of different salinity in the Baltic
area. Each species was progressively smaller as the
sea water became more dilute. In the salinity gra-
dient of the Kiel Canal, Mytilus edulis was found
to reach sexual maturity at about the same age

throughout, but specimens in the high salinity at
the North Sea end were nearly twice as large as
those in the low salinities near Kiel Bight.

Molluscs and other shelled forms tend to have
thinner shells where the salinity is low (21, 22, 30).
Some encrusting bryozoa are less calcareous, and
less well attached to the substrate, in brackish

waters (3, 31).
All species are not influenced by salinity in simi-

lar ways. Brine shrimps of the genus Artemia are
larger at low concentrations than at higher ones

(2). Federighi has claimed a similar size-salinity
relationship in the snail U rosalpinx cinerea (8). In

contrast to Borg's observation that an encrusting
membraniporoid bryozoan in the Baltic has smaller
zooids at lower salinities (3), a closely related
American species has been demonstrated to develop
larger individuals under such conditions, both in
nature and under laboratory conditions (16).

Pollution
Pollution may be defined as any addition to nat-

ural waters resulting from human activity. It may
include anything from domestic sewage to complex
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indJstrial wastes, or simple substances such as
sawdust, oil well brines, and petroleum by-prod-
ucts. Pollution, in short, is diverse in character,

and has no single effect. A pollutant may be harm-
ful either directly through toxic effects, or indi-
rectly as through depletion of oxygen. Some con-
taminants may be beneficial to living things by
enriching the nutrient supply. The net effect on
fouling in any given instance may be a balance
between two or more such actions.

In habors and estuaries, pollution is most ap-
parent near the outfalls of sewers and the points

TABLE 1. Maximum Size in Millimeters for Six Species
of Molluscs Collected at Locations of Differing

Salinity in the Baltic Area
Location

Salinity
North ¡(iel Baltic Gulf of Gulf of

Sea Bight Sea Finland BothnÙi
330/00 150/00 120/'0 70/00 5-60/'0

Mytilus
27edulis 110 50 21

Mya
ai'enaria 100 55* 36.5

Cardium
edule 44 22 18

T ellina

baltica 28 17 15-19
Littorina

lit/oret. 32 27
Buccinum

undatiim 120 58

* Size of 70 mm. rarely reached in this locality.

of discharge of industrial wastes. Strong gradients
of pollution commonly occur near such points of
contamination, and depend on the general charac-
ter of the local tidal circulation. As the harbor
mouth is approached, the general state of pollu-
tion decreases as the proportions of clean water

from the open sea increase. The upper reaches

of an estuary may be polluted more or less than
the harbor area, depending on whether the river
itself is severely contaminated or not.

Some evidence suggests that domestic sewage
can materially accelerate growth, providing' other

circumstances are suitable. Organic detritus is be-
lieved to constitute an important food supply for
sedentary forms (9), so that the pollutants may
have direct value as well as acting possibly through
more complex food chains. It is familar that oy-
sters and other shellfish frequently flourish under
conditions of extreme pollution.

Reports of adverse effects of pollution on fouling
are not uncommon. Oil and grease pollution sup-
pressed fouling of test panels at stations in the

Hampton Roads area of Chesapeake Bay (35).
Fouling of water mains of a ship based on Hono-
lulu Harbor was reduced when the mooring area

¿
;::~t
r
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was. shifted into water polluted by a pineapple
cannery discharge.

Conclusive evidence of direct harmful effects of
pollutants, however, is hard to obtain, although
in some instances laboratory experiments have
seemed to support this contention, as in the case
of sulfite pollution of the York River estuary (12).

entirely disappeared. These observations are sum-
marized in Table 2. .

Much the same results were obtained in a study
of pollution of the Mersey estuary at Liverpool
(32). The domestic sewage discharge alone was
estimated at 35 milion gallons daily, and con-
taminants from all sources were equivalent to 100

TABLE 2. Conditions Near Mouth of Channel Street Sewer, San Francisco,
after Miler, Ramage, and Lazier (25)

Salinity Oxygen H2S pH-------
Position Low High Low High Low High Low High

water water water water water water water water
0/00 0/00 cc IIi ter cc IIi ter cc IIi ter cc IIi ter

200 yds. inside au tfall 25.77 30.39 (1. 60) 2.61 12.09 0.08 7.09 7.42

100 yds. inside outfall
Surface 30.23 30.68 3.75 3.69 0.08 1. 10 7.50 7.48
Bottom 30.73 31. 29 4.38 ,6.17 0.08 0.08 7.50 7.67

100 yds. outside outfall
Surface 30.53 30.53 6.14 5.69 0.10 0.10 7.61 7.77
Bottom 30.61 31. 78 6.07 6.35 0.10 0.10 7.74 7.75

Usually it is necessary to prove deleterious effects
of very extreme dilutions, which is not easily
done, although the oyster and mussel fishery lit-
erature contains many supposed cases. Better evi-
dence appears to be available for pollution of
fresh water and streams.

The rapidity with which pollutants can be di-
luted on discharge into marine waters has been il-

DISSOLVED O2 % SAT.

tons of organic carbon per day. This sizeable figure,
nevertheless, was insignificant compared to the
volume of water exchanged on every tide; water
analyses indicated that contaminants were speed-
ily dissipated. Even so, differences in the fouling
of buoys in the Tamar and Mersey estuaries are
attributed by Milne (26) to the greater pollution of
the Mersey. He observed more species to be pres-
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FIGURE 3. Depletion of oxygen by pollution in central and upper reaches of estuary of the River Tees,
England. After Alexander, Southgate, and BassIndale (1).

lustrated on a small scale on an open sewer in San
Francisco Bay (25). In the sewer, 200 yards from
the outfall, hydrogen sulfide was high and the pH
was 7.09-7.42 at low tide; marine organisms were
absent. Some species, however, were found for a
short distance in from the outfalL. In the bay,
about 100 yards from the outfall the pH was 7.61-
7.77, only slightly less than the general bay water
values, and the other chemical evidence of pollu-
tion, such as hydrogen sulfide content, had almost

ent in the relatively pure water of the Tamar than
had been recorded from the Mersey. Some of the
species common to both regions were also more
abundant and penetrated into water of lower salin-
ity in the Tamar.

Many contaminants are subject to oxidation.
While this reduces the pollution, it renders the
water unsuited to many forms of life. The condi-
tion in the river Tees ilustrates the depletion of the

oxygen in the water of an estuary by local pollution
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and the movement of the depleted water with the
tide (Figure 3). The river water is fully saturated
with oxygen. The upper estuary receives extensive
pollution and the oxygen concentration falls to 50
per cent saturation. Sea water saturated with oxy-
gen enters the estuary along the bottom, and
mixes with the surface water in such a way that
the effects of pollution are most apparent in the
upper layers, and have largely disappeared by the
time the mouth of the estuary is reached.

Observations on occasion have suggested that
low oxygen and low salinity together tend to rein-
force each other as critical factors. It is thought
that lower values of either alone can be tolerated

than in combination, possibly because at low salin-
ities organisms must do more work in osmoregula-
tion. Such relationships have been reported for
several types of organisms, and supporting physi-
ological evidence has been advanced. Krogh (20),
however, who has reviewed the data critically,
states that no conclusive case has been demon-

strated.

Silt and other Suspended Matter
Silt and other suspended matter is usually found

in enclosed coastal waters such as harbors and
bays. The settling-out of suspended matter may
smother sessile organisms, or may produce sub-
strates unsuited for the attachment of many
forms. This phenomenon has been noted when test
panels are exposed in a horizontal position (5, 11).
On the other hand, careful studies of the effects
of silt on oysters, incidental to dredging operations
in which considerable silt was stirred up, failed
to show any significant effect on the oysters (23).
This held true even for oysters in special cages

hung under the dredges, where exposure to turbid
water was maximum.

The fouling on buoys in the western Gulf of
Mexico is characteristically heavily impregnated
and compacted with silt. The fouling itself is gen-
erally light or moderate in bulk by comparison
with that on buoys along the Carolina coast where

the fauna is similar. Whether this is due to the
silt, however, is not known.

Silt has been thought to interfere with the food
assimilation of animals which filter water through
sieves or ciliary mechanisms. The available evi-
dence, however, does not support the idea that the

distribution of animals .in silty regions is limited
by suc,h effects. The numbers of species of organ-
isms having such feeding mechanisms, and of or-
ganisms having other types, are about the same

at various points in the turbidity gradients of the

Tamar, Tees, and Tays estuaries (1, 26).
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The presence of silt reduces the penetration of
light, and may thus restrict the vertical distribu-
tion of algae. Milne found that on buoys in the
upper Tamar estuary where silt concentration was
highest, the zones of algal growth near the sea
surÍace were narrowed and restricted.Measure-
ments of the intensity of light below the sea surface
supported the interpretation that the depth to

which the algae grew was controlled by the effect
of silt concentration on the penetration of light.

FOULING IN RELATION TO DISTANCE
FROM SHORE

A change in both the kind and intensity of foul-
ing is found in passing from coastal to oceanic

situations. While many species occur in coastwise
waters, floatsam picked up at sea tends to be
fouled, if at all, chiefly by goose barnacles. Al-
though these are sometimes present in considerable
numbers, they do not generally constitute severe
fouling as judged by inshore standards. Larvae of.
the greater number of potential fouling species do
not reach floating objects far from shore.

The change in the character of fouling on going
offshore is ilustrated by three representative buoys
of a series extending seaward from the entrance of
Chesapeake Bay for about 65 miles, or nearly to the
edge of the continental shelf. On a buoy 20 miles
from shore, in 70 feet of water, shown in Figure 4,
a heavy accumulation of mussels was found. This
is characteristic of inshore waters north of Cape
Hatteras. The mussels also extended down the

mooring chain in a uniform mat, nearly to the
bottom. On a second buoy, 30 miles from shore,
where the depth was 90 feet, the fouling was
patchy, and continuous mussel fouling on the

chain extended only to about 30 feet. (See Figure
5.) Below this the fouling consisted mostly of.

patches of sponges and hydroids, and was much
less severe than the fouling of the buoy nearer
shore. On a buoy 60 miles from shore, in 186 feet of
water, the mussel fouling gave way almost en-
tirely to goose barnacles and algae (Figure 6). The
very few mussels present constituted only an in-
significant element in the fouling. Aside from one
or two links lightly overgrown by a sponge, the
chain of this buoy was without fouling. Similar
fouling was found on all buoys of this series more
than 50 miles from shore.

Similar observations have been made in other
series of buoys extending well offshore from Dela-
ware Bay and Block Island. The common goose

barnacle on these offshore buoys was Lepas anatif-
era. Sometimes. they were accompanied by algae
and hydroids, and in the case of the buoys off
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FIGURE 4. Buoy 20 miles from shore, off Chesapeake Bay. Heavy mussel
fouling on both buoy and chain is typical of inshore buoys north of Cape Hat-
teras. Inset shows uniform coverage of side of the buoy. This buoy, and those in
Figures 5 and 6, were all set for about one year, midsummer 1943 to midsummer
1944.

Block Island a few mussels occurred at dist2.nces
of 25 to 44 miles from the nearest land.

The offshore limit of heavy mussel fouling ap-
pears to be set by the distance from shoal water

rather than by the distance from shore (18). A

number of buoys in the Gulf of Maine and near
Cape Cod foul heavily with mussels, although at

considerable distances from the nearest land.

Among such are the buoy on Cashes Ledge, about
55 miles distant from land, and Nantucket Light-
ship station buoys, 40 miles offshore. Mussels

have been reported even from the Cultivator
Sk als buoy on Georges Bank, some 80 miles from

land and the furthest offshore of all American

buoys (13). All of these buoys) however, are fairly
close to sho2J vY2.ters. Since mussels live on the

FIGURE 5. Buoy 30 miles from ..hore, off Chesapeake Bay. Patchy mussel
fouling on buoy and uppermost parts of chain \'lith spotty fouling of sponges,
hydroid, and other forms. Chain at 10lYer left was at depth of about 70 feet.
Compar(with Figures 4 and 6.
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FIGURE 6. Buoy 60 miles from shore, off Chesapeake Bay. Fouling on buoy chiefly goose barnacles and algae, shown
in detail in inset. Chain almost free of fouling. Compare with Figures 4 and 5.

bottom at depths to about 100 feet, it may be sup-
posed that buoys near areas of less depth are gen-
erally exposed to severe mussel fouling. Accessibil-
ity to a natural source of infection, in other words,

determines the offshore extent of coastal fouling.

The set of local currents, in addition to proximity
to shallow water, must be presumed to affect this
accessibilty. For Mytilus edulis, however, the off

shore limit of intense fouling is probably roughly
approximated by the 20-fathom contour.
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Data are not available in suffcient quantity to
establish such limits:for other forms and in other
other regions. On the northern AtlantÌc coast, hy-
droid fouling bylspecies of Tubularia seems to be
most common on the more inshore buoys, while the
Campanularian forms tend to predominate on

buoys farther out. In the San Francisco region, the

extensive shoals and bar outside the Golden Gate
appear to influence the fouling of the buoys in a
fashion comparable to the effects produced by
shoals on the New England coast. Characteristic

The mooring chains and anchors of buoys in
coastal waters may foul at all depths. The charac-
ter and quantity of the deeper fouling is frequently
different from that at the surface.

Fouling on the mooring chains of buoys usuaUy
extends continuously from the surface to within at
least 25 feet of the bottom. Data for the vertical
extent of fouling on buoys set in 40 feet or more of
water are given in Figure 7, These data apply to
the chains only, and do not include anchors,

whether fouled or not. In the extreme case ob-
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~FIGURE 7. Depth, in feet, to which continuous fouling extended on mooring chains of buoys set in American coastal waters of various depths. Diagonal line,
representing the bottom, is the limit to which fouling could have extended.

inshore forms such as mussels occur on the outer
buoys along with the oceanic goose barnacles. .

Although marine bacteria are much less piénti-
ful in oceanic waters than near shore (33), slime

films may readily form on surfaces exposed at
great distances from shore. Test panels towed be-
hind a vessel in the open ocean, never less than 75
miles from shore, developed slimes comparable to
those formed in adjacent coastal waters (34).

FOULING AND DEPTH
Conflcting opinions on the depth to which foul-

ing extends are often encountered. Positive infor-
mation shows that structures lying on the bottom,
such as submarine cables, may foul at any depth.

served, a buoy set in 462 feet of water, fouling ex-
tended along the chain to this exact depth. The
deep fouling on an adjacent buoy is shown in
Figure 8.

On buoy mooring chains, the termination of
fouling at the lower limit is often sharp (Figure 9).
When this occurs within 25 feet of the bottom, the
chain beyond is usually abraded and scored, show-
ing that these unfouled links have at times dragged
on the bottom. Susceptibility to chafing thus ap-
pears to determine the lower limit of fouling. Dur-
ing storms and exceptionally low tides the links
which are otherwise a few feet clear of the bottom
may chafe, which explains the fact ,that fouling
usually appears to terminate slightly above the
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bottom. This conclusion seems applicable to any

form of gear suspended from a floating structure.

FIGURE 8. .lVloorIng chain of a buoy set for 18 months in 300 feet of water on
the ~1aine coast, showing portion of chain at 290 feet where fouling terminated.
Chaiu has been lined back and forth on deck as brought aboard. Remuants of
mussel fouling visible on upper portion (rear, on deck), with hydroids the domi-
nant fouling on remainder of chain. Similar hydroid fouling extended to the

bottom on a near-by buoy in 462 feet, the deepest-set buoy which has been ex-
amined.
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FIGURE 9. Heavy mnssel fouling ending at depth of about 100 feet on the
chain of a buoy set for two years in 100 feet of water off Narragansett Bay. Foul-
ing usually ends abruptly, but the sharp termination is particularly apparent

with mussel fouling on buoys in 100 feet or less water.

The cases in which fouling terminated more than
25 feet above the bottom are probably due to a
variety of causes. In some, the exposure times may
have been unseasonable for the attachment and

growth of deeper-living species. Other cases are
certainly related to distance from shore, as in the
series off Chesapeake Bay where the fouling on the
buoys consisted of forms like Lepas, restricted
chiefly to the uppermost waters. Because of this
distance-from-shore effect, in considering the

depths at which fouling may occur one must dis-
tinguish between exposures in oceanic situations,
and exposures in deep channels in shallow water on
the continental shelves. The latter are accessible

to the many littoral species which produce the
continuous fouling of mooring gear to great depths.

Differences in Composition Related to Depth
While fouling has been found at all depths in

coastal waters, the composition is not the same
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throughout the vertical column. The individual
species have characteristic depth ranges, which re-
sult in different combinations of forms at different
depths. Some of these differences are quite con-

spicuous.
At the surface there is usually a band of green

algae, species of Enteromorpha, Ulva, and Clado-
phora generally predominating. This zone seldom
extends more than a foot or so below the surface,
though occasional specimens of green algae are
found at much greater depths. Below the band of

nearer to the surface, not being numerous below
SO feet. Balanus tintinnabulum may be responsible
for massive fouling to depths between 100 and 200
feet. Other species dominant near the surface ex-
tend down to various depths.

At depths below those occupied by these domi-

nants of the upper waters, hydroids are generally

the principal fouling. In some cases hydroid-

dominated fouling has begun at or close to the
surface, and extended continuously to the bottom.
The chains of the buoys set in 462 feet and 300
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FIGUR 10. Vertical distributions of various species of barnacles ('D American
buoys. The diagrams show for each depth zone the percentage of samples in
which the species occurred. Calculations restricted to sampl~s from the known
geographical ranges of the individual species. A, Lepas anatifera; B, L. anserif-

green algae, red and brown algae predominate and
may extend to depths of 100 feet or more. Kelps
are among the more prominent of dominant brown
algae. Light is important in limiting the vertical
penetration of all algae. Other factors being equal,
a given species wil occur at greater depths in

clear water than in turbid water.
Below the zone of green algae, the usual domi-

nants are animals. The particular species present
depend partly on the region, the season, and the
duration of exposure. Other factors also seem to
influence the vertical distribution, among them the
distance from shore, as already described. Thus,

the mussels extend less deeply on more offshore
buoys.

On inshore buoys in the regions of mussel foul-
ing, Mytilus edulis commonly ~xtends to a depth
of about 100 feet. Mytilus californianus, on the
other hand, appears to be confined to somewhat

era; C, Balan-us gliindula; D, B. cariosus~' E, B. balanoides,' F, B. improvisus;
G, B. ampliitrite; H, B. tintinnabulum; .1, -B. ,crenatus (East Coast only); J, B.
eburneus; K, B. balanus; L, B. nubitus; M, B~ Iiameri.

feet of water, described on page 110 and in Figure 8,
were fouled chiefly by hydroids, particularly the
lower part. There are no data at present on the

lower limits of such hydroid fouling.
The variation in the depths at which different

species of barnacles characteristically settle is il-
lustrated by Figure 10. The diagrams show the fre-
quency with which,each species was found in sam-
ples of fouling on buoys at different depths. The
13 species of barnacles fall into characteristic
groups, which range from those showing a prefer-
enceJor the surface water, to those which appear
to avoid settling near the sea surface and concen-
trate at the greater depth. Intermediate types of

distribution may show little selection of particular
depths throughout the entire range, or may, in the
case of B. eburneus, concentrate heavily at some-

what below-the-surface depths without extending
into the deeper water.
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The histograms shown in Figure 10 do not indi-
cate the relative numerical abundance of the sev-
eral species at the different depths. Thus, the
deeper records for B. balanoides and Lepas all de-
pend on rather rare, scattered specimens, in con-
trast to thick stands found in the upper few feet.

Also, there are fewer samples at great depths.
Nevertheless, in a general way the figure gives a
fair picture of differences in the vertical distribu-

tion of these forms.

A conspicuous difference in fouling is often ob-
served between the growth on the chain and that

on the sinker or anchor of a buoy. Though not pri-
marily related to depth, it is conveniently noted at
this point. Some species common on buoys and
chains, such as Mytilus edulis, were almost never
found on the anchors, even in shallow water. Other
forms such as the bryozoan, I dmonea atlantica,
occurred on the sinkers but never on floating and
pendant gear.

The data from submarine cables show that struc-
tures on the sea bottom foul at depths of more than
1,000 fathoms. Probably fouling may occur at all
depths. Differences in the character of the foul-

ing are related to the depth, for species which

are never found in coastal waters, such as the
barnacles Scalpellum and Megalasma grow on
cables at the greater depths. The most marked
change in the character of the fouling is to be
expected at the limits of the continental shelves.

Because of the apparent differences between

the fouling on structures lying on the bottom
and on gear suspended in the overlying waters,
the data from deep cables can not be relied on to
indicate the probable fouling of pendant gear at
equivalent depths.

Intensity of Fouling at Various Depths
Observations on fouling by mussels and hydroids

on buoys in the temperate waters of the American
coasts have led to the following conclusions. Mus-
sel fouling usually does not extend along buoy
chains to depths much greater than 100 feet. Be-
tween the surface and this depth, however, there
is no consistent tendency for the intensity of foul-
ing to vary markedly with depth. On some buoys
the weight of fouling may decrease with depth, but
on others it may increase, remain uniform, or vary
irregularly. (See Figure 11.) Hydroid fouling, like
that by mussels, varies in distribution on indi-

vidual buoys, but in general it tends to be about
equally heavy at all depths.

Usually mussels and hydroids occur together on

buoys in temperate waters. When this occurs the
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total fouling decreases below about 100 feet be-
cause hydroids dominate below this depth, and are
less bulky than the mussels. Growth may be some-
what slower at the greater depths because of the
lower temperature of the water. Hydroid fouling

apparently develops rapidly, nevertheless, reach-
ing maximum dimensions in a month or so. Mus-
sels, on the other hand, grow slowly so that the
bulk of such fouling increases gradually over long
periods. Such considerations explain in part thè

variable distribution of fouling with depth which
is observed when buoys are examined.

Vertical Zonation Near the Sea Surface
In addition to the zonation which is related to

considerable variations of depth, very conspicuous
differences may be observed in the intensity and
character of the growths which occur within small
distances from the sea's surface. Small scale zona-
tion of this sort is particularly noticeable in the

case of fied or floating installations in shallow
\

water.
On floating installations, such as buoys or ships,

the parts of the surfaces to which fouling may at-
tach remain permanently at a relatively constant
distance from the water line, and the distribution
of fouling may be related directly to depth below
the sea surface. The zonation of algae and of the
various species of barnacles, previously dis::ussed,
are examples of this type of distribution. to fied

installations, such as wharf piles, the point to
which fouling attaches varies in its relation to the
sea surface with the rise and fall of the tide. The
intensity and character of the fouling in this case
is determined by the distance from the high and
low water level, and striking zonation occurs par-
ticularly in the intertidal leveL.

The different distribution of a species of barna-
cle under these two kinds of exposure has been

described by McDougall (24). His observations are
summarized in Figure 12, which shows the num-
bers of Balanus eburneus which attached to test
panels fied at different depths on a floating and on

a fixed pile. On the floating pile relatively few
barnacles attached immediately below (within 6
inches of) the surface, but the numbers increased
with depth and were greatest at the lowest level
tested, which was at a depth of 6 feet. On the fied
pile a few barnacles attached as much as one foot
above low water level where they were exposed to
the air for ,about 2 hours each tide. Below the low
tide level the numbers attaching were much greater
than on the floating pile, and were maximal 3 feet
below the low water mark, diminishing from there
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FIGURE 11. Intensity of fouling at various depths on selected buoys on which
fouling extended to the bottom. Greatest differences in intensity as related to
depth depend on changes in the species present. I, Barnacles and hydroids,
Maine coast, June '43-october '44. I.Ii Goose barnacles and hydroids, Block
Island, November '42-December '43. III, Barnacles, mussels, and hydroids,

downward. The reasons for this difference in dis-
tribution are not clear. McDougall suggested that
the larvae were concentrated about 6 feet below the
surface, and that attachment occurred chiefly at
high tide when they would be at the depth of 3
feet below low water mark on the fied pile. This
agrees with other observations on barnacle at-
tachment. The reason for the greater attachment
to the fixed pile is not explained however. The pre-
cise results obtained doubtless depend on local
conditions. It wil be recalled that on navigation

buoys this species of barnacle occurs with maxi-
mum frequency at depths of between 8 and 16
feet, as shown in Figure 10.
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Maine, March '44-Dctober '44. IV, Mussels and hydroids, Maine, June '43-
August '44. V, Mussels and hydroids, New York, August '42-November '43.
VI, Mussels, Narragansett Bay, June '42- June '44 (this buoy is the one shown
in Figure 9). B, barnacles; G, goose barnacles; H, hymoids; M, mussels.

Vertical zonation in the intertidal zone has been
widely studied. It is very conspicuous along rocky
shores and on wharf pilngs. Some forms, such as

species of Chthamalus are largely or wholly re-
stricted to the intertidal region. Others extend into
it to greater or lesser degrees, depending on their
abilities to withstand exposure to air, direct sun-
light, and similar factors. The differences in ver-

tical distribution of a variety of species in the
intertidal zone on the coast of England are shown
in Figure 13 (7). The breadth of such zones and
their distance above low water level may be ex-
pected to vary with the range of the tide and other
local factors, such as the exposure to wave ac-
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tion, since they are determined by the ability of
the organisms to withstand drying during the

periods of low water.
The vertical zonation on fied test boards ex-

posed at Miami is ilustrated in Figure 14. Above
the low tide level the fouling is limited to barna-
cles which extend upward in decreasing abun-

dance for 6 to 8 inches or about to the one-third
tide leveL. The barnacles decrease in abundance
below the low tide level also. The fouling on the
deeper parts of the boards is dominated by bryo-
zoans and tunicates which, however, do not ap-
pear within 6 or 8 inches of the low tide leveL.

The important differences in the character of
fouling within small distances from the sea sur-
face, which depend also on whether the structure is
fied or floating, should be taken into account in

comparing the results of test exposures. Failure of
different observers to employ comparable condi-
tions of exposure introduces many diffculties in
attempts to compare the seasonal incidence and

abundance of fouling in different places.

INTERRELATION OF FACTORS IN THE
DEVELOPMENT OF FOULING

COMMUNITIES
The many kinds of local differences observed in
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FIGURE 14. .Vertical distribution of fouling on test boards exposed at nliami
Beach, Florida. Card shmys level of low tide, above which fouling was limited
to barnacles.

fouling are so varied and so complex in their com-
bined effects, that much more investigation is
needed before a full understanding of them .wil be
possible. It can be seen, however, that the devel-
opment of a given fouling community on a par-
ticular exposure follows a selective process. Of all
the fouling species in the world, only a small num-
ber indigenous to the region of exposure wil have
access to the unit. Further restrictions among these
wil be imposed by the season. The selection is
stil more narrowed by the innumerable local con-
ditions such as the salinity, the composition, color,
orientation, toxicity, and other characteristics of

the exposed surface itself. The dominant species
which first become established may finally impose
biotic restrictions on the development of the few
forms which have not been eliminated by the pre-
ceding conditions.

The variation in detail which is possible through
the operation of local and biotic factors is enor-

mous. Only a beginning has been made on its
analysis. Fortunately, the complexity of the local
variations is somewhat offset by their accessibility
for study, and progress in understanding them

therefore can be expected.
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CHAPTER 9

The Principal Fouling Organisms
The purpose of this chapter is to present an ele-

mentary account of the principal organisms found
in fouling communities in order that those un-

trained in zoology may observe fouling with
greater understanding. It contains an account of
the appearance, habits, mode of dispersal, and
relative importance of these forms.

The descriptions are intended only to enable
practical workers to recognize the commoner or-
ganisms by the name of the group to which they

A

an introduction to the scientific literature wil find
references at the end of the chapter. When identi-
fication to the scientific name is essential, speci-
mens should be sent to the United States National
Museum, Washington, D. C., or to a museum of
natural history where they can be classified by ex-
perts.

MICROSCOPIC FOULING ORGANISMS
The microscopic fouling organisms include bac-

B
FIGURE 1. Photomicrographs of slime Elm organisms. A. A type of bacteria from a bacterial slime film. From Dobson (5). B. A diatom slime film.

belong. In the case of the barnacles, the more com-
mon North American species are described in suf-
ficient detail to indicate how species may be iden-
tified, but the descriptions are inadequate to per-
mit the inexperienced worker to classify barnacles
to the species with certainty. The identification
and naming of the species of all fouling organisms
are beyond the scope of this work.

Three manuals, prepared to assist dockyard work-
ers in reporting the conditions of ship bottoms,

which describe and ilustrate fouling organisms in
an even more elementary way, are listed as Refer-
ences 96, 97, and 98.

Persons desiring more complete descriptions or

tcria, diatoms, protozoa, and rotifers. The bacteria
aLd diatoms produce slime films which form
promptly on submerged surfaces. The protozoa are
commonly associated with these films though they
take no part in their production. The successive

changes in these populations on a submerged sur-
face are shown in Figure 1, Chapter 4. It is char-
acteristic that the early multiplication of bacteria
is followed by the development of diatoms and
protozoa in the slime.

In addition to the living forms in slime films,

organic and inorganic detritus, mud, sand, and
other particulate materials suspended in sea water
become incorporated in the film. A common type
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of slime bacteria is shown in Figure 1A; a slime
consisting predominantly of diatoms is ilustrated
in Figure lB.

Bacteria and Bacterial Slimes
The bacteria which form slime films are present

in sea water at all times of the year, though their
numbers vary within wide limits depending upon
available organic matter, temperature, and degree
of pollution. A slime fim may, therefore, be ex-
pected whenever a surface is submerged, but there
are marked seasonal variations in its rate of de-
velopment. Its magnitude at different seasons
parallels the sea temperature. The total weight of
the fim varies about thirtyfold-from a few

hundred micrograms per square centimeter in the
winter, to 4000 in the summer. The amount of sea
water contained in a square centimeter of film is
of the order of .005 to .05 cubic centimeters. The
dry material of the film is about 30 per cent of the
total wet fim. Figure 2 shows the dry weight of

slime developed during each thirty-day period
throughout a year at Woods Hole. Organic matter
makes up 10 to 25 per cent of the total dry weight,
and averages about 20 per cent. During the colder
parts of the year the insoluble ash is low, increas-

ing during the summer to as much. as 60 per cent
of the entire weight. The remainder of the fim
consists of sea salts.

The initial step in the production of a slime

fim is the attachment of bacteria to the sub-

merged surface. After attachment the bacterial
cells reproduce by dividing. Each of the resulting
daughter cells then grows to normal size and di-
vides again. Bacterial counts on developing slime
films indicate that the population doubles in about
four hours (14). The reproductive rate depends

mainly upon the temperature and the availability
of nutrients. Thus, the amount of slime on a sur-
face submerged in the sea may depend both upon
the population of bacteria originally present in the
water and upon their growth after attachment.

Thirty-seven kinds of bacteria reported from

fouled structures are listed in the Appendix to
Chapter 10. It has been observed that 74 per cent
of the bacteria isolated from panels suspended in
the sea were able to attach themselves to surfaces

firmly enough so that they could not be washed
off with gently running water (15). Among these
periphitic or attaching bacteria, 21 distinct and
representative types were isolated and studied. All
were gram-negative rods which varied greatly in
length. Only 4 of them were capsulated, and none
of them produced spores. None were found to
have special attachment organs.
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The importance of slime films is twofold: they
may influence directly the attachment of. other or-
ganisms; and they may decompose paint materials
or otherwise alter the activity of a paint. The direct
effect of the slime on the attachment of other or-
. ganisms has been discussed Ín Chapter 4, where
it is shown that the slime film may favor the at-
tachment of several species of macroscopic ani-
mals. The effects of slime bacteria on paints and
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FIGURE 2. Weight and composition of slime films developed in 30-day period,

at Woods Hole, 1940-1941. (Above). The sea water temperature.

paint materials are discussed in Chapters 14 and
16. For specific works on bacterial and slime films,
see References 10-17.

Diatoms
Diatoms are microscopic plants which may live

suspended in the water or attached to submerged
surfaces. They contain a brown pigment which
gives them a characteristic color. They also con-
tain chlorophyll and, in the presence of light,
manufacture their own foods from the chemical

nutrients in the water. Ilustrations of some com-
mon diatoms are given in Figure 3.

- Each diatom is a single cell enclosed in a siliceous
shell which consists of two similar halves, one

fittng inside the other like a pil-box and its cover.
In many species the shells are simple in structure,
others have hair-like or horn-like projections. The
shells are marked with many rows of minute dots
or striations which are so fie, indeed, that the
usual test of the quality of a microscope is its

ability to make them visible. Figure 3A indicates
the construction of the shell and the arrangement
of the cell contents.
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FIGUR 3. Diatoms. A. Diagrammatic lengthwise sections of three stages in

the division of a diatom. 1 is the mature parent cell; in 2, the halves of the shell
are being pushed apart and the division of the cell contents has begun; in 3, the
daughter cells are complete and the new "male" halves are forming within the
edges of the parent's shells. Modified from Wolle (20).

B. Licmophora llabel/ala. A stalked colonial diatom, Several fan-like groups
of individual diatoms are attached to the branches of the stalk. Actual length of
individuals in the uppermost group: 0.03 mm. From Wolle (20).

C. Seven species of Navicula. Actual length of the longest individual: 0.07 mm.

All diatoms have a gelatinous covering over the
shell. Some colonial species, like that shown in
Figure 3B, have their gelatinous coverings ex-
tended as tubes or stalks which attach to immersed
objects and prevent the diatoms from being car-
ried away. These colonies may break up, disperse
in water currents, and establish new çolonies on
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From Boyer (18).
D. Three forms of Fragilaria. Actual length of the longest individual: 0.07 mm.

From Boyer (18).
E. Top and bottom views of Cocconeis pediculus. Actual length: 0.03 mm. From

Boyer (18).
F. Various forms of Synedra. Actual length of the longest individual: 0128 mm.

From Boyer (18).
G. Meloseira nummuloides. Eight individuals connected to form a fiament.

Actual width of fiament: 0.02 mm. From Wolle (20).

other surfaces. The slimes formed by diatoms are
less slippery than bacterial slimes, and when dry
are gray or greenish-gray (10). Fresh dìatom

slimes may be colored or gritty, may resemble

brown oil, or look like bubble-filled mud.
For detailed works on diatoms, Boyer (18), Van

Heurck (19), and Wolle (20) may be consulted.
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Protozoa
Protozoa are single-celled animals which range

in size from .002 milimeters to several centimeters
in the greatest dimension. Their minute size and

their failure to form massive colonies render them
unimportant as fouling organisms. Figure 4 shows
some characteristic protozoa. A few species possess
a stalk by' which they attach. Others, like Eu-

plotes, Figure 4E, are free-living and move about
rapidly. Both types become established on or in
slime films within a few days. They multiply
rapidly and; in a well established slime, comprise a
significant part of the population (14). They also
grow on macroscopic fouling organisms.

References 2,6,7,39,40,41 contain accounts of
protozoa.

Rotijers
Rotifers have 'bodies which are roughly club-

shaped and which attach temporarily by the nar-
rower end. The rotifer "shell" is transparent, and
the internal organs can be clearly seen through it
(Fig. 4I). A few genera build tubes in which they
live (Fig. 4K).

Rotifers have been reported from some test
panels in nearly fresh water at Hamburg, and one
marine species has been found on a Pacific Coast
lightship. (See Appendix, Chapter 10.)

References 1, 2, 3, 7, 8, 67, deal with this group
in greater detaiL.

MACROSCOPIC FOULING ORGANISMS
The macroscopic fouling organisms include all

those in which the individuals, or the colonial
masses formed by them, are large enough to be
recognized by the unaided eye under practical
conditions. They consist primarily of forms which
live attached to submerged surfaces and make up
the bulk of the fouling mass, though numerous

free-living creatures inhabit the interstices of the

mass and are considered members of the fouling
community.

The following key is useful in distinguishing
some of the more important groups. The page num-
bers given in the key indicate where these groups
are discussed.

1. Organisms with hard, often limy shells:
A. Coiled or twisted tubular shells.. . . . . . . . . Annelids p. 139

B. Cone-shaped shells attached directly to the hull, or
shells with a long muscular stalk. . . . . . Barnacles p. 121

C. Flat, spreading, granular discs or patches. . Bryozoa p. 141
D. Paired shells, such as clams, mussèls, oysters, etc.. .

.................................. .Mollu~csp. 131
II. Organisms without shells:

A. Green, brown, or red filaments or leaflike structures,
generally near water line. . . . . . . . . . . '" . . .Algae p. 155

121

B. Branching tree-shaped growths, the branches not
expanded at the tips. . . . . . . . . . . . . . . . . Bryozoa p. 141

C. Straight or branching growths, each thread ter-
minatingin an expanded tip.......... . Hydroids p.l44

D. Rounded soft spongy masses. . . . . . . . . . . Tunicates p. 147

The names applied to fouling organisms by
dockyard workers vary widely with the locality.
In general, however, there is fairly consistent usage
of the terms "grass," "moss," "barnacles," and

"clams." "Grass" usually indicates stringy growths
of algae, hydroids, or bryozoa, while "moss" is
commonly applied to fluffy masses formed by
members of these groups. The term "barnacles" is
usually used accurately, though in a few localities
it is applied to all hard-shelled forms. "Clams"

is rather widely used to denote goose barnacles.

"Coral patches" includes a greater variety of foul-
ing than any other term. It is applied to encrusting
bryozoa (Figures 26B and 27C), barnacle bases
left in place (Figure 26C), masses of tube worms
(Figure 24D-F), and true corals (Figure 33A-D).
The last two are also called "corals." Other terms
are applied to organisms causing important prob-
lems in localized areas; for example, in Chesapeake
Bay a stolonate bryozoan which forms dense

short carpets over practically all immersed objects
(Figure 27D) is referred to as "sheep's wool" or
"sheep's wool moss." In the New England region
the broad-leafed green alga, Ulva (Figure 44F) is
sometimes called "green weed," all other large
algae merely being called "weeds."

Arthropods
The arthropods include all organisms with a

chitinous external skeleton and joined appendages.
In many groups the skeleton is hardened by cal-
careolls deposits.

BARNACLES (Cirripedia)

Barnacles are the most familar of the arthro-
pods found on ship bottoms. In their adult form
they are encased in hard calcareous shells and are
permanently attached to surfaces which are com-

pletely submerged or periodically wetted (See Fig-
ure 5). The opening of the shell can be closed by
two moveable c'overs, the opercular plates (Fig-
ure 8A). They feed by extending their legs through
this opening of the shell and sweeping the adjacent
water for food (Figure 5C).

Barnacles were thought to be molluscs until
studies of their development showed that the lar-
val stages are similar to those of crabs arid lob-
sters. After the larva has attached, the body form
changes and the typical barnacle characteristics
appear.
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FIGURE 4. Protozoa and Rotifers. A. Stentor. A solitary attached protozoan.
Actual length: about 2 mm. Modifed from Hyman (6).

B. V ortuella. A. solitary attached protozoan. Actual length including stalk:
3-4 mI. Modified from Hyman (6).

C. Carchesium.Portion of an attached colony of protozO'. Colonies attain
actual lengths of 4-5 in. Modified from Hyman (6).

D. Follculina..l\ soli'tary protozoan. Actual height: about 0.5 mI. Modified
from Hyman (6). . .......

E. Euplbtés. A Iree-living protozoan commonly associated with fouled sur
faces. Actuállength: about 0.1 mm. Modified from Hyman (6).

F. Acineta tuberosa. A solitary attached protozoan. Actual height: about 0.1
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mI. From Kudo (40).
G. Cothurnia. Two individual protozoans in a common vase-shaped covering.

Actual length: less than 0.1 mm. From Hyman (6).
H. Anthophysa vegetam. Portion of a protozoan colony. Actual height of

portion shown: 0.35 mm. From Kudo (40).
I. BrachUJnus. A common rotifer. Actual length: about 0.3 mm. Modified

from Parker and Haswell (7).
J. Zootkamnium. An entire protozoan colony. Colonies attain heights up to

8 mm. Modified from Parker and Haswell (7).
K. Floscidaria. A tube-dwellng rotifer. Actual height: 1.5 mm. From Parker

and Haswell (7.
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A

FIGURE 5. Barnacles. A. A goose barnacle, Lepas, attached to Balanus am-
phitrite on a small boat. Notice that B. a'mplitrite has attached, though the paint
fim is apparently stil resisting other fouling.

B. Goose barnacles, Lepas, on a buoy after 10 months' exposure 'off Delaware

Most barnacles are hermaphoroditic but are
equipped with accessory reproductive organs so
that cross-fertilization is possible. Masses of sperm
are deposited in the mantle cavity of one individul

by its neighbor. The eggs are shed into the same
cavity, where fertilization takes place. Develop-

ment proceeds within the mantle cavity for varying
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B

Bay.
C. Model of an acorn barnacle with its legs extended. From Buchsbaum (2).
D. Balanus amphitrite grmdng on a paint stil capable of resÌsting fouling by

other organisms.

lengths of time depending on species, temperature,
and locality. On the coast of England, Balanus
balanoides, for example, retains its young from
November to February. The young are set free as
larvae called nauplii. During a period of active
swimming and growth, lasting about a month, the
barnacle nauplius moults four or five times. The
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FIGURE 6. The metamorphosis of the barnacle, B. improvislts. From cine-
matomIcrographs by C. :M. \VeIss.

A. Cyprid larva just after attachment. Top vic"w.
E. Side view just before the beginning of metamorphosis, 5 to 6 hours after

attachment.

final moult of the free-swimming stage results in
transformation to the cypris, or cyprid larva, so
named because of its resemblance to crustacea of
the genus Cypris. This is the stage at which at-
tachment takes place.

The cyprid larva, like the nauplius, is free-
swimming. It is enclosed in a bivalve shell hinged
along the back, with the legs and antennal ap-

pendages protruding between the valves. The dura-
tion of this stage is not known. The cyprid settles
on some immersed surface where it creeps about
for a time and eventually attaches.
The changes which accompany the metamor-

C. Beginning of metamorphosis.

D, E, F, G. Stages in metamorphosis. Cyprid shell completely shed in F. G is
approximately 5 minutes later than C.

H. Well formed barnacle 24 hours after G.
I. Same, 32 hours after G. Calcareous plates beginning to form.

phosis of the cyprid are ílustrated in Figure 6.
The attached cyprid larva (Figure 6A and B) re-
mains motionless for five or six hours while inter-
nal reorganization takes place. The larva then
rotates within the shell so that its ventral surface
bearing the legs is directed upward. While this is
going on, the cyprid shell is loosened and finally
shed entirely (Figure 6C-G). This series of changes
lasts approximately five minutes. The animal at
this stage has the appearance of the adult but
lacks the calcareous plates. Twenty-four hours

after metamorphosis the barnacle has increased

in size (Figure 6H), and after 32 hours the cal-
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careous plates become visible (Figure 6T). The
subsequent growth of barnacles has been dis-
cussed in Chapter 6.

Acorn Barnacles. Barnacles whose shells are at-
tached directly to the surface are known as acorn
barnacles. It is estimated (8) that there are about
300 species, of which 63 have been found in foul-
ing. Many species living in deep water are not
known from fouling, and several are known only
from turtles, whales, sponges, and other marine
animals.

Acorn barnacles are detrimental to protective
coatings as described in Chapter 1. They have a
corrosive action on some types of metals, produc-
ing definite pits beneath their bases (Chapter 1,
Figure 21). They protrude from surfaces, increas-
ing the skin friction of ships and reducing the

carrying capacity of sea water pipe lines (Figure
7). They add weight to floating objects, reducing
buoyancy. In addition they serve as attachment
surfaces for other fouling organisms. (See Figure
SA.)

Several of the acorn barnacles are nearly world-

wide in distribution. In tropical and warm tem-
perate seas Tetraclita, Clitliamalus, Balanus am-
phitrite, and Balanus tintinnabulum are widely
distributed. Balanus balanoides is a northern spe-
cies distributed from the Arctic to France and
Cape Charles in the Atlantic, and from Unalaska
to Sitka in the Pacific. Balanus crenatus, another

northern species, occurs in the Arctic, the Bering
Sea, the North Pacific south to California and
Japan, and in the Atlantic as far south as Cape
May and the Bay of Biscay. Balanus glandula is
found on the west coast of North America from
the Aleutians to Southern California. Balanus im-
provisus inhabits both coasts of the Atlantic: Scot-

land to France on the European coast, and Nova
Scotia to Patagonia on the American coast. It is
also found on the Pacific coasts of the United
States, Ecuador, and Colombia, and in the Black
and Red Seas.

Goose Barnacles. This group of barnacles is dis-
tinguished by being secured to the substratum by
a muscular stalk, which develops from the head
of the cypris during metamorphosis. The shell is
flattened and frequently resembles a small clam
in shape. See Figures SA, 5B and 13. Conse-

quently they are referred to as "clams" by dock-
yard workers.

Medieval scholars believed that goose barnacles
produced the young of the bernickle geese which

often appear in large flocks along the seacoasts of
Europe; hence the name "barnacle," from the
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medieval English barnakylle, meaning "little
goose." An account of this belief is given by
Ricketts and Calvin (9), who attribute the name
"goose barnacle" to the "writings of that amiable

liar, Gerard. . . ", who claimed to have observed
goslings in various stages of development in

"clams" growing on a submerged tree trunk.
There are about 200 known species of goose

barnacles (8), of which about one-quarter are re-
ported from fouling. These barnacles are widely

distributed in tropical and warm temperate seas.

FIGURE i. Acorn barnacles and mussels in ship's fire main.

The genus Lepas is likely to be found on floating
objects at some distance from shore, and is a
prominent element in the fouling of slow-moving
ocean vessels, on drift wood, and on offshore

buoys. The occurrence of Lepas on a beached mine
may be taken as an indication that it has been
adrift on the surface. The survivors of the whale
ship Essex, which was sunk by a whale, found
"clams" large enough to eat growing on the bot-
tom of their whaleboat after 25 days afloat in the
open Pacific (83).

The stalk of the goose barnacle disintegrates

after death, and the animal becomes detached.
Consequently ships may be freed of goose barnacles
by entering fresh water. This is in contrast to
acorn barnacles, whose shells remain firmly at-
tached after their con ten ts have been kiled.

THE IDENTIFICATION OF BARNACLES

While acorn barnacles can be distinguished
readily from goose barnacles by the absence of a
stalk, the identification of the species is intricate.
Recognition aids are given below for the com-

monest barnacles selected with especial reference
to their occurrence on North American coasts.
While some of these barnacles occur in other
waters, the descriptions wil not prove reliable in
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FIGURE 8. Barnacles. A. An enlargement of a balanoid barnacle, labelled to

indicate the following parts: I, radius; 2, ala; 3, carina; 4, rostrum; 5, tergum;
6, scutum. The tergum and scutum of each side together are called an opercular
plate. Modified from Pilsbry (85).

B. Bottom view of Tetraclita, showing the four plates and tubular walls. FromPilsbry (85). '
C. Clitliamalus. Note that the carina and rostrum both underlap the adjoin-

ing plates. From Pilsbry (85).
D. Balanus balanoides, Bottom view showing the lack of ribs on the inner sides

of the plates. From Pilsbry (85).
E. Balanus tintiniiabulmn, showing typical ridges on the plates and the hori-

zontal upper edges of the radii. From Pilsbry (85).
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F. B. tinlinnabulimi. J\1agnified portion~of radius, outer side downward, show-

ing teeth on both sides of the septa. The interna ;partitions of each plate show
a sImilar toothed structure. From Pilsbry (85).

G. Balanus crenatus. The long slender form adopted under crowded condi~
tions. From Pilsbry (85).

H. B. crenalu.s. The normal truncated cone shape. From Pilsbry (85).
I. Common form of Balanus ebunieus. From Pilsbry (85).
J. Internal view of B. eburneus tergum. The characteristic notch is the deeper

one, From Pilsbry (85).
K. Top view of Balanus improvisus. See also Figure 10. From Pilsbry (85).
L. Balanus glandula.. This species is typified by the dark area on each scutum.

From Pilsbry (85).
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distinguishing such specimens. More comprehen-
siye guides for identification are given by Darwin
(79), Pilsbry (84, 85), Hoek (82), Henry (81), and
Gruvel (80). Pyefinch (87) gives methods for the
identification of certain barnacle larvae.

Acorn Barnacles. The shell of these barnacles is
composed of 4, 6, or 8 calcareous upright plates, a
sub-circular base which may be membranous or
calcareous, and two opercular plates which close

the orifice. Each opercular plate is made up of
two parts, a tergum and a scutum. Figure 8A

shows these parts and others discussed below.
The plates composing the barnacle's sides over-

lap each other, and the edges of each. pla te are
tapered so that the overlapping takes place with-

out increase in thickness. The manner in which the
plates overlap is a characteristic of primary value
in identifying barnacles. So also are the shapes of
the terga and scuta, and the nature of the over-

lapping and the underlapping parts.
Before the identification of a barnacle is at-

tempted, it should be cleaned so that all the in-
dividual plates are clearly seen and their manners
of meeting the neighboring plates are visible.

The first step in identification consists of count-
ing the side plates. In most barnacles there are six.
Some, however, have only four such plates, more
or less fused together, which can best be dis-
tinguished on the inside of the shell. These belong
to the genus Tetraclita (Figure 8B), which is
further characterized by extremely porous walls.

(l-CHTHAMALUS)

\'- R ~J

(i""
C BALANUS)~

A B
FIGUR 9. A. Diagram of the arrangement of the plates of Clitliamalus.

C. Carina; R. Rostrum. Modified from Pilsbry (85).
B. Diagram of the plate arrangement of Balanus. C. Carina; R. Rostrum.

Modified from Pilsbry (85).

If the barnacle has six plates in its side walls, the
next detail considered is the manner in which these
plates overlap. If the end plates, the carina and
rostrum, both underlap the adjoining side plates
in the manner indicated in Figure 9A, the barnacle
belongs to the genus Chthamalus (Figure 8C).

With the exception of oÌle Hawaiian species, all,
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members of this genus are small, seldom exceeding
12 to 15 milimeters in diameter.

Should the edges of the rostrum overlap, and

the edges of the carina underlap the adjoining

plates, as in Figure 9B, the barnacle belongs to the
family Balanidae, whose type-genus, Balanus, in-
cludes most of the common and important fouling
barnacles of the world.

Balanus balanoides has no vertical ribs on the
inside surfaces of the plates (Figure 8D). Its base
is membranous and almost invariably remains at-
tached to the surface. Detached barnacles of this
species are diffcult to identify. In crowded condi-
tions this species grows in a slender club-shape.

It is found in shallow waters and in the intertidal
zone. Large individuals reach about 25 milimeters
in diameter.

Most of the other species of barnacles which

commonly occur in fouling on the American coasts
have calcareous bases. Balanus amphitrite (Figure
SA and D) can be recognized by radial tubes in the
base and by the absence of tubes in the radii.
Translucent greyish or purple stripes on its side
plates extend upward from the base to the orifice.
This species is tropical and sub-tropicaL. It is more
resistant to copper paints than other barnacles of
American waters. Therefore, within its range, it is
usually the first to attach to a failing antifouling

surface.
Balanus tintinnabulum (Figure 8E and F) is one

of the largest and mo~ easily recognized acorn

barnacles. It may reach a diameter of 2-2.5 inches.
The scuta, terga, and side plates range in color
from pink to black, often in striped patterns. Care
must be taken not to confuse youngB. tintin-
nabulum with B. amphitrite. The radii of tin-
innabulum have teeth on both sides of the septa
(Figure 8F); those of amphitrite have teeth on only
one side of the septa. This may be seen by separat-
ing two plates and examining the adjoining edges

with a lens. The radii of tintinnabulum are wide

and their upper edges are horizontaL. A further
characteristic of the species is the heavily ridged
nature of its terga and scuta. Under crowded con-
ditions the base turns upward and an elongated
shape is assumed. The species is found from the
low tide mark to depths of about 30 fathoms.

Balanus improvisus (Figures 8K and 10) may be

FIGUR 10. Sketch of B. improvisus
to show the narrow smooth-edged
radii and high alae. From Pilsbry (85).
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identified by the tight joint at the junction of the
tergum and scutum, the diamond-shaped orifice,
and by the characteristic way in which its side
plates overlap. The radii are thin, narrow, and of
a translucent grey color. When seen from above
they taper to a razor edge. Each radius typically
has a smooth oblique upper edge, while the ala
which it overlaps usually rises to a rounded peak
behind and above the radius.

In Balanus crenatus, the Notched Acorn (Figures
8G-H and 11), the radii and alae both tend to be

FIGURE 11. Sketch of B. crenatus,
showing notches between plates due
to the steep slopes of the radii and
alae. Redrawn from Crowder (4).

narrow. Both slope downward at an angle of about
45 degrees so that the orifice is surrounded by a
crown of tooth-like projections. The radii are
chalky white and are usually narrow, in some in-
stances so narrow as to be only a uniform ribbon
along the edge of the plate. The upper edges of the
radii are rough and jagged. The base plate is very
thin and usually remains on the substrate when
the specimen is removed. When crowded condi-
tions prevail, this species, also, develops a long
slender shape (Figure 8G),.

Balanus eburneus, the Ivory Barnacle (Figures
8I and 12), is most easily recognized by its tergum.

FIGURE 12. Sketch of B. eburneus,
showing the wide radii whose jagged

upper edges slope about 45°. The
color of the radii is the same as that
of the rest of the plates. From Pils-
bry (85).

On the bottom edge of the tergum, mature in-
dividuals have a deep notch situated on the side
away from the scutum (Figure 8J). The radii are
wide and are not chalky white. In American waters
this species occurs from low tide to about 20
fathoms, and on the Atlantic coast only. Mature
specimens may reach a diameter of about 30 mili-
meters.

Balanus glandula (Figure 8L), a common species
along the west coast of the United States, is easily
recognized by the presence of a translucent band
or spot near the center of each scutum. This band
or spot is conspicuous because of underlying black

material which shows through. Individuals reach
about 15 milimeters in diameter.

Goose Barnacles. Many of the more familiar
goose barnacles belong to the genus Lepas (Figure
13A). The body of Lepas is surrounded by five
plates and resembles a clam in shape. The stalk
of this animal is narrower than the thickness of

the body and has no scales or spines on its surface.
The occurrence of Lepas is limited primarily to

low latitudes, though it sometimes extends into

temperate regions. It generally occurs near the
surface, although there are a few records of isolated
specimens on buoy chains at depths of 30 feet and
more. It is responsible for most of the fouling on
objects several miles from shore.

In Scaipellum (Figure 13E and F), the stalk has
scales' or spines on its surface and is as wide as the
body, or nearly so. The shell is composed of 12 to
15 calcareous plates which do not meet but are
connected by bands of material similar to that of
the stalk. Scalpellum characteristically is a deep

water genus. There are about 140 species (84), of
which 23 have been reported from fouling on tele-
graph cables and one from a wreck.

The genus Mitella (Figure 13B) is characterized
by a shell composed of from 18 to over 100 plates.
It is common in the Pacific and has also been re-
ported from France.

The genus Conchoderma contains two species of
goose barnacles whose body plates, except the
terga and scuta, are buried in a layer of fleshy
material continuous with the stalk. The stalk,
which is almost as thick as the body where the two
meet, usually tapers from there to the point of at-
tachment. C. virgatum (Figure 13C) may be recog-
nized by its greyish color and by six longitudinal
dark bands. C. auritum (Figure 13,D) is a uniform
dark brown and has a pair of prominent ear-like
lobes at the free end of the body. Both species have
been widely reported.

Other Arthropods
Isopods, amphipods, crabs, shrimps, insects,

and pycnogonids, are found as free-living members
of fouling communities.

Isopods and Amphipods. Both have segmented
bodies and eyes which are situated on the surface

of the head, not elevated upon stalks. The forward
segments of the shell are separate, which dis-
tinguishes them from other arthropods in which
these segments fuse into a single plate surrounding
the thorax. The various genera exhibit many

differences, but the characteristics given above are
common to all.
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FIGURE 13. Barnacles. A. Lepas. A large indiviclual. Actual total length: 4

incbes.
B. Jl1itella., showing the numerous shell plates of different sizes. The base of

an acorn barnacle causes the circular outline on the largest plate. Another small
acorn barnacle is attached near the right side. Total length: about 3 inches.

C. ConcllOderma 'i)irgatum, Three of the six dark bands and the fleshy covering
are \~sible. A V-shaped area of one shell plate shows on the left side above the
legs. Length: lY. inches,

D, ConcllOderma au.filum. The dark brown flesh covers the shell plates com-
pletely. The aperture of the shell is on the right; the ear-shaped appendage ex-
tends to the left from the end of the body, Length: about 3 inches.

K Scalpeliiim. Note the heavy plate-like spines on the stalk. About 3Yz
inches long. From Pilsbry (84).

F. ScalpÛliim. The body in edge-view. The main part of the body is not wider
than the stalk. A younger indi\~dual is attached at the base of the stalk, Large
specimen: about 3Y. inches long. Modified from Pilsbry (84).
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FIGURE 14. Isopo'ds, Ampbipods, Crabs, and Pycnogonids. (See next page for description.)
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Isopods are distinguished by the following fea-
tures: 1) all legs alike; 2) breathing organs located
on last four to six pairs of legs; and 3) bodies

usually wider than high. Two isopods are shown in
Figure 14A and G.

Amphipods are usually higher than they are
wide. Their gils are attached to the first four to six
pairs of legs, and their legs are not all the same
shape. Certain genera of amphipods superficially
resemble tiny shrimps, but the shell of the forward
segments is not fused into a carapace as in the
shrimps. Some amphipods found in fouling are pic-
tured in Figure 1 4B- F. Some of them construct
tubes of sand, silt, and debris.

Both amphipods and isopods are of very wide
distribution and can be expected on almost all
fouled surfaces, where they sometimes accumulate
in great masses, as shown in Figure 15.

References 1, 3, 7, and 8 give further details
about these animals.

Decapods. The decapods, which include crabs
and shrimps, occur frequently on buoys and are
occasionally reported from other structures. The
shrimps are usually flattened from side to side so
that their greatest width is less than their greatest
height. The crabs typically are flattened from top
to bottom and carry their abdomens folded for-
ward against the under surface of the thorax. In
both, the shell of the forward segments is fused to
form a single carapace. Figures 14 and 16 show
shrimps and crabs.

More detailed accounts of decapods are given in
References 1, 2, 3, 7, and 9.

Insects. Practically the only insects reported

from fouling belong to the Family Chironomidae,
a group of tiny gnats or midges. Their larvae and

pupae live in either fresh or salt water (88, 89, 90),
while the adults are aeriaL. Chironomid larvae

(Figure 17) are worm-like creatures. Marine
chironomid larvae are green in color and lack the
tube-like structures, on the second-from-the-last

segment, shown in the illustration. Marine chiron-
omid larvae live free at first but later construct
tubes.
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FIGURE 15. Amphipods, Caprella, amid mussel fouling on a
buoy set for 14 months.

Pycnogonids, Sea Spiders. These arthropods
have four pairs of legs attached to a slender body
and are spidery in appearance. They are found in
all seas from the intertidal zones to great depths.
They creep slowly over seaweeds and other at-
tached organisms, piercing and sucking juices from
certain of the soft-bodied ones. One species feeds

almost exclusively on the body juices of sea

anemones. Two common species are shown in
Figures 14J, Land 18.

References 1, 3, 7, 8, and 9 give further details.

Molluscs
The molluscs include the pelecypods (mussels,

clams and oysters), the amphineura (chitons or
sea-cradles), the gastropods (snails, limpets, sea
slugs), the cephalopods (squids, octopi, cuttlefish),
and the scaphopods (tooth-shells). Only the
pelecypods are important in fouling.

PELECYPODS (MUSSELS, CLAMS, AND OYSTERS)

The pelecypods are distinguished by shells com-
posed of two halves called valves, which are joined~

A. Idothea baltica. A cosmopolitan isopod common among seaweed. Often
green in color. Length: 20 mm. From Pratt (8).

B. Caprella. A cosmopolitan amphipod common among seaweeds and oil
hydroids. Length: ahout 15 mm. Modified from Borradaile and Potts (1).

C. Unicola irrorala. A red amphipod mottled with \vhite. It lives in tubes
which are often not of its own construction. Length: about 15 mm, Labrador to
New Jersey. From Pratt (8).

D. Ampkitltof:, An amphipod found among seaweeds. Labrador to Ne\y. Jer~
sey, Europe. Length: up to 1 em. From Pratt (8).

E. Gammarus locus/a. A \videspread species of amphipod. Greenish in color.
Length: about 20 mm. From Pratt (8).

F. Corophium cylindriciUJ-. A tube-dwellng amphipod common from Maine to
New Jersey. Sometimes lives iii sponges. Length: 5 mm. From Pratt (8).

G. Spliaeroma quadridenlata. An isopod common from Cape Cod to Florida.

Dark and variable in color. Length: 8 mm. From Pratt (8).
II. Galatliea. A crab which does not carry its abdomen folded forward against

the underside of the thorax. Length over-all: 6 inches. From The Cambridge
Natural History (3).

I. Packygrapsus. A crab sometimes found in fouling. Actual width over-all:
5 1/2 inches. From The Cambridge Natural History (3).

J. iV-yom-pIlOn, A pycnogonid common on seaweeds. Length of body: 7~15 mm.
Modified from Borradaile and Potts (1).

K. Pinnotlieres osfrenm. The Oyster Crab. A small crab inhabiting the mantle
cavity of the oyster. \Vhite or salmon pink in color. \Vidth: about 1 em. From
Crowder (~).

L. Pycnogonlfn littorale. A common pycnogonid of the American and European
coasts. In fouling, it is usually found clinging to sea anemones. (See also Figure
18.) Length of body: 16 mm. Modified from Pratt (8).
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FIGURE 16. Crabs and Shrimps. A. Carcinides maenas. The Green Crab.
Maine to New Jersey. Actual width of body: ï em. Color green motted with yel-
low. From Crowder (4).

B. Ilyas coarctatus. The Toad Crab. Greenland to VÏrginia and in the North
Pacific. Actual width of body: 6.5 em. Color reddish, brmvnish or olive. From
Crowder (4).

C. Spirontocaris. The Transparent Shrimp. Actual length, exclusive of an-
tennae: 4 cm. A Pacific form. From Ricketts and Calvin (9).

D. Paleomoneles. The Common Shrimp or Glass Prawn. Length about 4 em.
A cosmopolitan form. Body translucent with some brownish spots. From Crowder

along part of one edge by a tough elastic ligament.
Near this edge, each valve has a pronounced

shoulder called the umbo. Beside the umbo and
below the ligament are a series of interlocking

FIGURE 1 i. Chironomus larva from freshwater. :Marine chironomid larvae
lack the two pairs of tubular structures on the second-from-the-Iast (right)seg-
ment. From Johannsen and Thomsen (89).

(4).
E. Canar inoralns. The Rock Crab. The Jonah Crab, C. borealis, a larger

but very similar crab, reaches a width of 15 em. and occurs in fouling from Nova
Scotia to Florida. From Crowder (4),

F. Libinia. A Spider Crab. An inhabitant of mud banks and mollusc beds, it
sometimes is taken amongst fouling on moored objects or fixed installations.
Width of body: up to 6 em. From Crowder (4).

G. A Spider Crab fouled by barnacles and hydro ids.
H. Pllgeltia. A Pacific Spider Crab. Dark olive green in color. ì,Vidth: 9 em.

From Ricketts and Calvin (9).

ridges and teeth which keep the valves in align-
ment. The ligament may be visible externally, or
may be out of sight between the valve margins so
that the shell must be opened before it can be seen.

FIGURE 18. P')'Cllog01lUJJ littorale, a
sea spider. (See also Figure 14L.)
From Crowder (4),
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The ligament and teeth together make up the
hinge line. The ligament determines the "fore and
aft" of the shell, for it extends from the teeth

toward the posterior (rear) end of the shell. The
valves are designated as left and right valves,
determined by setting the shell on edge with the
ligament up and toward the observer and the
anterior (front) end away from him-right and
left then correspond to the observer's right and

left.
The features used in identifying bivalve mol-

luscs are shown in Figure 19.
The pelecypods which occur in fouling either

cement themselves to the surface or attach by a

clump of tough threads, called a byssus, which
protrudes through an opening in the shell. Most
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FIGURE 19. Parts of the valve used in identification of bivalve molluscs. A"
Dorsal (upper) margin; B. Ventral (lower) margin; C. Ligament; D. Posterior
(rear) end; E. Anterior (front) end; F. Umbo;G. Position of lunule (a diamond-
shaped depressed area, not present on all forms); H. Cardinal (primary) teeth;
I. Anterior lateral tooth; J. Posterior lateral tooth; K. Anterior muscle scar;
L. Posterior muscle scar; M. Pallal line, which in some forms is a baiid instead
of a line; N. Pallal sinus. Modified from Smith (74).

species can detach and reattach the byssus, allow-

ing the mollusc to move from one place to another.
The manner of reproduction is essentially the

same for most species of pelecypods. The sexes are
usually separate, but a few species, notably certain
oysters, are hermaphroditic. Spawning is often
seasonal but may take place throughout the year
in some species in some localities. Except for the
hermaphroditic oysters mentioned above, the
sperm and eggs are discharged directly into the
water where fertilization takes place. The hermaph-
roditic oysters retain their eggs within the shell,
where they are fertilized and held until swimming
larvae have developed. The larvae are then dis-
charged into the water. These oysters, when first
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mature, are functionally male, but with progres-

sive age go through a hermaphroditic stage and

eventually become female.
Mollusc larvae swim continuously but their

powers of locomotion are not great. Their swim-

FIGURE 20. Side and bottom views of A nomia simplex, showing the unequal
curvatures of the two valves and the notch in the lower valve through which the
plug-like byssus protrudes in life. The upper margins of the notch have nearly
closed, complete closure converts the notch to a hole. From Smith (74).

ming keeps them suspended, and water currents
play the major role in their dispersal. After a free-
living period lasting two weeks or more, the larvae
settle, attach, and assume their adult form.

The valves of some of the common fouling
molluscs are quite different in shape. Anomia, the
jingle-shell (Figures 20 and 23D), is usually
circular or oval in outline and has a very thin
shell. It attaches by means of a short, thick plug
which passes out through a notch in the flat, lower
valve. The upper valve has a marked curvature,
and in fresh specimens tends to have a scaly, dark-
colored surface. Dead shells are usually worn down
and show a pinkish, yellowish-green, or golden
mother-of-pearL. Some members of this genus at-

,~
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FIGUR 21. Chama macrophylla,
showing the numerous gouge-shaped
surface projections. From Smith (74).

'V

tain diameters of three inches, but one to two
inches is more common. Anomia is nearly world-
wide in distribution.

Chama (Figure 21) has thick valves, the upper
one bearing many prominent projections. These
projections may be spoon~shaped or gouge-
shaped, or may be fused to form high, narrow,
crooked ridges running in all directions over the
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valve. The color varies from purple to yellow. The
inside valve-margins are of the same color as the
exterior, the remainder of the interior being white.
There are two teeth on one valve, only one on the
other. The pallal line running between the two
muscle scars is a simple curved line without a
pallal sinus, and the anterior muscle scar en-

croaches on the hinge-teeth. The margin of the
shell is finely scalloped. Chama often grows in
clusters, the shells of several individuals being
fused into a mass. Shells of this mollusc may reach
65 millmeters in length. Chama is found in tropical
and subtropical seas, especially amongst coral
reefs. A translucent red species is found in Cali-
fornia.

Ostrea, the oyster (Figure 22F), has an ir-
regular shell. It can usually be recognized by the
following features: the animal attaches by its
larger valve, and as it grows the ligament moves
forward and widens. The progression of the liga-
ment leaves a widening groove in the narrow end
of the lower valve and produces an undercut at
the narrow end of the upper valve. The hinge has
no teeth. The upper valve is generally flatter and
smaller than the lower, and shows at its wide end
a more or less well defined series of overlapping,
leaf-like scales. The interior of the shell is usually
white, with a large, colored muscle scar near the
center of each valve. The scars are reddish-brown
or purplish in color, and the margin of each is
rounded, except on the side toward the hinge,

where it is straight or indented. Figure 23C shows
heavy oyster fouling on a small boat.

The forms discussed below have valves which
are alike or very nearly so. Pecten, the world-wide
genus of scallops (Figure 22C), is characterized by
a shell shaped like a broad fan with a pair of
"ears" at the pointed end. UsuåJly one of the ears

is larger than the other, and the large ear of the
lower valve has a notch in its edge at the point
where it meets the fan-shaped portion of the valve.
Through this notch the young scallop extends
byssus threads to anchor itself to a surface. Ridges
like the ribs of a fan extend radially from the point
of each valve and interlock along the margin of
the shell opposite the hinge line. The number, size,
and spacing of them are characteristics used in
identifying scallops. .

Scallops are like many other molluscs in that the

young secrete byssus threads. Adults of most
scallop species are swimmers and do not rely on
this mechanism of attachment. Adult P. latiaiiritus
are unique in retaining their byssus and for this
reason are the scallops most often present in

fouling. Coe (71) found that this scallop could also
hold on to irregular surfaces by its muscular foot.

On a float at Woods Hole both young and adults
of P. irradians have been found amongst clusters
of M ytilus where' they were firmly ensnared by the
byssus threads of the latter.

Area, the ark-shell or blood-clam (Figure 23B),
has a thick shell whose high umbos are usually
directed obliquely forward. Between the umbos
the wide oval ligament is exposed. A short portion
of the ligament extends forward of the umbos. The
hinge line is straight or very nearly so, with many
fine teeth along its entire length. The outer surface
of each valve is covered by stout ribs which

radiate from the umbo. The exterior of the fresh
shell is covered by a heavy brownish epidermis
which sometimes gives the animal a shaggy ap-
pearance.

Area attaches to submerged objects by a single
cone-shaped byssus instead of the more common
series of byssal threads. Although its byssus is
horny, calcium salts may be deposited in it so that
it becomes quite hard.

This genus is cosmopolitan in marine waters,

and a few species have been reported from tropical
rivers (75).

Saxieava, the stone borer (Figure 22D), is a

genus of world-wide distribution which bores into
shell banks, coral, and soft rock. Presumably,

boring is accomplished by rasping with the valves
of the shelL.

Some species burrow through hydroid mats and

among the holdfasts of algae; these are the ones
commonly collected among fouling.

Saxieava arctiea, the most frequently collected in
fouling, is one inch or less in length. Its ligament is
exposed and one of its umbos is slightly ahead of
the othe,r. The right valve extends downward
farther than the left. As a result, the lower margin
of the left valve meets the right valve along a line
a few milimeters above the latter's lower margin.
The valves gape slightly at the front and rear ends.
The shell is white, but covered by a yellowish

epidermis, and has many striations running
parallel to the valve margins.

Mytilus, the sea mussel, and Modiolus, the horse
mussel (Figure 22A, B), are represented by species
in practically all parts of the world. Mytilus fouling
is frequently very severe, particularly in tem-

perate waters, where M. edulis and some other
species occur in large quantities on moored ships
and fied installations. Due to their relatively
weak attachment, they are not commonly found
on active ships.



FIGURE 22. Molluscs. A. Side views of Modioilis (left) and Mytillis (right).
The arrows indicate the positions of the umbos.

B, Dorsal views of Jlodiolus (left) and 111;Ailus. The anterior valve margins
of 111ytilus lie between the umbos, while those of Jfodiolus extend ahead of them.

C. Pecten irradiaiis. The notch through .which the animal extended its byssal
threads is at the upper edge of the larger ear in the interior view at the right.

D. SaxicQ-va arctica-. The Arctic Stone Borer. Collected among hybroid fouling
011 a buoy. Note hmv the right valve extends beyond the edge of the left. The
dark area below the left valve is the Ilntch where the byssus can be protruded.

Actual length: 1 em.
E. Limpets and barnacles on a rock. The large limpet indicated by the arrow

has an actual length of one inch. Modified from Ricketts and Calvin (9).
F. Ostrea virginica. 1. Top view of the .whole shell; the arrow indicates the

undercut narrow edge of the top valve. 2. Interior vie,v of a 100ver valve; the
arrow indicates the enlarging groove formed by the progression of the ligament.
3. Top view of an upper valve; the leaf-like scales are indicated by the arrow.

G. Chitons, or Sea Cradles. Actual lengths from left to right: 1.5 inches, 1 inch,
1.4 inches, and 1.5 inches. From Ricketts and Calvin (9).
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D
FIGURE 23. j\folluscs. A. Nudibranchs, or Sea Slugs, of various species. The

feathery tufts are respiratory organs. From Buchsbaum (2).
B. Area, A specimen chosen to show the high umbos, the prominent ligament

extending forward of the umbos, and the straight hinge line, From Smith (74)

C. Oyster fouling on a galvanically inactivated metallic copper paint.
D. Anomia fouling on a test paneL. \Vhen covered with a heavy' slime, Anomia

resembles a large rivet head.



FIGURE 24. Tube worms. A. A mass of serpulid tube \'mrms growing prostrate
on a shelL. From Crowder (4),

B. A heavy serpulid infestation on a ship. These tubes have assumed the up-
right habit of growth. From :J1arIne Corrosion Sub~Committee, Docking :J1an~

ual (98).

C. Tube worm fouling on a ship's propeller.

D. Tubes of Salmaâna ÌnClusta.ns, shmvIng their interbvinIng habit of growth.
About twice natural size.

E. Heavy. tube worm fouling on a shipbottom.
F. A "rosette" of tube worms on a shipbottom. All of these attached to a small

bare area and have extended their tubes outward over intact toxic paint.
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FIGURE 25. \Vorms. A. A sabelld ,vorm tube. It is composed of fine sand
grains and of shell fragments cemented together "\vith a leathery materiaL. Slightly
enlarged, Modified from McIntosh (68).

B. Tubes of IIydroides 1lor'i!egIca on a scallop shell. About natural size. From
McIntosh (68).

C. Tubes of Pomatoceros Iriaueter on a pebble. Less than natural size. From
McIntosh (68).

D. 11ale iVereis pelagica in its swarming (reproductive) phase. From :McIn-
tosh (68).

c

F

..
E, A scaleworm. About natural size. From McIntosh (68).
F. The flatworm, Styloclus, a common fouling genus. Slightly eiílargeò. From

Crowder (4).
G. Clzaetogasler, an oligochaete present in' fouling in rare instances. Actual

length less than 5 mm. From Schmarda (69). -
H. A nemertean worm. From McIntosh (68).
I, Jt K. Leeches. I and J are top and bottom views respectively of the same

leech. From Kukenthal (67).
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Both genera have the shape of a pointed wedge
with the wide end rounded. They are frequently
the same shade of blue, and some species of each
have external ridges radiating from the umbos.
They attach to immersed surfaces by byssal

threads, .and on occasion build nests of sand and
shell fragments or burrow into soft substrates.

They can be distinguished by the positions and
shapes of the umbos. In Mytilus the umbos are

pointed and are at the extreme anterior end of the
shells; those of Modiolus are situated a short
distance back. from the end and are rounded
(Figure 22A). The anterior valve margin of
Modiolus protrudes ahead of the umbo a distance
equal to about 1/32 of the total valve length, while
that of Mytilus is never farther forward than the
level of the umbo (Figure 22B).

On the east coast of North America, north of
Cape Hatteras, Mytilus edulis is the most common
musseL. M. hamatus occurs from Cape Hatteras

south. On the west coast several varieties of M.
edulis and also M. calijornianus are common.

Data on the growth of mussels are given in Chap-
ter 6.

OTHER MOLL uses

Two other classes of molluscs-the Amphineura
(chi tons or sea-cradles) (Figure 22G), and the

gastropods (snails, limpets, and sea-slugs, Figures
22E and 23A)-occasionally occur in fouling com-
munities. These animals are creeping forms which
probably find both food and shelter among the
permanently attached forms.' They are common
on moored installations which they reach by climb-
ing mooring chains, ropes, etc.

More detailed discussions of molluscs are given
in References 70, 72; 73, 74 and 75.

Worms
ANNELIDS

The annelids are worms whose bodies are di-
vided into a series of rings or segments. In most
species there are bristles protruding from the body.
There are numerous free-living annelids, but the
ones important in fouling build leathery or cal-
careous tubes, and are known as tube worms.

Tube Worms. The serpulid worms (Figures 24
and 25B-C) may be recognized by their white, con-
torted, calcareous tubes. These may accumulate
in great masses on the bottoms and propellers of
ships (Figure 24C and E), and may be more
troublesome than barnacles in certain localities.

Eggs of tube worms are liberated into the water
or retained in special brood pouches. Sperm are
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discharged directly into the water and reach the
eggs by swimming. After fertilization the embryo
develops into a swimming larva. About a fortnight
later the larva settles and secretes its tube.

One of the most common of the serpulid worms
is Hydroides norvegica (Figure 25B) which has been
reported from the Atlantic coast of Europe, the
Mediterranean and Red Seas, and from the Pacific
Islands. This species is replaced on the Atlantic
coast of North America by Eupomatus dianthus

(sometimes called Hydroides hexagona), whose
tubes cannot be distinguished from those of
H ydroides norvegica. Another worm common in
the North Atlantic and Mediterranean is Pomato-

ceros triqueter (Figure 25C). Typically its tube is
triangular in cross section and has a sharp spine
projecting forward over the open end.

Most of the tube worms are single individuals,
although they are frequently found growing to-
gether in large masses. One worm, Salmacina

(Figure 24D), is truly coloniaL. Each worm pro-
duced by sexual'reproduction divides transversely,
and the posterior half develops organs character-

istic of the head region. The new, asexually-

formed worm then bores a hole in the side of the
tube and builds its own tube alongside or at an
angle to the originaL. In this manner massive

branching colonies which somewhat resemble coral
are built up. Dockyard workers frequently refer to
such growths as "coraL"

The importance of Salmacina results, from its
colonial habit of growth. Individuals becoming

established on bare areas of painted surfaces give

rise to colonies which grow out asexually over ad-
jacent painted areas whose toxicity is suffcient
to prevent the attachment and development of the
sexually produced larvae. To a limited extent a

similar behavior has been 'observed in other

serpulids; when several larvae settle on a nontoxic
area, the worms grow outward over the toxic re-
gion in a rosette (Figure 24F). In the case of worms
which do not reproduce asexually, the radius of the
rosette is limited by the maximum length to which
the individual worms grow.

Sabelld and sabellarid worms (Figure 25A)
dwell in tubes of sand grains fastened together by
a leathery substance. They are important foulers
of fied installations in turbid waters where there
is an abundance of suspended sand grains.

The references cited at the end of this section
give further details on tube worms.

Other Annelids. Many free-living annelid worms
occur in fouling communities. Among these are
the scaleworms (Figure 25E) and the clam-worm,
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F
FIGURE 26. Bryozoa. A. Test panels fouled wi th colonies of encrusting bryozoa.
B. Colony of encrusting bryozoa, showing its honeycomb-like appearance.

See also Figure 2ïB. From n1arIne CorrosIon, Sub-Committee, Docking :Man-
ual (98).

C. Barnacle bases, shmvIng the typical concentric circles and radiating lines
which distinguish them from colonies of encrusting bryozQa. From :MarIne Cor~

G
rosion Sub-Committee, Docking Manual (93).

D. An erect bryozoan of the genus Bu.gula.

E. Stolonate bryozoa.

F, G. Colonies of encrusting bryozoa with colonies of erect bryozoa growing
on them. Stolonate bryozoans are vi:-ible at the lower right of F.
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N ereis (Figure 25D). The latter builds a mucoid
tube which becomes impregnated with mllp.. Other
annelids with no scales and with fewer bristles,
called oligochaetes (Figure 25G), have been re-
ported from:-test panels in brackish water.

Four genera of leeches have been found in

fouling in brackish water. Leeches are character-
ized by having, in addition to their segmented

construction, two suckers, one at each end of the
body. The posterior sucker is commonly much
larger than the one around the mouth. Some

leeches are shown in Figure 25, I-K.
More comprehensive works on annelids may be

found in References 1, 2, 3, 7,8,66,67,68, and 69.

OTHER WORMS. (Platyhelminthes, Nemathelminthes,
N emertea)

Other free-living worms frequently present in
fouling communities are the flatworms, nematodes,
and nemerteans. The flatworms (Figure 25F) get
their name from their very flat, broad bodies. They
are usually dark in 'color. Nematodes, also called
roundworms, are commonly spindle-shaped and
have whitish, pinkish, or silvery bodies. Nemer-
teans (Figure 25H) are generally colored, some-

times very vividly, and bear several dark eyespots
on their heads. They are diffcult to identify and
are not of great importance in fouling.

Further details are given in References 1, 2, 3,7,
8, 66, 67, 68 and 69.

The Bryozoa

The bryozoa, also called polyzoa, are colonial
animals. Their colonies may resemble various other
organisms such as red, brown, or corallne algae,
sponges, hydroids, corals, tunicates such as Didem-
num, or the residual bases of dead barnacles. The
bryozoan colony consists of numerous chitinous
or calcareous box-like compartments arranged in
patterns characteristic of the species (Figure 27C).

Each compartment contains an individual animal
having a tubular gut, a well organized nervous

system, and other anatomical structures which
distinguish the bryozoa from the other groups they
resemble.

It is c¿nvenient to separate the bryozoa into

three groups depending on their pattern of growth.
Some species grow over the substrate in chain-
like branching lines; others spread in patches

which are roughly circular (Figure 26A and B).
These types are grouped together under the head-
ing of encrusting bryozoa. Some other bryozoan
colonies grow outward in bush-, fan-, or tree-like
patterns (Figure 26D and G). These are referred
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to as erect bryozoa. A third group produce root-like
structures called "stolons" from which individuals
arise at intervals (Figure 26E). These are termed
stolonate bryozoa. A number of forms fall between
these categories.

Colonies of encrusting bryozoa may be fleshy,
gelatinous, or calcareous; the latter are sometimes
known to dock workers as "coral patches" and
are easily confused with barnacle bases. They may
be distinguished by the fact that bryozoan colonies
generally show a honeycomb structure (Figures
26B and 27B), while barnacle bases (Figure 26C)
have an arrangement of concentric rings about a
definite central spot and usually also have con-
tinuous lines radiating outward from the central
spot.

The genera, Cryptosula, Membranipora, Schizo-
porella, and Watersipora, are included among the
encrusting bryozoa.

An example of erect bryozoa is Bugula (Figure
26D). It is one of the most common genera re-

ported in fouling. The colony is a bushy growth
made up of branching, double rows of individuals.
Root-like fibrils may grow downward from in-
dividuals near the base to strengthen the attach-

ment. Bugula and many other erect bryozoa are
chitinous, but some are calcareous. Most types are
straw colored, though B. neritina is red. The,

species are determined by the patterns formed by
the branches.

Stolonate bryozoa may form extensive, dense
carpets over submerged surfaces. A stolonate form,
Victorella pavida, is abundant in Chesapeake Bay
(60), where it is commonly called "sheep-moss"
(Figure 27D). Bowerbankia gracilis, a similar form,
is more widely distributed.

One of the most unusual of the bryozoa is Zoo-
botryon pellucidum (Figure 27 A). The soft, flaccid
stolons grow out freely from the point of attach-
ment, branching repeatedly. The individuals are
scattered, along the stolons. They are, however,
smaller and much less conspicuous than the
stolons. The colonies often reach enormous size,
growths on wharf piles floating out over a radius
of several feet. Zoobotryon is responsible for the

rope-like gelatinous strands observed when ships
from the tropics are docked (Figure 28). The

colony is usually straw colored and quite trans-
parent, but greenish or reddish tints are some-

times imparted by minute algae attached to it.
Marine bryozoa reproduce both sexually and

asexually. Sexual reproduction in some species in-
volves liberation of sperm and ripe eggs into the
water, fertilization and development being outside
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FIGURE 2ï. Bryozoa. A. ZoobotryoJi.
B. Colony of FVatersipora c-ucullata providing attachment for barnacles and

tube worms.

C. Photomicrograph of CoJtopeu.-m reticulu.m, a typical encrusting bryozoan.
Actual length of the longer compartments: about 0.5 mm.

D. Colony of Vie/orella pavida, a stolonate bryozoan.
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the parent's body. In other species, the egg is re-
tained after fertilization and at least the initial
embryonic stages are passed in a special structure
called the ovicelL. Free-swimming larvae are

liberated from the ovicells into the water and are
dispersed by currents and by swimming. Under
laboratory conditions, Bugula larvae have been
observed to attach within a few hours after libera-
tion. Asexual reproduction, by budding, enlarges

and extends the colonies after the larvae attach.
The details of the process are described in the
papers of Calvet (53), Davenport (54), and Silen
(62).
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thought that they interfere with the attachment of
oyster larvae (58, 60). Observations indicate that
M ytilus edulis is unable to attach to the bryozoan
Cryptosula pallasiana. However, fouling organisms
are able to attach to the surfaces of Water sip ora
and some other encrusting bryozoa (Figures 26A,
F, G and 27B). Bryozoan associations may play
important ecological roles in sequences of develop-
ment of fouling populations (61) as discussed in
Chapter 4.

The encrusting bryozoan, vVatersipora cucullata,
is the most resistant to copper poisoning of all the
macroscopic forms found at Miami, Florida (65).

FIGURE 28. A shipbottom fouled with tube worms and ropes of the bryozoan, Zoobotryon.

It has been estimated (59) that there are about
3000 living species of marine bryozoa, of which
less than 150 have been recorded from fouling.

The prevalence of bryozoa on ships, and the
rapidity with which they attach and grow on test
surfaces, have made the group familiar to all
practical workers in fouling (52, 55). Many cases
have been described in which bryozoa were the
chief or only fouling on ships (56, 63). Dobson (5)
recently described an industrial salt-water circuit
which was forced to close because of bryozoan
fouling. In fresh-water mains bryozoa are perhaps
the commonest source of trouble (57).

The surfaces of some of the encrusting species
appear to be unsuitable for the attachment of
other forms. In the oyster fishery, for example,

bryozoa commonly cover large proportions of the
stones and shells on the bottom, and it has been

However, it is fully as sensitive as other organisms
to mercury and silver. Copper paints of moderate
toxicity are readily fouled by this species. The

attachment to such paints is sometimes loose,

whereas the colonies are strongly adherent to non-
toxic surfaces.

References 51, 53, 54, 57 through 60, 62 and 64
are works which deal with various aspects of
bryozoan natural history.

Coelenterates
Among the coelenterates only the attached

forms are important in fouling. These include the
hydroids, anemones, and corals. JVIany of these
are colonial and resemble seaweeds, but, unlike
them, are not limited to iluminated depths.

Certain jellyfish have an attached stage, but this
has not been recorded from fouling.
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The body of the individual animal, or polyp, is a
hollow cylinder or bell, the cavity of which is
the digestive organ. The body has but a single
opening, which serves as both mouth and anus.
It is surrounded by one or more rings of tentacles,
each armed with stinging' cells that secrete a
poison used in defense and to paralyze the prey

before it is eaten. Figure 29 shows the general

features of the structure of a sea anemone polyp.

HYDROIDS

Hydroids ai:e colonial forms. The colony arises
by the budding of a single individual which has

circular muscle

ovary

on piirt:it¡on

longit:udiniil muscle blind
on partition

FIGURE 29. Typical polyp structure of an anemone.
From Buchsbaum (2).

attached to some submerged object. By growth
and repeated budding the colony attains its ma-
ture, tree-like or bush-like appearance. The in-
dividual polyps occur at the tips of the branches

and are supported by slender stems. Rootlike
stolons attach the stem of the colony to the sub-

stratum. These spread out over the surface and

give rise to additional colonies periodically. In this
way a considerable area may be populated follow-
ing the attachment of a single individuaL. Typical
hydroid colonies are ilustrated in Figure 30.

Hydroid colonies superficially resemble certain
bryozoans and algae. They may be distinguished
from them by the polyps which appear as enlarge-
ments of the ends of the branches.

Hydroid colonies usually contain polyps of two
sorts: feeding polyps equipped with tentacles and
mouths, and reproductive polyps of various sizes
and shapes which lack these structures. The re-
production of hydroids, which leads to the infec-
tion of. new surfaces, is accomplished by the al-
ternation of sexual and asexual processes. The

. details differ in different species, but may be il-
lustrated by Obelia and Tubularia.

The reproductive polyps of Obelia (Figure 30A-
G) produce saucer-shaped buds which eventually
develop into tiny jellyfish called medusae. This is
an asexual process. The medusae break free from
the parent organism and lead a free-swimming

existence. They develop sex organs and produce
either eggs or sperm, which are shed into the water
where fertilization takes place. The fertilized egg
develops into a motile larva, which swims about
for a period varying from a few hours to several
days. It eventually attaches to a convenient ob-

ject; tentacles and a mouth form at the free end,
and the first polyp of the new colony is complete.

In Obelia there are three successive stages which
are unattached: the medusa, the sperm and eggs,

and the larva. Dispersal is accomplished chiefly by
the swimming and drifting of the medusae and
larvae. Other hydroids have fewer motile stages

than Obelia. Colonies of Tubularia (Figure 30J-K)
develop no special reproductive polyps. Instead,
the medusae appear as buds on the bodies of the
feeding polyps and remain attached there. Each
of these medusae develops sex organs which

eventually liberate eggs and sperm into the cavity
of its bell, where fertilzation takes place and de-
velopment proceeds until the larva has developed
into a polyp with a short stem. The young polyps
then escape and drift about in the water, fially
settling, attaching; and developing into new
colonies.

At Woods Hole free hydroid medusae and
colonies with fully developed medusae are found
throughout the year. However, production of
sperm and eggs is seasonal, and the establishment
of new colonies takes place only when the medusae
reproduce.

Hydroid fouling does not continue to increase in
thickness after the stems have reached their
mature lengths. The denseness of the stand, how-
ever, increases with time until limited by crowding.
In general, the lengths of hydroids are independent
of depth, temperature, and their age, since they
rapidly reach full length.

After the colony has reached its mature condi-

tion, it may continue to grow slowly or may die.
If a colony survives the winter, a new period of

growth may begin in the following spring. Growth
is inhibited by both high and low temperatures.
Th~ polyps of Tubularia crocea disintegrate when
the temperature exceeds about 68° F. New polyps
may form from the stolons whenever the tempera-
ture becomes less. Tubularia reaches lengths of 6

l,
n
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FIGURE 30. Hydroids.
A, B. Obelia articulala. A. A colony. Actual height: 54 mI. B. Enlargement

showing hydrothecae and gonophores. From Fraser (45).
C, D. Obelia' bicuspidala. C. Four colonies. Actual greatest height: 5 mm.

D. Enlarged colony, showing hydranths and gonophores. From Fraser (45).
E, F, G. Obelia griffni. E. Major part of a colony, lacking only the hydrorhiza.

Actual height of part shown: 27 mm. F. A reproductive individual in the typical
position on the stem. G. The construction of the colony. From Fraser (45).

H, I. Bongainvilia carolinensis. H. Portion of colony with hydranths and
gonophores. I. A colony. Actual height: 26 mm. From Fraser (45).

J, K. Tubularia croc.a. J. A small colony. Actual greatest height: 23 mI. K.
Enlarged "head" showing modied medusae in the space between the inner and
outer whorls of tentacles. The mouth is inside the inner whorL. From Fraser (45).

L, M, N. SytUoryne emma. L Enlarged portion of colony showing branching
arrangement of feeding polyps. M. Medusa bud developing among feeding
polyps. N. A colony. Actual length: 50 mm. From Fraser (45).

0, P. Lytocarpus philippinus. O. Major part of a colony. Actual height: 71

mm. P. Enlarged portion of the colony. From Fraser (45).
Q, R, S. Eudendrium ramosum. Q. A whole colony. Actual greatest height:

43 mm. R. Portion of a female colony. S. Portion of a male colony. From Fraser
(45).

T, U. COTdylophora l""uslris.' T. Nutritive and generative polyps. U. Two
colonies. Actual length of the larger; 19 mm. From Fraser (45).

V, W. PennaTia liaTella. V. Portion of colony with hydranths and gono ,hore.
W. A small colony. Actual greatest length: 56 mI. From Fraser (45).
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A

FIGURE 31. Hydroid Fouling. A. Hydroid fouling on a lighted whistle
buoy which had been sunk in CalcasIeu Pass, Louisiana. Buoy set 7 January
1942, sunk 11 November 1942, recovered 23 June 1943.

B. Hydroid fouling on the shank and shackle of the anchor of a buoy off
Chesapeake Bay after 11 months' exposure.
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to 12 inches and forms densely tangled masses

which trap mud and silt. A square foot of surface
may support several pounds of this type of fouling.

There are between 2000 and 3000 species of
hydroids, of which 264 have been recorded from
fouling. The genera Obelia, Tubitlaria, Plumularia,
Clytia, and Eudendrium are among the com-
monest. Some of these are shown in Figure 30.
Typical hydroid fouling is ilustrated in Figure 31.

SEA ANEMONES AND CORALS

Sea anemones are isolated polyps which form a
considerable part of fouling in some localities.
They show a higher degree of development than
that of hydroids by having more advanced struc-
ture of the mouth and internal parts. The or-
ganism is attached to the substrate by a flat ad-
hesive structure called the pedal, or basal, disc.
The polyp structure is ilustrated by M etridium
(Figure 29).

M etridium has a stocky, leathery body with a
mass of short, delicate tentacles (Figure 33F).
When removed from the water, it contracts into a
hemisphere with its tentacles and mouth hidden
from sight. Its color may be brown, orange, sal-
mon, green, gray, or white. It has been found on
both coasts of America, on the European coasts of
the Atlantic, and in the Irish and North Seas. It
has been reliably reported from the Adriatic Sea,
but this is probably a shipborne introduction, for
this genus was not formerly a part of the Medi-

terranean fauna (50).
Diadumene luciae (Figure 32), commonly re-

ported as Sagartia luciae, is 2 centimeters or less
in length and 4 to 8 milimeters in diameter. The
body is olive-green in color with about twelve

vertical orange stripes. Diadumene has probably
been brought to the Western Hemisphere via
ships. It has appeared and disappeared in many
localities, a behavior typical of species introduced
and re-seeded by ship-borne fouling. Details of
its distribution are given by Stephenson (50).

The corals are colonies of anemones in which the
polyps are connected by hollow lateral extensions
of their body walls. They secrete calcareous or
horny material which covers the substrate and
builds up around the individuals of the colony. The
architecture of corals varies with the species and
from it they can be identified even after the polyps
themselves have disappeared. The soft corals
(Figure 33E) differ from the true corals in that their
skeletal mass is fleshy and of a leathery con-

sistency. The soft coral Alcyonium has been re-
ported to have fouled lightships.

The life histories of the sea anemones and corals
are simpler than those of the hydroids, since no

medusae are formed. The reproductive cells are
produced by the feeding polyps. In many species
each individual polyp produces both eggs and
sperm. The eggs are commonly fertilized within
the body cavity of the parent and develop into

swimming larvae. These escape through the
parent's mouth and lead a free-swimming life dur-
ing which they become dispersed. The larval
period of some species lasts as long as thirty days.
At the end of the swimming period the larva at-

FIGURE 32. Diadumene fudae
showing six of the vertical yellow or
orange stripes. Usual size: 10-20 mm.
high, including tentacles, and 4-8 mm.
diameter. From Hargitt (46).

taches and transforms into a polyp. In the case of
corals, the polyp reproduces by budding after it
has become established and thus gives rise to a
massive colony.

Almost all corals are limited to tropical and
warm temperate seas. A few genera extend into
cooler waters. Astrangia (Figure 33A) is common
along the east coast of the United States as far
north as Maine. Several corals have been re-
ported from fouling in various parts of the world.
Pictures of some of these are given in Figure 33. A
comparison of Figure 33 with Figures 24 and 27B
wil show how true corals may be distinguished
from "coral patches" composed of tube worms or

encrusting bryozoans.
The following references may be consulted

for more detailed information on the coelenterates:
2, 3, 6, 7, 8, 9 and 44-50.

Tunicates
Tunicates found in fouling are either soft, sack-

like creatures growing singly and called simple

tunicates (Figure 34A- J), or flat, spreading

colonial forms composed of many small individuals
(Figures 34K-M and 35A, D). The simple tuni-
cates have two body openings, called siphons, one
at the outer end and one on the side (Figure 34F,
H- J). A stream of water is drawn in through one
siphon and expelled through the other. When the
animal is squeezed, water is expelled in thin jets
from one or both siphons-hence their common
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name, "sea squirts." Simple tunicates may be
several centimeters in diameter. Their exteriors
are covered by a protective coat or tunic of a tough
material, related to cellulose, which gives the

stitute a system. The colony forms a more or less
flexible but tough, spreading mass. Each colony
contains individuals and systems of various ages,
some young, some mature, and some dying. Each

FIGURE 33. Coelenterates.
A. Astrangia. danae. A clump of the coral shO\ving the rather wide but shallow

cups in \vhich the polyps were seated. This coral is found from Florida to Cape
Cod. It has also been found in Casco Bay, :MaIne. From Hargitt (46).

B. OeN/ina. A fragment. The steeply spIral arrangement of the cups, or calices,
the twenty-four septa in each calyx, and the protruding rims of the calices are
characteristic of this tropical coraL. From Hickson (47).

C. Siderastraea. A tropical coral, it can usually be recognized by the ridged
walls which separate its calices. From Hickson (4i).

group its name. The tunic is usually rough, warty,
and opaquè, though in a few species it is trans-
parent. Simple tunicates are often overgrown with
hydroids.

Colonial tunicates are groups of single indi-
viduals which form jelly-like masses and which
sometimes are arranged in regular patterns (Fig-
ures 34K-M and 35A, D). Several individuals
located around a common exhalent opening con-

D. Jllillepora. One branch of a colony. The hvo sizes of surface pores are char-
acteristic of this coral; it is abundant in the East and \Vest Indies. From Hick~
son (47).

E. "Soft Coral.J1 A series of colonies, photographed under water. Each round
lobe is a colony. From Buchsbaum (2).

F. Jllelridium. An individual polyp. The numerous delicate tentacles are typi-
cal of this animaL. Usual size: " em. or more in diameter, 10 em. or more in
height. From Stephenson (50).

individual or system often has a color somewhat
different than that of others of the colony.

Tunicates are hermaphroditic. Fertilization usu-
ally takes place within the body, and the fertilized
egg develops into a long-tailed larva resembling a

tadpole. The "tadpole" swims about for a few
hours, then attaches and undergoes a series of
changes during which the tail is absorbed and the
body assumes its adult shape and structure. In
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FIGURE 34. Tunicates. Redrawn from references cited.
A, B, C. Stye/a. Showing different degrees of wartiness. From Van Name (93).
D. Stye/a 1nontereyensis. The club-like shape and the length-S to 6 inches-

are typical of this species. From Ricketts and Calvin (9).
E. Molgula manlialtensis. Three individuals strongly contracted and covered

with sand grains. From Van Name (93).
F. Molgida manhatlensis. An-Individual nearly clean of sand grains and with

its tubes almost normally expanded. From Van Name (93).
G, H, I, J. Ciona inlestinalis. II, I, J. Three individuals of increasing size and

age. Actual length of J: 3~ inches. G. A fully contracted individual showing the
greatly wrinkled tunic. From Alder and Hancock (91).
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K. Didemn.:,;n, growing on a sponge. The dark spots arc the systems. From
Van Name (93).

L. A marouci,mi. A typical lobed colony 'Showing the fleshy texture and the
spot-like colored systems of individuals. From Van Name (93).

M. Bolryllus. A magnified portion of a colony. Several systems are shown.
Each individual bears an irregular colored spot. The inhalent opening of each
has a radially arranged set of tentacles acting as a strainer. In the center an
individual has been pushed out of an already crowded systemJ it has its own ex-
halent opening. At the right, two pairs of individuals show progressive stages
in the establishment of a common exhalent openinq about which a new system
wil develop, Actual length of porti~n shown: about Yo inch. From Herdman (92).
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FIGURE 35. Tunica les.
A. Colonial tnnicates, showing the arrangement of the systems.
B. Heavy fouling by simple tnnicates. These animals attach with only moder-

ate firmness and many are swept off when the vessel gets under i.vay.

C. A cluster of Styela growing on a sash-weight used as a sinker ¡or test-panels
at Beaufort, North Carolina.

D. A colonial tunicate growing on a group of barnacles and A !lomia on a failng
painted panel at :MiamI Beach,
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addition to sexual reproduction, the colonial

species propagate by budding. The offspring in
some species remain permanently connected to the
parent by horizontal branches. In others the
branches become severed; each separate individual
then, by further budding, establishes a new sys-

tem.
The simple tunicates reproduce mostly by

sexual means. Since there is little budding, there
are usually no true colonies of connected individ-

uals, though some species. grow in clusters
(Figure 35B, C).

Over 700 valid species of tunicates have been
described. One hundred and eighteen species have
been reported in fouling.

THE SIMPLE TUNICATES

Styela (Figures 34A-Ç and 35C) is an egg-
shaped tunic ate which is attached by its narrower
end. Its outer surface is leathery, rough, and

opaque; generally it is deeply wrinkled, with most
of the wrinkles running lengthwise. Both its

siphons have 4 lobes on their margins. The colors
range from whitish to dirty browns. Styela seldom

exceeds two inèhés in length, though S. mon-

tereyensis (Figure 34D) of the Pacific coast attains
lengths of five or six inches. This genus is widely
known from all parts of the world.

Molgula(Figure 34;E, F) is globular in shape.
The tunic is translucent but ordinarily covered

with sand grains or bits of detritus. When found on
buoys or ships its tunic is usually incompletely

covered, since in these locations it does not have
access to as much sand, etc., as when growing on
piles, stones, and algae. Molgula frequently grows

ih clusters.

The siphons of M olgula are tubes of unequal
length. They arise close together and curve away
from each other. When the animal is disturbed, the
tubes are almost completely retracted into the
body. The aperture of the short tube is guarded
by six lobes; that of the other by four lobes. Only
one species exceeds two inches in diameter. The
others are less than 1 t inches.

Ciona (Figure 34G---1) is an elongated, sub-
cylindrical, flabby tunicate. It tapers from the at-
tachment toward the free end. The siphons are
short tubes, close together on the free end. In
living specimens the margins of the apertures are
bright yellow and each bears a circle of red spots.
These colors usually fade in preserved specimens.

One aperture has 8 lobes, the other 6 lobes. The
tunic is smooth and translucent, allowing the
greenish-yellow color of the internal organs to
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show plainly. Ciona has a remarkable abilty to

contract; its upper parts can be withdrawn into
the lower parts like a finger of a glove. When re-
moved from the water it contracts and wrinkles
markedly. Its contracted condition is shown in
Figure 34G.

Ciona attains a length of three to four inches. It
occurs on rocks, shells, and the roots of algae, from
the intertidal zone to deep water. Ships, buoys,

floats, and test panels have been fouled by this
tunicate. It is widely distributed on both coasts of
North America and in the Arctic. It also occurs in
Europe and Asia.

THE COLONIAL TUNICATES

Amaroucium (Figure 34L), the sea pork, is a
massive, fleshy colonial tunicate with a smooth
surface. The systems are of complex arrangement
with the orange-red individuals showing through
the greyish or flesh-colored tunic. It is frequently
washed up on beaches where it is sometimes mis-
taken for ambergris.

Didemnum (Figure 34K) forms very thin en-
crusting colonies of whitish, yellow, or pinkish

color. The tunic is often so densely crowded with
minute calcareous spicules as to render the colony
hard, brittle, and opaque.

Species of Didemnum are numerous in warm
seas. There are two Arctic and three Antarctic

species. Didemnum is very common on test panels,
where it overgrows other fouling organisms.

The botrylld tunicates (Figure 34M) include

the genera Botryllus and Botrylloides which are of
almost world-wide distribution. They can be dis-
tinguished from each other only by dissection of
the individual animaL. Both genera form colonies

ranging from thin encrusting types to thick fleshy
masses. The tunic is transparent and gelatinous,
covering purple or black tissues. The systems are
oval or elongated, and are variously colored with

shades of blue, yellow, green, brown or purple. The
colonies are strikingly handsome.

References 1, 2, 3, 7, 9, 91, 92 and 93 give

further details on tunicates.

Sponges
To the naked eye, a living sponge is a slimy,

varicolored mass. The sponge body is porous,
though most of the pores are microscopic in size.
Each sponge has one or more relatively large open-
ings in its surface. If crushed, many sponges emit
a strong putrid odor, somewhat like rotting fish, or
sometimes, rotten eggs.

A few sponges are strikingly colored, ranging
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from black to scarlet, although their commonest
shades are off-color browns, greens, and blues. In
a few species the color may be used as a recognition
aid, but in the vast majority the colors are vari-

able.
The flesh of many sponges is supported by

spicules of silica or calcium carbonate. The spicules
form an interlaced framework which prevents the
collapse of the organism. The familiar sponges of
commerce have no spicules but are supported by a

FIGURE 36. Two species of Grantia growing on a hydroid.
From Bowerbank (42).

skeleton of a horny elastic substance chemically

related to silk and horn.
Simple sponges like Grantia (Figure 36) or

Leucosolenia (Figure 37 A) are generally vase-

shaped sacks, each with a large opening at the top
and with microscopic pores perforating the sides.
Parts of the internal cavities are lined by cells
which bear minute whip-like structures called
flagella. These tiny whips move with an undulating
motion, creating a water current through the

cavities. The water enters through the microscopic
pores and emerges through the larger openings.
This current provides the sponge with its food and
oxygen and carries away its wastes.

Reproduction occurs by both sexual and asexual
means. Asexual reproduction is accomplished by
budding and branching. Leucosolenia produces

branches which grow laterally over the surface,
giving rise to new individuals.

The sexual reproduction of sponges is simple.
Certain cells enlarge, store up reserve food, and

become eggs; others divide and become sperm.

Some sponges produce both ,kinds of sex cells,
while in other genera the sexes are separate. In
the latter case the sperm are carried into the fe-
male by her water current. The fertilized egg de-
velops into a larva which escapes from the parent's
body and swims about. It soon settles down, at-
taches, and grows into a young sponge.

Several kinds of sponges have been found in
fouling. They sometimes cover large areas and
overgrow other kinds of fouling but in general are
not of great importance.

The various genera are diffcult to describe or
recognize as most of them do not have a charac-
teristic shape or color. Sponges can be accurately
identified only from the shapes of the tiny spicules
of calcium carbonate or silica which make up their
skeleton. Some fouling sponges are shown in
Figure 37.

References 2, 6, 7, 8, 9, 42 and 43 deal with
sponges.

Echinoderms
The echinoderms, literally "the spiny-skinned

ones," include the starfishes, sea urchins, sea lilies,
brittle stars, and sea cucumbers. Echinoderms are
essentially inhabitants of the sea bottom and are
found in all seas, from the shoreline to the greatest
depths. A few can swim but the vast majority
creep slowly about. They are encountered on

moored objects and fied installations, which they
reach by climbing mooring chains and other struc-
tures extending to the bottom.

STARFISHES

Common Starfish or Sea Stars. The best known
of the echinoderms is the starfish, whose body con-
sists of a flattened central disc with usually five
radiating arms which touch each other where
they join the central disc (Figure 38A, C). Each
arm bears on its under side a double row of soft,
extensible, tube feet ending in suckers. Figure 38A
shows a starfish using its tube feet simultaneously
to hold onto an aquarium wall and to open a

musseL.
Brittlestars. The brittle stars (Figure 38B), also

called serpent stars, usually have five slender arms.
These do not touch at the base, and consequently

the edge of the central disc is visible between each
pair of arms. These animals are much more active
than starfishes and move by rapid writhing mo-
tions of their arms. They are quite fragile and
break easily when handled.

Crinoids. Crinoids, also called sea lilies or
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FIGURE 3 i. Sponges.
A. Leucosolenia, showing its typical arrangement of vase-like erect portions

arising from prostrate and semiprostrate portions. From Ricketts and Calvin (9).
B. Clioliiia. From Vosmaer (43).
C. Ha!i:Jtoni-ria. From Vosmaer (43).
D. Reniera. A specimen from Naples Bay. From Vosmaer (43).

E. Two specimens of Sycon, a calcareous sponge. Actual length: ~ inch, From
Buchsbaum (2).

F. Several individuals of Sycoll attached to a shelL. From Buchsbaum (2).
G. CUoJla, the sulfur sponge, growing inside a soft volcanic rock. The light

circular areas are rJarts of the sponge's body showing through openings it has
made in the rock. From Vosmaer (43).
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FIGURE 38. Echinoderms.
A. Starfish photographed in an aquarium; it is using the tube feet of its upper

arm to hold to the aquarium \vall while those of the other arms are engaged in
opening a mollusc. From Buchsbaum (2).

B. Two Brittle Stars. From Ricketts and Calvin (9).
C. T,yo Pacifc starfish (above) and byo sea cucumbers; the cucumber on the

left has its tube feet partially extended, It also shows the mouth and the ring of

tentacles (modified tube feet) around it. From Buchsbaum (2).
D. The Needle-Spined Sea Urchin. From Buchsbaum (2).
E. The Short-Spined Sea Urchin. From Buchsbaum (2).
F. The Slate-Pencil Urchin. From Buchsbaum (2).
G. Antedo1t, a crinoid occasionally encountered in fouling samples. From

Crowder (4).
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feather stars, have five arms, each branched and
rebranched several times. Each branch and sub-
branch has two rows of fine branchlets along its
sides presenting a feathery appearance. Young
crinoids are attached to the bottom by a stalk
which is retained by the adults in some species but
is lost in others.

The crinoid most frequently reported in fouling
is A1itedon (Figure 38G). It passes through an
attached stage, but as it nears maturity the stalk
is absorbed and replaced by several slender,
curved, moveable outgrowths called cirri. This ani-
mal can swim by means of its arms or attach it-
self temporarily by its cirri.

Sea Cucumbers. The sea cucumber (Figure 38C),
an elongated bag-like animal, reveals its relation-
ship to other echinoderms by having five rows of
tube feet similar to those of the starfish. The

leathery, cylindrical body has no spines, and its
calcareous skeleton has been reduced to isolated
plates scattered throughout the muscular body
wall. The mouth is situated at one end and is sur-
rounded by a ring of soft, many-branched ten-

tacles.
Sea Urchins. Sea Urchins (Figure 38D-F) have

hard, bun-shaped bodies covered by movable spines
attached to the shell by ball-and-socket joints.
Among the spines, are the typical five double rows
of tube feet. Most sea urchins have five large
pointed teeth, which protrude from the mouth and
meet in a sharp point.

References 1, 2, 3, 7, 8, 76, 77 and 78 deal with
echinoderms.

Fishes
Several genera of fishes have been found in

samples of fouling. These are mostly small forms
which probably find both food and shelter amongst
the fouling population. Blennies (Figures 39 and
40) are the commonest. They are generally small,
active fishes and probably contribute little to the
general effects of the fouling.

Certain fishes of the Sea-Bream group have an
indirect effect on fouling and corrosion. Because
of this they deserve mention here, although they
are never taken in fouling samples. These fish

feed on barnacles, tearing them from the surface,
fracturing the paint film, and exposing the under-
lying surface to other fouling and to corrosion.

Remoras (Figure 41), also called shark-suckers,
have been reported (94) to attach temporarily to
ship hulls.

References 3, 94 and 95 deal with fishes.
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Algae
Algae include such aquatic plants as sea weeds

and diatoms. All algae contain the green pigment,

chlorophyll, by means of which they manufacture
their own foods. Since light is necessary for this

FIGURE 39. A blenny, one of the small fishes which are frequently taken
among fouling samples. From Jordan and Evermann (95).

FIGURE 40. A blenny clinging to a test paneL.

FIGURE 41. Reiioro bradiYPlera, the shark sucker. The dorsal fin is modified into
a suction cup. This fish usually attaches to sharks but also steals rides on ships
and is occasionally taken in fouling samples. From Jordan and Evermann (95).

process, they do not foul dark or shaded surfaces

and are usually restricted to the vicinity of the
water line.

These plants are classified as blue-green, green,
red, or brown algae on the basis of their pre-
dominant color. Not all species are typical in this
respect, so morphological characters are used as
the basis of accurate identification.
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The more primitive algae reproduce asexually.
The commonest asexual reproductive methods are:

1. Cell Division. Each cell, when mature, di-
vides into two parts, each of which then grows to
full size and in turn divides again.

2. Fragmentation. A colony breaks up, usually
as a result of mechanical influences such as wave
action, and each fragment becomes a new colony.
Fragmentation of some filamentous species occurs
at specialized cells or at dead cells.

3. Resting Cells. Resting cells (sometimes er-
roneously called spores) develop under certain

conditions in some algae. These are ordinary

vegetative cells which increase in size and become
thick-walled and resistant to unfavorable condi-

tions.
Asexual reproduction is the primary means of

propagation in the blue-greens, but in the other
algae it plays a minor role, usually occurring as an
asexual generation which alternates with genera-
tions of sexual plants.

The generalized reproductivc cycle of the green,
red, and brown algae involves male and female

plants which liberate sperm and eggs into the
water. Union of one or more sperm and an egg rc-
sults in a zygote or fertilized egg. The zygote de-
velops into an asexual plant which produces

zoospores. These germinate (Figure 42) and grow
into male and female plants.

The most important exceptions to this cycle
occur in the green algae where the zygotes divide

directly into zoospores, and in certain of the brown
algae where they develop into male and female

plants. The zoospores of the red algae are non-

motile while those of the greens and browns are
motile.

Dissemination is accomplished during the free
stages, i.e. sperm and eggs, zygotes, and zoospores.
The zoospores and sperm of the greens and browns
are active swimmers. The free stages of all algae
are subject to the action of water currents.

All but the following four of the genera men-

tioned in this discussion are nearly world-wide in
distribution. The green alga, Ulotlirix, is found in
both the north and south temperate zones. The

red alga, Dasya, is essentially an inhabitant of the
tropics and sub-tropics. The brown algae, Fucus
and Laminaria, appear to be limited to the arctic
and north temperate zones.

THE BLUE-GREEN ALGAE

The plant body in this group is either a single
cell or a group of cells forming a colony. Their
outstanding characteristic is that their cells have
no clearly delimited nuclei, as do the cells of other
algae and of higher plants. Instead, there is an
irregular, diffuse area in the cell where nuclear
material can be demonstrated as scattered gran-
ules. The living substance of each cell is surrounded
by a cellulose cell-wall, and this in turn by a
gelatinous sheath. The plants are generally of a
bluish-green color and are small and inconspicu-
ous. Three genera have been observed frequently
in fouling on ships and buoys.

Oscillatoria is a simple filamentous form in
which the cells comprising the filaments are about
as wide as long (Figure 43A). In mature filaments
biconcave dead cells occur at irregular intervals.
The filaments have only a thin, gelatinous sheath.
The name is derived from the characteristic slow
oscilating movement of the filament.

Lyngbya grows in wavy tangled tufts of simple
filaments devoid of visible gelatinous sheaths. The
filaments are almost without taper, are green or

purplish in color, and are abruptly rounded at the
free ends. They exhibit no oscilation in quiet
water. The filaments are abundantly, though not
densely, annulated.

Calotlirix forms tufts of green filaments, which
are attached together at the base (Figure 44A).

The filaments of most species are densely annu-

lated and lack a definite gelatinous covering.

THE GREEN ALGAE

The simpler members of this group are single-
celled plants or groups of single-celled plants

living together as colonies. In the more advanced
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FIGURE 43. Algae.
A. Oscîllaloria. Isolated filaments. Actual size in illustration not dctenninablc.

From Robbins and Rickett (29).
B. Ulotlzri:. Part of a filament, the cell contents of two cells arc shown in

length-wise sectIon. Actual width of fiament: 0.02 mm. From Taylor (3(¡).
C. Coralliuo.. A cal.carcoiis alga. Actiiullength: 11 em. From Smith (34).

D

J
D, E. Sargassu-l1. D, the upper portion of the plant. E, the holdfast and dense

lower branching. Actual greatest width of D: 3 inches. From Taylor (36).
P. Piiel/s. A colony 13Y2 inches in actual length. From Smith (34).
G. Dictyota.. The plant minus its holdfast. Actual length of part shown: 4 inches.

From Smith (34).
I-, I, J. Three species of La.ninaria. From Smith (34).
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FIGURE 44. Algae. (See next page for description.)
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green algae the plant body is multi-cellular and
generally forms a filamentous, flat, or globular
structure.

The cell contents of the green algae are better
differentiated than those of the blue-greens. Well-

defined nuclei, cytoplasm, and chloroplasts are
present. The cell is surrounded by a cellulose wall
which frequently attains considerable thickness.

The nucleus is similar in all essential respects to
that of the higher plants. The green algae are

common components of fouling and are part of
the "grass" referred to by dockyard workers. A
few of the most frequently encountered genera

have been chosen as representatives of this group.
Ulothrix is filamentous and unbranched (Figure

43B). Each filament attaches by means of a light-
colored basal cell which serves as a holdfast. The
filaments are composed of cells somewhat shorter
than broad, each of which has a definite, centrally
located nucleus and a green chloroplast in the
shape of a more or less complete ring situated
around the circumference of the cell.

Ulva, the Sea Lettuce, is a broad, flat-leafed,
bright green plant (Figure 44F). Its papery blades
are often ruffed along the edges. Lengths of 1 to
meters are attained, and sometimes whole plants
detach and drift on the surface. Ulva attaches by a
small holdfast, and its stem is very short and in-
conspicuous.

Cladophora is composed of branched filaments
of elongated, cylindrical or barrel-shaped cells
placed end to end (Figure 44C). A distinct, clear
area where adjacent cells meet each other may be
seen with a lens. The branching exhibited by this
genus may be either tree-like or fan-like. The plant
is attached to the substrate by root-like branches

from the lower cells.
Enteromorpha consists of soft flexible tubes, each

of which becomes progressively flatter toward its
free end (Figure 44D). The flattening is pro-
nounced in the outer half or third of the length.
This genus is usually but litte branched, though a
few species have many branches. In this case the
branches are arranged radially around a cylindrical
central stem. Root-like outgrowths from the cells
of its basal region hold the plant to its substratum.
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THE RED ALGAE

The red algae, a group of over 300 genera, are
mostly marine plants of wide distribution. They
attain their greatest development in tropical and
subtropical seas, although a few species grow in the
far north. The characteristic red color is caused by
the pigment phycoerythrin, which masks the green
color of their chlorophyll.

In contrast to the blue-greens, the red algae have
a definite cell structure. The nonmotility of their
reproductive products distinguishes them from the
greens and browns. They are unique in having
protoplasmic strands which pass through openings
in the end walls of the cells and connect each cell
to the next. Each cell possesses a single nucleus

and several plastids. There is considerable cell

differentiation, most of which occurs in connection
with the reproductive structures. In most genera
the body itself is of relatively simple organization.
On the whole, the red algae are larger than the
green but never attain the size of such brown algae
as the kelps.

The presence of gelatinous material in the plant
body is characteristic of most red algae. Agar, a
gelatinous substance extensively used as a food
stabilizer, as a medium upon which fungi and
bacteria are cultured, and in medicines, is pre-

pared from certain red algae. Because of the
gelatinous nature of the plants, some red algae are

used as articles of food and may be bought in
markets of coastal cities.

A few of the red algae found in fouling are de-
scribed below.

Dasya is much-branched (Figure 44E). It has a
feathery appearance which results from delicate,
hair-like filaments borne along the branches from
base to tip.

Polysiphonia is also branched and feathery
(Figure 44B, G). Its fine filaments, however, are
confined to the tips of the branches. A character-
istic feature is the arrangement of the cells into
connected vertical rows Or siphons which can be
seen in the upper parts of the branches with the

aid of a hand lens. They have the appearance of
very exactly arranged vertical tiers of cells.

Callithamnion grows in tufts composed of sev-

~
FIGURE 44. Algae.
A. CalotJirix. A tuft of filaments on another alga. From Weber-van Bosse and

Foslie (38).
B. Polysiplionia. An enlarged portion of the stem in which "siphons" or ver- .

tical tiers of cells can be seen. From Johnstone and Croall (27).
C. Cladophora. An enlarged branch wi th the typical clear areas between the

cells. From Johnstone and Croall (27).
D. Enleromorpha. Actual height: 5 inches. From Johnstone and Croall (27).

E. Dasya. An entire plant. Actual width: 3 inches. From Johnstone andCroall (27). .
F. U1va. Several blades attached to a common substrate. Actual length of this

specimen: about 6 inches. From Johnstone and Croall (27).
G. Polysiplwnia. A whole plant, actual length: 6 inches. From Johnstone and

Croall (27).
H. Callithamnion. A whole plant, actual height: 2 inches. From Johnstone

and Croall (27).



"

160 MARINE FOULING AND ITS PREVENTION

eral upright stems (Figure 44H). The stems branch
repeatedly, which, in some species at least, gives
each branch a fluffy appearance.

Ceramium has a prostrate and an erect portion.
The erect portion is cylindrical, and the stem and
branches are usually banded with the transverse
light and dark red bands. The terminal branchlets
of each branch bend toward each other like tongs.

Corallina is recognized by its calcified, encrust-
ing base from which arise branched, jointed, flexi-
ble stems (Figure 43C). The branching is pre-
dominately featherlike, practically every segment
of the major branches bearing an opposite pair of
branchlets. Each segment of the stem and of the
main branches is calcified, flattened, and widened
between the joints. The joints between segments
are not calcified and are flexible.

Gracilaria has several erect branches, each end-
ing in a single apical cell. The branches arise from
a prostrate stem. They are cylindrical or sub-
cylindrical and have a fleshy or cartilaginous tex-
ture. The central portion of the stem, if cut across,
can be seen to be of large, colorless, angular cells.
These are surrounded by a series of smaller cells
which contain the red coloring matter.

THE BROWN ALGAE

The brown algae are marine plants of wide dis-
tribution. They attain their greatest develop-

ment in colder seas. The characteristic color of
these plants, varying from a dark brown to an
olive green, is due to the presence of a brown pig-
ment which more or less masks the ever-present
chlorophylL The brown color, and the presence of
two laterally attached cilia on each zoospore,

sperm, and egg, distinguish this group from both
the green and the red algae.

There is' great diversity in structure among the
various members of the group. Ectocarpus, Lami-
naria, and Fucus are good examples of this. Simpler
forms like Ectocarpus form tufts of branching fila-
ments which resemble the more complex green

algae. The kelps, such as Laminaria, are enormous
plants whose complicated bodies suggest, in their
degree of differentiation, those of the higher plants.
The kelp plant consists of a holdfast, a long slender
stem, and a widened leaf-like blade. The stem may
be hollow or be provided with a distinct, enlarged
air bladder. The blade may be simple in outline or
deeply cleft. The kelps vary in size from small
plants a few feet in length to giant forms reaching
lengths of 500 feet or more. At high tide the blades
:foat on the surface of the water, buoyed up by air
contained in the hollow stems or in the bladders.

These plants live at least two years. Their blades
generally become torn and frayed by the action of
the waves but are renewed by a ring of growing
cells located at the junction of the blade and stem.
Increase in diameter of the stem is made possible

by the presence of a zone of dividing and growing
cells. This layer develops new rings of tissue which
resemble the annual rings of growth observed in

the higher plants.
Another group of brown algae, the ":rock weeds,"

is common along rocky coasts in the north tem-
perate zone. Fucus is the best known of this group.
It grows attached to rocks at the shore line where

it is alternately exposed and submerged by the
tides.

A few of the brown algae common in fouling are
described and ilustrated as examples.

Ectocarpus is one of the best known of the

simpler brown algae. It grows as a series of branch-
ing filaments, each of which consists of a single
row of cells. The branches often terminate in color-
less hairs. Each fiament has an erect part and a
prostrate portion which serves as a holdfast. The
entire plant consists of a tuft of branched fila-
ments attached by their prostrate portions to a
rock or other object. Elongated, ellptical repro-
ductive organs occupying the positions of lateral
branchlets are typical of this genus.

Dictyota (Figure 43G) is a flattened plant grow-
ing either unbranched with a row of large cells
along each edge, or dichotomously branched with a
conspicuous, lens-shaped cell at the tip of each

branch.
The rockweed, or bladder-wrack, Fucus (Figure

43F), is a common member of fouling populations
from eastern North America and Northern Europe
It is found chiefly in intertidal locations but also

fouls permanently submerged objects. It consists
of a holdfast organ, a cylindrical stem, and sev-
eral brown, flattened, branching blades which all
lie in one plane. Each branch has a distinct rib
running up its center. A mature plant attains a
length of about 12 inches. At the end of each

branch are air-filled swellngs which serve as
flo¡its. Its floats, its branching form, and light dots
which are scattered over the swollen branchtips

are the distinctive characters.

Sargassum, the gulfweed or Sargasso weed, is a
relative of Fucus. It consists of a holdfast organ,

a branched stem, and leaf-life blades with berry-
like bladders interspersed among the blades (Fig-
'ure 43D, E). Its main branches are much longer
than the stem, and each is pinnately branched like
a feather.



FiGURE 45. Kelp Fouling.

A. Kelp fOuling on the tube of a whistle buoy, off Bolinas Bay, Caliornia.
1 Î months' exposure.

B. Stems of kelp near end of spout of a whistle buoy in Frenchman Bay,
:Maine. Buoy set 14 months.

C. Kelp fouling on a buoy chain. Argentia, Nc\yfoundland. Buoy after 2
years' exposure.

D. Kelp and mussel fouling on a buoy and chain. Schoo die Point, 11aine, 14
months after setting.
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Laminaria (Figure 43H- J), the oarweed, usually
consists of a branching, fibrous holdfast and an
unbranched single stem which terminates in a
smooth-surfaced blade. A few species have several
erect stems, each with a single blade, which grow
from a prostrate stolon. The blades of some species

are divided palmately like a hand.
Sometimes the kelps exhibit a seasonal variation

in the shape of the blade. Ruffes and rows of

indentations are present on the margins of blades

which grew during the summer. Blades grown dur-
ing the winter have unruffed, plain margins and
are narrower and thicker than summer blades.
Since the blade grows from a point at its base and
the old blade is pushed up by the new, the remains
of a summer blade may be found at the tip of a
winter blade, or vice versa (24, 32). The kelps
flourish in the arctic and colder temperate seas

and are almost completely absent from tropical
and warm temperate waters. Heavy growths of
kelp on navigation buoys are ilustrated in Figure
45.

References 21 through 38 are works dealing with
algae.
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CHAPTER 10

Species Rècorded from Fouling
A list of species recorded from fouling is given

as an Appendix to this chapter. A classified bibli-
ography and an index showing the items dealing
with different types of structures are included.

Analyses of the composition and the natural origin
of fouling communities, based on this list, have
been given in Chapter 3. The present chapter de-
scribes the technicalities of the list's preparation,
and presents some further analyses of its content.
These matters are of interest primarily to biologists
concerned with the details of the composition of
fouling.

Preparation of the List

TYPES OF RECORDS INCLUDED

Records of fouling on ten kinds of structures
have been used. Each entry in the list gives the
type of structure from which the record came.

The ten types include all occurrences which may
be construed as prima facie fouling for general
naval and maritime purposes. Table 1 identifies
the structures, and summarizes the number of
reports providing information about each. The
total of 153 sources probably does not exhaust the
literature of fouling, but all the known major pub-
lished studies are included, together with impor-
tant unpublished reports and data in the files of
the Navy Department and the Woods Hole
Oceanographic lnstitution. The latter include a

large volume of unpublished data from collections
of fouling from navigation buoys along the coasts
of the United States, which have not as yet been
completely analyzed.

In general, all scientifically designated genera,
species, and varieties have been listed. Forms iden-
tified to the genus only (i.e. Ulva sp. as opposed to
Ulva lactuca, etc.) have been entered separately
and counted in the tabulations, as have also the
records for varietÍes.The names used are those
employed in the source reports, no changes having
been made beyond adoption of uniform spellngs
and elimination of subgenera. Some probable

synonyms among the more important genera are
noted in the comments on the records of the major
groups, but correction of the list itself for errors of
this sort has not been attempted.

The species in the list ar,e alphabetized under

the various major groups, which are arranged

roughly in phylogenetic order. The rank of the

groups varies from phyla to subordinal categories;
in general, groups have been selected on the basis
of probable convenience for the average worker.

Where there are several records for the same
species on a given type of structure, the arrange-
ment is chronologicaL.

TABLE 1. Summary of the Types of Structures and the
Number of Reports on Which the List of Recorded

Fouling Organisms is Based

Type of Strictiire
SHIPS Including yachts, skiffs, barges, lighters, and

vessels of all descriptions except lightships and
wrecks.

TEST SURFACES Including small objects exposed
to study the accumulation of organisms. Differen-
tiation by composition of units impossible with most
published data.

BUOYS
SUBMARINE CABLES
FLOATS Including rafts, pontoons, livecars, land-

ing stages, etc.
PIPES Including sea water circuits in ships, indus-

trial installations on tide water, and tide-mil ma-
chinery.

WRECKS
LIGHTSHIPS Tabulated separately from ships be-

cause moored in open waters or other unusualloca-
tions.

ROPES
DOCK GATES

No.
Reports

73

51

48
17

15

15

14
6

4
1

EXCLUDED INFORMATION

Records of species from wharf-piles, bulkhead-
ing, beacons, quays, jetties, abutments, and other
special harbor facilities have been excluded. Often
these are regarded as fouling, and the study of
populations in such places has contributed im-

measurably to the understanding of growths on

ships, etc. The wharf-pile literature in particular,
however, is extensive, and inclusion of even a
representative selection from it would multiply the
size of the list several times. Such a mass of data
would divert attention from records more directly
related to practical problems, and this considera-

tion, rather than any biological distinction, has
guided the selection.

Restriction of the list to scientifically desig-

nated genera and species also has ruled out much
valuable information. Among sources not covered
by the list for this reason are the U. S. Navy dock-
ing reports, test surface analyses to major groups
only, and all the wartime experience with mines

and nets. Exact data comprise only a small frac-
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tion of the total general knowledge about the com-
position of fouling.

Organisms of interest primarily as borers, such
as the teredos and related forms, have also been

omitted in compiling the list. Some boring species
such as the clam, Saxicava arctica, contribute to
fouling and are included. Exact knowledge of the
habits and importance of all such species has not
been readily obtainable, and doubtless some mis-
takes have been made in rejecting or accepting
particular species as members of fouling com-
munities, but these errors are probably of minor
consequence.

LIMITATIONS AND BIASES INHERENT IN THE DATA

Certain limitations or biases inherent in the data
reduce the value of the list as a basis for biological
generalizations. In regard to the composition of
fouling, occasional authors state that they ignored
some groups, notably the free-living and the
microscopic forms. Other reports cited deal spe-
cifically with only one group, or with relatively
few groups, as in the case of the Woods Hole
Oceanographic Institution data for buoy fouling.
There appears to be no investigation of fouling,
in fact, in which a truly complete study of all the
forms present has been made. The list, therefore,
falls short of a full description even of the com-
munities which have been examined.

Inequalities exist in the amount of attention
devoted to various types of structures. More test-
surface units have been inspected, undoubtedly,

than any other kind of structure, although it is
diffcult to estimate the number. Navigation buoys
and ships appear to be second and third in this
respect, with perhaps 1,000 buoys and 500 ships
as the approximate numbers of unit-inspections
providing useful records. To a degree, the variety
of species reported from each type of structure wil
depend on the intensity of its investigation.

The intensity of investigation has been very un-
equal in different parts of the world. North tem-
perate coasts have received the greatest attention,
although stil far from what is to be desired. De-
tailed knowledge about tropical fouling is quite
inadequate, while data from the southern hem-

isphere are almost wholly lacking. Ship fouling is
somewhat better known, geographically, than
other types, but even so there are many regions

for which documentation rests on only one or two
vessels. Certain apparent features of fouling prob-
ably depend on these geographical inequalities, for
example, the relatively small participation of
corals. The evaluation of geographical biases, how-

ever, is one of the most diffcult problems, for at
least in part the unequal distribution of investiga-
tion must be supposed to reflect the concern of the
maritime world. To that extent, the list is a fair
review of fouling as met in past practice.

Because the list appears long, its -actual brevity
is not immediately appreciated. In point of fact,
only a relatively small amount of precise work has
been done on fouling, and this results in the most
important of all limitations inherent in the data.
All biological generalizations based on our present
knowledge of fouling are liable to considerable

errors because the inadequacy of the available in-
formation can not be assessed. Comparisons of the
numbers .of species recorded from fouling with the
total numbers of known marine forms, such as
given in Table 2 of Chapter 3, are misleading in

that they are affected much more by the relative
intensities of the study of fouling and natural
populations than by the biological characteristics
which permit species to take part in fouling. Com-
parison of the fouling list with a list of natural
records prepared from a like number of sources

having limitations and biases similar to those of the
fouling bibliography would afford in some ways a
much better insight into the nature of fouling.

Comments on Records of Major Groups
Two tables have been prepared summarizing the

contents of the list by major groups and by types
of structures. Table 2 shows the number of forms
in each group reported from the various types of
structures. Table 3 shows the total numbers of
records in the same way. These tables suggest
many differences in the relative importance of
various groups, and many distinctions in the char-
acter of fouling of different structures. Because of
the limitations and biases in the data, however, it
is very diffcult to evaluate these features of the

list. An attempt to point out some of the more reli-
able distinctions in the occurrence of different
groups, and to distinguish them from apparent

distinctions which have no real significance, is
presented in the following comments. These notes
are based largely on Tables 2 and 3, supple-

mented by additional tabulations which sum-
marize the occurrence on different structures of the
chief genera of the groups of greatest interest.
Several groups of minor significance are not dis-
cussed.

BACTERIA

Although bacterial slimes apparently form on all
submerged surfaces, and bacteria of other sorts



SPECIES RECORDED FROM FOULING

TABLE 2. Number of Species in Each Group Reported from Various Structures

Bacteria
Fungi
Algae

Diatoms
Blue-green
Green
Brown
Red

Protozoa
Flagellates
Sarcodina (gen'l)
Foraminifera
Ciliata
Suctoria

Sponges
Coelenterata

Hytlroids
Hydracorals
Alcyonaria
Actinaria
Madreporaria

Flat Worms
N emertea
Rotifers
Bryozoa
Brachiopoda
Annelida

Archiannelida
Errant Polychaetes
Sedentary Polychaetes
Oligochaetes
Leeches

Arthropoda
Copepods
Ostracods
Goose Barnacles
Acorn Barnacles
Amphipods
Isopods
Decapods
Pycnogonids
Insects

Mollusca
Amphineura
Nudibranchs
Pteropods
Gastropods
Pelecypods

Echinodermata
Crinoidea
Asteroidea
Ophiuroidea
Echinoidea
Holothuroidea

Tunicates
Fish

TOTAL

Ships

23
4

374

Light-
ships

2

15
7

24
7
9

3

5

69
1

1
4
8
1

1

54

10
9

12
41
11

3
6
1

2

4
35

1

Wrecks Bu.oys

2

4
1

2 27
6 20
24 89
35 53
80 126

6

1

1

13 6
12 171

1

1

2

8
24 23 2

17 21

3
1

1

14 16
11 20

3
2

3

2 8
6 27
4 41

177 395 3
1

16 13
3
9 17
14 27

23 61 22 2
6 63
2

34 306 837

are undoubtedly present in fouling communities,

very few species have been named so that they
could be included in the list. These happen to come
entirely from surfaces used to collect material for
study. The small number of entries-40-and
their limitation to test surfaces is no index of the
importance of the group.

DIATOMS

The 96 forms belonging to 45 genera have been
reported a total of 136 times from 6 types of struc-

Floats
Dock Test
Gates Siirfaces

37
12

75

19
23
26

4
3
8

33
8

1 19
2 30

Cables Ropes Pipes

6

8
1

7

1

1

35
5
2

12

1

31

3

39

13 20
1

4
1

2 13
1 30

4
4

7

1

2
2

2

5
33

2
4
1

2

52 19
15
3

26

1

6
18

3
13

26
47

1

1

1

1

3 55
5

6

29

98 166 10 14 13 655

167

6

5
6
4

64

Total No.
of Species
Available

37
14

111
32

127
88

205

5
3

43
39

9
33

260
1

5
12
8

12
11

5
139

1

1
44
55
4
4

7
5

50
60
60
24
76

8
2

3
32
4

58
115

3
7
3
5
1

116
11

1964

tures. Table 4 summarizes the more important
occurrences. Schizonema, Synedra, Licmophora,

Navicula, and Nitzschia are the commonest gen-
era, providing together more than a third of all
diatoms entries. The apparent distinctive impor-
tance of Schizonema on buoys, and of the latter
three genera on test surfaces, are not reliable with-
out further data. Compared with the 60 species

reported by Coe and Allen (28) for test surfaces,
and the 26 from buoys listed by Kirchenpauer

(72), other reports of diatoms appear incidental,
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TABLE 3. Number of Entries in the List, Referring to Each Group, Reported from Various Structures

Bacteria
Fungi
Algae

Diatoms
Blue-green
Green
Brown
Red

Protozoa
Flagellates
Sarcodina (gen'l)
Foraminifera
Ciliata
Suctoria

Sponges
Coelenterata

Hydroids
Hydracorals
Alcyonaria
Actinaria
Madreporaria

Flat Worms
Nemertea
RotIers
Bryozoa
Brachiopoda
Annelida

Archiannelida
Errant Polychaetes
Sedentary Polychaetes

Oligochaetes
Leeches

Arthropoda
Copepods
Ostracods
Goose Barnacles
Acorn Barnacles
Amphipods
Isopods
Decapods
Pycnogonids
Insects

Mollusca
Amphineura
Nudibranchs
Pteropods
Gastropods
Pelecypods

Echinodermata
Crinoidea
Asteroidea
Ophiuroidea
Echinoidea
Holothuroidea

Tunicates
Fish

TOTAL

Ships

31
4

547

Light-
ships

2

15
7

35
10
10

3

5

88
1

1

4
8
1

1

75

10
20

53
88
11

3
6
1

2

4
46

Wrecks Biioys

2

4
1

2 27
6 20
27 98
39 62
88 136

6

1

1

14 7
16 200

11 9
25 23 2

18 22
1

1

2

3
1

1

14 21
11 24

4
2

3

7

2 17
6 42
4 50

19
7 505 3
1

2

16 14
3
9 18
15 34

33 71 22 2
7 76
2

1
;;

36 331 975

or to have dealt only with the most conspicuous

forms. Coe and Allen probably have provided the
best indication of the abundance and variety of
diatoms in fouling. The degree to which their find-
ings may be extended to other structures, however,
remains questionable.

ALGAE OTHER THAN DIATOMS

Data for the more important algae are summa-
rized in Table 5. For fouling as a whole, the order
of importance II number of records is: reds,

Floats Cables Pipes
Dock Test
Gates S iirf aces

40
12

84

36
35
35

4
3

16
35

9
21

2 53

Ropes

6

8
1

7

35
5
2

13 32

3

9 3

14 22
1

8

5
6
4

129

4
1

2 18
1 57

4
4

1

2
2

2

5
36
4
4
1

2

6
2 65

21
4

26

1

3
14

28
77

1

1

1

1

3 70
5

2

1

6
19 8

32

104 175 13 94210 16

Total No.
of Entries
Available

40
14

136
33

209
148
276

5
3

51
44
11
49

422
1

6
25
10
13
13

5
283

1

1

72
116

4
4

7
5

115
213
94
27
96

9
2

3
47
4

65
204

6
13
3
8
1

221
11

3149

greens, browns, and blue-greens. Marked differ-
ences seem to characterize different structures,
however. The first three groups are rather evenly
represented on panels, which curiously lack the
blue-greens. There are fewer reports of algae of all
kinds on test surfaces than might be expected from
the amount of investigation. This may be a true
pecularity of the fouling of test surfaces which re-

sults from exposure under conditions inimical for
many algae, such as the shaded sites under docks
and rafts. The predominance of greens on ships
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may be due to several causes. Judging from studies
reviewed by Bengough and Shepheard (13), it is
at least in part a real feature of ship fouling. The
greens are conspicuous, however, and generally
congregated toward the water line in a well defined
band which is easily sampled. Aside from certain
browns like Ectocarpus, the other forms are more
readily overlooked. Wrecks and buoys have re-
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genus of algae, Ectocarpus. The low incidence of
kelps, Laminaria, on test surfaces and ships com-
pared to buoys and wrecks, is undoubtedly reaL.
The importance of kelp on the buoys and wrecks

is probably ascribable to the long, stationary ex-
posures. The large number of records of Laminaria
also reflects the north-temperate bias of investiga-
tion.

TABLE 4. Number of Entries of the Principal Genera of Diatoms from Various StructuresLight- TestShips ship Wrecks Buoys Floats Surfaces15 2 2 27 6 844 2 61 8 11 8
9
6

All 45 recorded genera
Synedra
Schizonema
Licmophora
Navicula
Nitzschia

Total
136

12
11
10
10

7

TABLE 5. Number of Entries for Algae Other Than Diatoms from Various Structures

Light-
Tests TotalShips ships Wrecks Buoys Floats Pipes

Blue-Green Algae
All 17 recorded genera 7 6 20 33
Lyngbya 1 5 6
C alothrix 1 3 4
OsciUatoria 1 3 4
Green Algae
All 37 recorded genera 35 4 27 98 8 36 209
Enteromorpha 12 1 5 18 1 12 49
Cladophora 7 1 6 16 1 6 37
Ulva 5 2 4 3 1 8 23
S olenia 2 17 19
Ulothrix 3 1 6
Brown Algae '
All 43 recorded genera 10 39 62 35 148
Ectocarpus 7 8 15 13 44
Laminaria 1 4 8 2 15
Dictyota 1 1 6 1 9
Sytosiphon 1 4 3 8
Red Algae

All 93 recorded genera 10 88 136 7 35 276
Polysiphonia 4 9 19 2 4 38
Ceramium 2 6 9 5 22
callithamnion 1 6 2 2 12
Dasya 9 2 12
Gracilaria 1 8 2 11

ceived the most detailed studies, particularly in
the reports of Lyle (80, 81, 82) and of Delabarre
(150), and the lists for them are long. Exposure
conditions wil be satisfactory as a rule on these
structures. Several of the more productive wrecks
were deep, however, which probably explains the
somewhat low incidence of greens.

Of the five important genera of greens, Solenia

and perhaps part of the Ulva listings are synonyms
of Enteromorpha, making the latter easily the most
often reported genus of algae. Enteromorpha, Cla-

dophora, Ulva, and Ulothrix all include conspicu-
ous species.
The browns include the second commonest

PROTOZOA

The group has received inadequate attention,
and little significance can be attached to the listed
data. In any complete census of prevalence of

fouling forms, protozoans should rank near the
top. Flagellates, Ciliates, and Suctoria are some-
times reported as occurring in slime fims, and in
fouling populations generally, but are seldom

identified. Many of the listed records are from
Hentschel's studies of test surfaces in nearly fresh
water at Hamburg (56). Foraminifera are common
at moderately great depths, and the 34 records

from cables are interesting in this respect. Fora-
minifera are noted occasionally in other fouling.
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PORIFERA

Sponges are not common in northern fouling,
although certain of the small, more primitive forms
are sometimes reported (Leucosolenia, Grantia,
Sycon). Reniera and Halichondria are the genera

listed most often. Sponges have been alleged to be
conspicuous fouling forms in the Suez CanaL. Only
a few of the species involved, however, can be as-
certained surely as fouling from the report on this
area by Burton (19). The relatively high number
of forms and entries for wrecks in Tables 2 and 3
are due principally to Grinbart's investigations in

the Black Sea (47), which also account for the
bulk of the Reniera records.

HYDROZOA

The hydroids lead, the list in number of forms

of the bryozoa in which their distribution is com-
pared with that of the hydroids.

The hydroid records appear to contain a number
of synonyms in addition to those mentioned above.
Some indication of these can be obtained from
Fraser (38, 39).

ACTINARIA

The anemones are infrequently reported, per-
haps due to the diffculties of identification. Speci-
mens were present on 54 per cent of the American
buoys, and in 25 per cent of the more than 2,000

individual samples collected, indicating that the
group is not uncommon in some fouling. Identifica-
tions are not yet available for these collections,

however. Listings for the anemones can be seen to
involve considerable synonymy. Metridium is the

TABLE 6. Numbers of Entries of the Chief Genera of Hydrozoa from Various Structures

Test
Light- Dock Sur-

Ships ships Wrecks Buoys Floats Cables Ropes Pipes Gates faces Total
All 66 recorded genera 88 6 16 200 13 32 9 3 2 53 422
Tubularia 19 2 2 16 2 1 11 53
Obelia 12 3 17 1 1 11 46
Campanularia 10 12 1 4 29
Eudendrium 5 12 3 2 23
Clytia 4 2 13 3 22
Plumularia 3 11 2 6 22
H alecium 3 1 1 13 18
Laomedea 4 2 2 5 2 1 18
Aglaophenia 2 8 3 2 15
S ertularia 1 10 1 1 1 14
Gonothyrea 2 1 2 1 2 3 11
SertulareUa 1 1 6 2 10
BougainviUia 5 3 1 9
Pennaria 3 3 2 9

and entries among the zoological groups into which
the list is divided.

Table 6 summarizes the main entries. Tubu-
laria and Obelia, the commonest genera, both in-
clude conspicuous species which cause important
fouling. Some of the records for Laomedea belong
with Obelia, and most of the rest are assignable to
Campanularia, the third most important genus.

Aglaophenia, which includes many tropical species,
would probably stand higher in a geographically
balanced list, as would several other genera.

The dominance of the list by hydroids is due
mainly to the data from buoys, there being 200

records including 171 forms. Of these, 96 forms are
reported by Deevey (150) from American buoys
alone. The very low incidence suggested for wrecks
is certainly a fiction due to inadequate study. The
somewhat low incidence for test surfaces, on the
other hand, is in accord with a great deal of ex-

perience, although diffcult to understand. For
further comment on this point, see the discussion

commonest genus, with 15 entries out of the total
of 25 for the group. Sagartia, with 5 entries, is be-
lieved to be a synonym of Diadumene, with 2

entries.

MADREPORARIA

The occurrence of fouling by corals often has
been doubted. The listings are definite evidence of
it,' and there are further reliable records of un-
identified forms on mines, nets, and other struc-
tures in the tropical Pacific. The 6 forms recorded

at Copenhagen by Bertelsen and Ussing (14) are
from a single vessel moored for a long period at
Bermuda.

BRYOZOA

Entries for the chief bryozoan genera are dis-
tributed as shown by Table 7. All well investigated
structures are represented. Bugula, with 61 entries,
is the dominant genus, and one of the commoner
of all fouling genera. Common erect types also in-



SPECIES RECORDED FROM FOULING

clude Scrupocellaria and Crisia. The encrusting
bryozoa are represented by a number of genera,
but the synonymies are suffciently confused so
that definite evaluations are almost impossible.

Membranipora, the name most often used for many
of these (29 entries), is in part synonymous with
Electra, Callopora, Tegella, Conopeum, Acantho-
desia, and Nichtina. The total entries for all these
membraniporoid forms are 48. Many of the other
names likewise are misleading.

The bryozoa are remarkable for their very low
incidence on buoys, as now known, and for their
relatively much higher incidence on test surfaces.
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more numerous on individual test panels than are
hydroids, whereas, for buoys as a group, hydroid
fouling is far more often the conspicuous element.
Hydroids were present in 85 per cent of the 2,000-
odd samples from 373 American buoys, while the
bryozoa were found in only 46 per cent. There
were few samples, moreover, in which bryozoans

were dominant, but many in which hydroids were
the chief forms present. Possibly successional phe-

nomena are involved, such that bryozoa are fa-
vored by the short exposures of test surfaces, and
hydroids by the longer times for which most buoys
are set.

TABLE 7. Numbers of Entries of the Chief Genera of Bryozoa from Various StructuresLight- Test
Ships ships Wrecks Buoys Floats Cables Pipes Surfaces TotalAll 58 recorded genera 75 2 18 22 14 22 1 129 283

Erect Jorms 

Bugula 15 7 3 3 32
ScrupoceUaria 7 1 4
Crisia 2 2 7

Encrusting forms
M embranipora 9 4 2 13
SchizoporeUa 5 1 1 10
Lepralia 7 5 1
Electra 1 7

Table 7 shows that the differences in distribution
of bryozoa on various structures are similar for
erect and membraniporoid types. Both groups of
bryozoa contrast markedly in distribution with the
hydroids, which many erect bryozoa (Bugula, etc.)
closely resemble in general habits of growth. The
number of entries for bryozoa and hydroids on
buoys, test surfaces, and the total for all structures
are as follows:

Hydroids
Bryozoa

Buoys
200

22

Test
Surfaces

53
129

Total, all
structures

422
283

In general, the distinction is supported by the fre-
quencies with which the two groups are observed

in large series of exposures. Bryozoa are much

61
13
12

29
18
14
9

ANNELIDA

The errant and sedentary polychaetes, Table 8,
are the only subgroups of Annelids of general in-
terest in marine fouling. All records for the oli-
gochaetes and leeches are from exposures in nearly
fresh water at Hamburg recorded by Hentschel
(56). Errant polychaetes are mostly free-living; the
sedentary polychaetes include most of the tube

worms.
N ereis is the common errant genus, followed by

the scale worms Lepidonotus and H armothoe. The
errants are most often reported from buoys, al-
though the 14 entries for wrecks are numerous con-
sidering the intensity of investigation. They are
less common on ships and test surfaces, probably

TABLE 8. Numbers of Entries of the Chief Gen~ra of Polychaeta from Various StructuresLight- Dock Test
Ships ships Wrecks Biwys Floats Ropes Gates Surfaces Total

Errant Polychaetes
All 26 recorded genera 10 3 14 21 4 2 18

Nereis ' 5 2 1 S 9
Lepidonotus 1 1 1 4 1
H armothoe 1 4 1

Sedentary Polychaetes
All 26 recorded genera 20 11 24 57

H ydroides 13 6 14
Pomatoceros 3 3 3
S pirorbis 2 9
Serpi¡la 2 7
Eupomatus 3 3
Dasychone 1 4

72

24 .
9
6

116

33
11
11
10

7
6
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because these do not so often accumulate the dense
fouling mats that seem to be the favored habitats
of many errant species. A few of the annelids
classified as errant build tubes, such as the genus
Eteone, 2 species of which have been found on test
surfaces.

Hydroides is the most often reported genus of

, tube worms. The four entries for H. hexagona, how-
ever, probably should be added to Eupomatus di-
anthus. Several widespread genera which are
locally important in fouling do not place high in
the list, among them Salmacina. The leading sed-
entary forms are the calcareous-tubed types

which are found particularly on hard substrates.
Parchment- or silt-tubed forms, such as Dasy-
chone, also attach and in some localities are not un-

Among goose barnacles, Lepas and Conchoderma
are mainly responsible for records from exposures
near the surface; while Scaipellum and M egalasma
account for most records from greater depths as
from cables. Lepas and Conchoderma, furthermore,
show a definite tendency to occur more often on
exposures away from shore. Ships have the largest
number of entries, buoys next, and only a few re-
ports mention either genus on test surfaces. These
observations probably reflect correctly the dis-
tributions found in nature.

Among the acorn barnacles, Balanus is the
dominant genus. Indeed, of all the organisms re-
sponsible for fouling it is the genus reported most
often.

The data in Table 9 show the greatest number

TABLE 9. Numbers of Entries of the Genera of Barnacles from Various Structures

Liglit- Dock Test
TotalShips ships Wrecks Biioys Floats Cables Gates Surfaces

Goose Barnacles
All 9 recorded genera 53 2 17 36 6 115

Lepas 28 9 3 42
conchoderma 23 6 3 32
ScaipeUum 24 25

M egalasma 9 9
H eteralepas 1 1 2

M iteUa 1 1 2

Oxynaspis 2 2

Anatifa 1 1

Poecilasma 1 1

Acorn Barnacles
All 5 recorded genera 88 4 6 42 2 4 2 65 213

Balanus 80 4 6 37 2 4 2 61 196

clitliamalus 3 1 3 7

T etraclita 4 2 (j

C helonibia 1 1 3

Verruca 1 1

common. The types which normally build tubes in
burrows in sand or mud, such as Arenicola and

Chaetopterus, are distinct rarities in fouling.

Although about equivalent numbers of errant
and sedentary forms, 44 and 55, are recorded from
fouling, the sedentary species are reported more
frequently, the total entries being 72 and 116. The
difference is most marked for test surfaces, for
which there are 57 sedentary entries but only 18

errant. Ships exhibit a similar, but less pronounced
difference between the two. The ability of the tube
worms to attach to unfouled surfaces, and their
formation of firmly adherent tubes, are possible

reasons for these differences between the errant
and sedentary forms.

BARNACLES

Table 9 gives the complete data for the distribu-
tion of the entries of the genera of barnacles among
various types of structures.

of acorn barnacle entries for ships, with somewhat
smaller numbers for test surfaces and buoys. This
probably is related largely to the number of reports
dealing with each type of structure (see Table 1).
Acorn barnacles are often the chief forms present
on ships and test panels, but in comparing the

numbers of barnacle entries with those of other
groups on these structures it should be remem-
bered that the barnacles are frequently the only

forms identified suffciently to be included in the
list, so far as panel and ship fouling is concerned.

The acorn barnacles exhibit considerable spe-
Óalization of habitat. Balanus is the only wide-

spread genus common on hard substrates in wa-
ters of shallow and moderate depth, so that its
outstanding importance among the genera of
barnacles occurring in fouling is 'not surprising.
Chthamalus is principally intertidal, and most spe-
cies are markedly restricted geographically. Tetra-
cZita comprises shallow water forms as well as inter-
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tidal species, but most species are restricted to
Philppine and Malayan waters. Verruca is typi-
cally a deep water genus, and Chelonibia is limited
chiefly to turtles. A casta, found embedded in
sponges, Coronula, Cryptolepas, Xenobalanus, and
other of the whale and turtle barnacles, and Pyr-
goma and Creusia, patial to corals, are among the
genera unrepresented in fouling. Fouling records
for Octomeris and some other minor genera may be
forthcoming when adequate data are available for
the particular regions in which they are found.
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fied for swimming. They are common on buoys in
American waters, particularly south of Cape Hat-
teras (79). Orton has recovered Peruvian crabs

from ships docking in London (108) ,indicating
that such forms are not always washed off active
ships, and that individual specimens may remain
for a considerable time in a particular fouling com-
munity.

MOLLUSKS

Table 11 summarizes the distribution of the

TABLE 10. Number of Entries of Amphipods, Isopods and Decapods from Various Structures

Light- Test
Ships ships Wrecks Buoy s Floats Cables Surfaces TotalAmphipods

All 31 recorded genera 11 2 4 50 2 4 21 94

Isopoda
All 13 recorded genera 3 19 4 27

Decapods
All 40 recorded genera 6 3 7 50 2 2 26 96

AMPHIPODS, ISOPODS, AND DECAPODS

These forms are recorded in greater variety and
with greater frequency from buoys than other
structures. (See Table 10.) This probably reflects
a real difference in their occurrence, at least as be-
tween buoys, ships, and test surfaces. The differ-
ence may be ascribed to the long, stationary ex-
posures of buoys which permit the heavy mats of
fouling in which these forms live.

Caprella, the most often reported genus of am-
phipods with 16 entries, is commonly associated

with hydroids. Corophium, represented by 13 en-

tries, is the next most frequent amphipod genus.
The decapod representation is dominated by

the xanthid crabs, including not only Pilumnus,

the most freq~ently recorded genus (13 entries),
but the panopeoid genera also. These are all crawl-
ing forms, which do not have the pleiopods modi-

records for the chief genera of pelecypods, together
with the totals for nudibranchs and for other gas-
tropods exclusive of pteropods.

Regarding the relative significance of fouling by
pelecypods on different structures, the data are
very misleading. General experience indicates
that the group is among the most important for
buoys, and less so for test surfaces and ships, in
that order. The greatest number of entries, 77,
however, is for test surfaces while the number for
ships also outranks that for buoys. The pelecypod
entries for test surfaces, moreover, outnumber
those of any other animal group except bryozoa on
these units, the acorn barnacles and the tunicates
each providing 65 and 70 entries respectively. The
relatively large number of species of pelecypods
which take part in fouling, and the differences in
intensity of investigation of the various structures,

TABLE 11. Number of Entries of the Genera of Mollusca from Various Structures

Light- Dock TestShips ships Wrecks Buoys Floats Cables Pipes Gates Surfaces TotalPelecypods
All 48 recorded genera 46 2 15 34 2 19 8 77 204

M ytiliis 13 2 2 9 2 1 3 19 52Ostrea 9 1 2 2 14 28Anomia 8 1 5 2 9 25Pecten 2 4 3 6 16Saxicava 1 2 3 6Mya 1 1 4 6M odÙ..ius 2 1 2 5

Nudibranchs
All 24 recorded genera 2 16 14 14 47

Other Gastropods
All 50 recorded genera 4 9 18 6 28 65
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apparently combine in giving a somewhat dis-
torted impression of the importance of pelecypod
fouling when estimated only from the number of
entries. Many of the test surface and ship records
refer to species which were not common. The pele-
cypods from the American buoys have not been

identified except for a few of special interest, fur- .
thermore, which is undoubtedly the chief reason
the buoy figures appear low compared to those for
some other groups.

The pelecypods which are listed most frequently
in fouling have adults with byssus attachments or
shells cemented directly to the substrate. Exam-
ples of the first include mussels such as Mytilus, .

species. The number of entries for floats is also
very large compared to those for other groups, but
this arises largely from the fact that a high propor-
tion of the fouling records in Van Name's mono-
graph (144) are from floats.

The chief genera of tunicates do not exhibit such
striking differences in prevalence on different
structures as do those of many other groups. No
particular explanation of this can be advanced. Of
the genera in Table 12, Botryllus, Didemnum, and
Botrylloides are encrusting colonial types, while the
rest are simple. Phallusia is synonymous with
Ascidia, and the entries for these genera should be
combined in estimating frequencies of occurrence.

TABLE 12. Number of Entries of the Chief Genera of Tunicates from Various Structures
Dock Test

Ships Wrecks Bu.oys Floats Cables Pipes Gates Surfaces Total

All 35 recorded genera 31 7 76 32 1 1 3 70 221

Botryllus 7 9 4 1 4 25
M olgula 5 8 1 7 22
Styela 2 5. 4 11 22

Ciona 5 1 4 3 4 17

Ascidia 1 1 5 3 5 15

Ascidiella 5 3 3 1 2 15

Didemnitm 1 5 2 5 13

Diplosoma 3 2 2 4 11

Botrylloides 1 2 6 10

Modiolus, Modiolaria, Brachidontes, and Botula,
all belonging to the family Mytildae, as well as
some closely related forms like Anomia, Pteria,
and Pecten latiauritus. The oysters (Ostrea) are the
most conspicuous examples of the second type.

The nudibranchs and other gastropods are re-
markable in that there are no special genera promi-
nently associated with fouling. The very low inci-
dence of both on ships is probably reaL. Relative
to other groups, their occurrence on other struc-

tures also is infrequently recorded, but this may be
partly because gastropods are ignored in many in-
vestigations. Eggs of these forms may be expected
to be present much more often than reported.

TUNICATES

.Data for the distribution of the chief genera of

tunicates are given in Table 12.

The low frequency of records from ships, com-
pared to buoys and test surfaces, probably rep-
resents a real characteristic of their occurrence.

Tunicates are seldom dominant on ships unless
these have been moored for long periods, but are
quite common on buoys and test surfaces, particu-
larly when exposed in harbor waters. The larger
number of entries from buoys and test surfaces is
due chiefly to the greater variety of forms reported,
rather than to marked prevalence of one or two

Van Name (144) should be consulted for other
synonyms.

APPENDIX: LIST OF SPECIES RECORDED
FROM FOULING

The following list shows for each species reported the
types of structures on which it has been found and the
references for the occurrences.

An alphabetical list of references follows to which is
added an index showing all the items dealing with each
type of structure.

PLANT KINGDOM
Bacteria
Achromobacter aquamarinus

TEST SURFACES: ZoBell & Upham (153).
Achromobacter -marinoglutinosus

TEST SURFACES: ZoBell & Allen (152).

Achromobacter mem.branoformis
TEST SURFACES: ZoBell & Allen (152).

A chromobaGter stationis
TEST SURFACES: ZoBell & Upham (153).

Bacillus subtilis
TEST SURFACES: Herpin & Duliscouet (61).

Bacterium albolactus
TEST SURFACES: Hilen (63); Angst (4).

Bacterium atlerimus
TEST SURFACES: Hilen (62).

Bacterium GÍrcitmlaus
TEST SURACES: Hilen (62).

Bacterium globigii
TEST SURFACES: Angst (4).

Bacterium graviolens
TEST SURFACES: Angst (4).

Bacterium mycoides
TEST SURACES: Hilen (63).
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Bacterium panis
TEST SURFACES: Hilen (63).

Bacterium ruminatii
TEST SURFACES: Hilen (63).

Bacterium simplex
TEST SURFACES: Angst (4).

Bacterium sociovivum
TEST SURFACES: ZoBell & Upham (153).

Bacterium subtilis
TEST SURFACES: Hilen (62); Angst (4).

Bacterium vulgatus
TEST SURFACES: Angst (4).

Chlam.ydothrix ochracea
TEST SURFACES: Hentschel (56).

Cladothrix dichotoma
TEST SURFACES: Hentschel (56).

Clonoihrix fusca
TEST SURFACES: Hentschel (56).

Crenothrix polyspora
TEST SURFACES: Hentschel (56).

Flavobacterium amocontactus

TEST SURACES: ZoBell & Allen (152).
Micrococcus maripuniceus

TEST SURFACES: ZoBell & Upham (153).
Micrococcus sedentarius

TEST SURFACES: ZoBell & Upham (153).
Micrococcus sedimenteus

TEST SURFACES: ZoBell & Upham (153).
Pseudomonas coenobios

TEST SURFACES: ZoBell & Upham (153).
Pseudomonas membranula

TEST SURFACES: ZoBell & Upham (153).
Pseudomonas periphyta

TEST SURFACES: ZoBell & Upham (153).
Pseudomonas sessilis

TEST SURFACES: ZoBell & Upham (153).
Pseudomonas stereotropis

TEST SURFACES: ZoBell & Upham (153).
Sarcina sp:

TEST SURFACES: Hilen (62).

Sarcina alba

TEST SURFACES: Hilen (62) (63).

Sarcina aurantiacus
TEST i;URFACES: Hilen (63).

Sarcina rosea

TEST SURFACES: Hilen (63).

Sarcina "X"
TEST SURFACES: Angst (4).

Sarcina "Y"
TEST SURFACES: Angst (4).

Siderocapsa treubii
TEST SURFACES: Hentschèl (56).

Septonema aquatile
SHIPS: Djakonoff (30).

Oomycetes (Fungi)
Alternaria maritima

TEST SURFACES: Barghoorn & Linder (9).
Amphisphaeria maritima

TEST SURFACES: Barghoorn & Linder (9).
ceriosporopsis halima

TEST SURFACES: Barghoorn & Linder (9).
H aiophiobolus longirostris

TEST SURFACES: Barghoorn & Linder (9).
H alophioboliis salin'us

TEST SURACES: Barghoorn & Linder (9).
H alosphaeria appendiculata

TEST SURFACES: Barghoorn & Linder (9).
H elicoma maritimum

TEST SURFACES: Barghoorn & Linder (9).
H elicoma salinum

TEST SURFACES: Barghoorn & Linder (9).
Lentecospora submarina

TEST SURFACES: Barghoorn & Linder (9).
Peritrichospora integra

TEST SURFACES: Barghoorn & Linder (9).
Phoma naviiim

SHIPS: Djakonoff (30).

Remispora maritima
TEST SURFACES: Barghoorn & Linder (9).

Saprolegnia sp.
TEST SURFACES: Hentschel (56).

Algae
DIATOMACEAE (DIATOMS)

Achnanthes sp.
SHIPS: Bengough & Shepheard (13).
TEST SURFACES: Wharton (149); Bengough & Shepheard (13).

A chnanthes longipes
BUOYS: Kirchenpauer (72).
TEST SURFACES,: Coe & Allen (28).

Actinoptychus iindulatus
TEST SURACES: Coe & Allen (28).

Amphiprora alata
TEST SURFACES: Coe & Allen (28).

Amphora sp.
TEST SURFACES: Coe & Allen (28); Wharton (149).

Amphora bigibba
TEST SURACES: Coe & Allen (28).

Amphora decussata
TEST SURFACES: Coe & Allen (28).

Asteromphalits heptactis
TEST SURFACES: Coe & Allen (28).

Bacillaria sp.

TEST SURFACES: Wharton (149).
Biddulphia aurita

TEST SURFACES: Coe & Allen (28).
Biddulphia pulchella

TEST SURACES: Coe & Allen (28).
Campylodiscus thuretii

TEST SURFACES: Coe & Alen (28).
climacosphenia moniligera

TEST SURFACES: Coe & Allen (28).

cocconeis costt/ta
TEST SURFACES: Coe & Allen (28).

cocconeis dirupta

TEST SURFACES: Coe & Allen (28).

C occoneis pediculus

SHIPS: Djakonoff (30).
Cocconeis placentula

SHIPS: Djakonoff (30)
TEST SURFACES: Coe & Allen (28).

Cocconeis scutellum

TEST SURFACES: Coe & Allen (28).

cocconema cymbiforme
BUOYS: Kirchenpauer (72).

Corethron sp..
TEST SURFACES: Waksman, Phelps, & Hotchkiss (147),

coscinodiscus sp.
TEST SURFACES: Wharton (149).

coscinodiscus nitidus
TEST SURFACES: Coe & Allen (28).

cymbella prostrata
SHIPS: Djakonoff (30).

Diatoma sp.
SHIPS: Djakonoff (30).

TEST SURFACES: Hentschel (56).

Diatoma hyalinum
BUOYS: Kirchenpauer (72).

Diatoma vitreum
BUOYS: Kirchenpauer (72).

Diatoma i'ulgare
SHIPS: Djakonoff (30).

Dimerogramma dubium
TEST SURFACES: Coe & Allen (28).

Dimerogramma minor nana
TEST SURFACES: Coe & Allen (28).

Diploneis bombus
TEST SURFACES: Coe & Allen (28).

Eunotogramma debiZe
TEST SURFACES: Coe & Allen (28).

Pragilaria sp.

SHlPS: Bengough & Shepheard (13).
TEST SURFACES: Coe & Allen (28); Bengough & Shepheard (13);

Fuller (42).

Fragilaria hyalina

TEST SURFACES: Coe & Allen (28),
Frustulia nidulous ' .

BUOYS: Kirchenpauer (72).
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Gomphonema sp.
TEST SURFACES: Hentschel (56).

Gomphonema intricatum vibrio
SHIPS: Djakonoff (30).

Gomphonema lanceolatum insignis
SHIPS: Djakonoff (30).

Gomphonema olivaceum
SHIPS: Djakonoff (30).

Gramniatophora sp.
TEST SURFACES: Waksman, Phelps, & Hotchkiss (147).

Grammatophora angulosa
TEST SURFACES: Coe & Allen (28).

Grammatophora marina
LIGHTSHIPS: Kirchenpauer (72).

BUOYS: Kirchenpauer (72).
FLOATS: J. H. Fraser (40),

TEST SURFACES: Coe & Allen (28).

H omoeocladia germanica
SHIPS: Djakonoff (30).

H yalosira delicatula

BUOYS: Kirchenpauer (72).

Licmopliora sp.
WRECKS: Herpin (59).
FLOATS: Scheer (130).
TEST SURFACES: Cóe & Allen (28); Miyazaki (90); Scheer (130).

Licmophora abbreviata
TEST SURFACES: Coe & Allen (28).

Licmo phora californica
TEST SURFACES: Coe & Allen (28).

Licmophora debilis
TEST SURFACES: Coe & Allen (28).

Licmophora ehrenbergii
TEST SURFACES: Coe & Allen (28).

Licmophora flabeUata
TEST SURFACES: Coe & Allen (28).

M astogloi:i sp.
TEST SURFACES: Coe & Allen (28),

Melosira sp.
TEST SURFACES: Wharton (149).

Melosira moniliformis
TEST SURFACES: Miyazaki (90).

Melosira nummuloides
FLOATS: J. H. Fraser (40).

Melosira salina
BUOYS: Kirchenpauer (72).

Melosira varians
SHIPS: Djakonoff (30).

M icromega rainosissimum
BUOYS: Kirchenpauer (72).

NaitÏula sp.
SHIPS: Djakonoff (30).
TEST SURFACES: Coe & Allen (28); Miyazaki (90).

Navicula arenaria
TEST SURACES: Coe & Allen (28).

Navicila complanata
TEST SURFACES: Coe & Allen (28).

Navicula funiculata

TEST SURFACES: Coe & Allen (28).

Navicula greviUei

TEST SURFACES: Coe & Allen (28).

Navicula inflexa
TEST SURFACES: Coe & Allen (28).

Navicula lyra
TEST SURFACES: Coe & Allen (28).

Navicula ramocissima
TEST SURFACES: Nelson & Kodet (93).

Nitzschia sp.
TEST SURFACES: Coe & Allen (28); Waksman, Phelps, & Hotch-
kiss (147).

Nitzschia bilobata minor
TEST SURFACES: Coe & Allen (28).

Nitzschia closterium

TEST SURFACES: Coe & Allen (28).

Nitzschia longissima
TEST SURFACES: Coe & Allen (28).

Nitzschia sigma
FLOATS: J. H. Fraser (40).

Nitzschia sigma intercedens
TEST SURACES: Coe & Allen (28).

Opephora pacifica
TEST SURFACES: Coe & Allen (28).

Pleurosigma sp.
TEST SURFACES: Coe & Allen (28).

Pleurosigma affne
TEST SURFACES: Coe & Allen (28).

Plei/rosigma ibericum
TEST SURFACES: Coe & Allen (28).

Pleurosigma intermedium nubecida
TEST SURFACES: Coe & Allen (28).

Podosphenia gracilis
LIGHTSHIPS: Kirchenpauer (72).
BUOYS: Kirchenpauer (72).

Podosphenia hyalin a
BUOYS: Kirchenpauer (72).

Psei/doeunotia doliolus
TEST SURFACES: Coe & Allen (28).

Raphoneis surireUa
TEST SURFACES: Coe & Allen (28).

Rhabdonema adriaticum
TEST SURFACES: Coe & Allen (28).

Rhabdonema minutum
TEST SURFACES: Coe & Allen (28).

Rhipidophora crystaUina
BUOYS: Kirchenpauer (72).

Rhipidophora elongata
BUOYS: Kirchenpauer (72).

Rhipidophora oceanica flabellata
BUOYS: Kirchenpauer (72).

Rhipidophora oedipus
BUOYS: Kirchenpauer (72).

Rhoic,Osphenia sp.
TEST SURFACES: Hentschel (56).

Rhoicosphenia curvata
SHIPS: Djakonoff (30).

Schizonema sp.
SHIPS: Bengough & Shepheard (13).
WRCKS: Herpin (59).
TEST SURFACES: Bengough & Shepheard (13).

Schizonema araneosum
BUOYS: Kirchenpauer (72).

Schizonema bryopsis
BUOYS: Kirchenpauer (72).

Schizonema capitaium
BUOYS: Kirchenpauer (72).

Schizonema humile
BUOYS: Kirchenpauer (72).

Schizonema rutilans
BUOYS: Kirchenpauer (72).

Schizonema sordiditm
BUOYS: Kirchenpauer (72).

Schizonema teneUum
BUOYS: Kirchenpauer (72).

Schizonema viride
BUOYS: Kirchenpauer (72).

StriateUa delicatula
TEST SURFACES: Coe & Allen (281.

StriateUa unipunctata
TEST SURFACES: Coe & Allen (28)

SurireUa sp.
TEST SURFACES: Coe & Allen (28).

Synedra sp.
TEST SURFACES: Coe & Allen (28); Waksman, Phelps, & Hotch-
kiss (147).

Synedra affnis
BUOYS: Kirchenpauer (72).
FLOATS: J. H. Fraser (40).

TEST SURFACES: Lignau (78).

Synedra coronata
BUOYS: Kirchenpauer (72).

Synedra fasciculata

BUOYS: Kirchenpauer (72).

Synedra fulgens
TEST SURFACES: Coe & Allen (28).

Synedra gracilis
BUOYS: Kirchenpauer (72).

Synedra tabulata
FLOATS: J. H. Fraser (40).

Synedra ulna
TEST SURFACES: Hentschel (56).

Synedra u,ndulata
TEST SURFACES: Coe & Allen (28).
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, Thalassionema sp.
TEST SURFACES: Waksman, Phelps, & Hotchkiss (147).

Triceratium alternans
TEST SURFACES: Coe & Allen (28).

Tropidoneis sp.
TEST SURFACES: Coe & Allen (28).

MYXOPHYCEAE (BLUE-GREEN ALGAE)

Bonnemaisonia asparagoides
WRECKS: Lyle (81).

calothrix aeruginea

BUOYS: Delabarre (150).
calothrix braunii

SHIPS: Djakonoff (30).
Calothrix confervicola

BUOYS: Delabarre (150).
calothrix scopulorum

BUOYS: Delabarre (150).
chroococcus membraninus

BUOYS: Delabarre (150).
Dermocarpa leibleiniae

WRCKS: Lyle (81).
Dermocarpa prasina

BUOYS: Delabarre (150).
Dichothrix olivcJcea

BUOYS: Delabarre (150).
Gomontia polyrhiza

WRECKS: Lyle (81).
Hydrocoelum lyngbyaceum

BUOYS: Delabarre (150).
H yeUa caespitosa

WRCKS: Lyle (81).
Lyngbya sp.

BUOYS: Delabarre (150).
Lyngbya confervoides

BUOYS: Delabarre (150).
Lyngbya hyalina

BUOYS: Delabarre (150).
Lyngbya majuscula

BUOYS: Delabarre (150).
L;yngbya rosea

BUOYS: Delabarre (150).
Lyngbya aerungineo-coerulea

SHIPS: Djakonoff (30).

Nodularia sp.
BUOYS: Delabarre (150).

OsciUatoria sp.
BUOYS: Delabarre (150).

OsciUatoria coraUinae
BUOYS: Delabarre (150).

Oscillatoria laetevrens
SHIPS: Visscher (146).

BUOYS: Delabarre (150).
Phormidium favosum

SHIPS: Djakonoff (30).

Phormidium moUe
SHIPS: Djakonoff (30).

Phormidium retzii
SHIPS: Djakonoff (30).

Pleurocapsa jtuviatilis
SHIPS: Djakonoff (30).

Scytonema sp.
BUOYS: Delabarre (150).

S pirulina subsala

BUOYS: Delabarre (150).
S pirulina subtilissima

BUOYS: Delabarre (150).

S piriZina tenuissima
WRCKS: Lyle (81).

Symploca hydnoides
WRCKS: Lyle (81).

Trichodesmium sp.
BUOYS: Delabarre (150).

CHLOROPHYCEAE (GREEN ALGAE)

A cetabularia crenulata
BUOYS: Delabarre (150).
FLOATS: Pomerat (120).
TEST SURACES: Pomerat (120).
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A nadyomene steUata
BUOYS: Delabarre (150).

Batophora oerstedi occidentalis
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120),

Bryopsis hypnoides
BUOYS: Delabarre (150).

Bryopsis muscosa
WRCKS: Lyle (80).

Bryopsis pennata
BUOYS: Delabarre (150).

Bryopsis plumosa
WRCKS: Lyle (81).
BUOYS: Delabarre (150).
TEST SURFACES: Miyazaki (90).

capsosiphon fulvescens
TEST SURACES: Fuller (42).

caulerpa sp..
BUOYS: Delabarre (150).

caulerpa capressoides

BUOYS: Delabarre (150).
Caulerpa crassifolia

BUOYS: Delabarre (150).
Caulerpa racemosa

BUOYS: Delabarre (150).
caulerpa verticillata

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Chaetomorpha aerea
SHIPS: Paspaleff (113).

Chaetomorpha brachygona
BUOYS: Delabarre (150).

Cliaetomorpha cannabina
BUOYS: Delabarre (150).

Chaetomorpha fibrosa
SHIPS: Hentschel (57).

Chaetomorpha gracilis
BUOYS: Delabarre (150).

Cladophora sp.
SHIPS: Hentschel (57); Visscher (146); Neu (94); Bengough &
Shepheard (13).
LIGHTSHIPS: N eu (96).

BUOYS: Kirchenpauer (72); Delabarre (150).
FLOATS: Bengough & Shepheard (13).
TEST SURFACES: Hentschel (56); Miyazaki (90); Wharton (149);
Fuller (43); Scheer (130). '

Cladophora albida
BUOYS: Delabarre (150).

Cladophora arcta
WRCKS: Lyle (81).

Cladophora crispata
SHIPS: Djakonoff (30).

Cladophora crysiaUina
BUOYS: Delabarre (150).

Cladophora fasciciilaris
BUOYS: Delabarre (150).

Cladophora fiiliginosa
BUOYS: Delabarre (150).

Cladophora glaucescens
BUOYS: Delabarre (150).

Cladophora glomerata
SHIPS: Djakonoff (30).

Cladophora glomerata marina
SHIPS: Paspaleff (113).

Cladophora gracilis
WRCKS: Lyle (81).
BUOYS: Delabarre (150).

Cladophora hutchinsiae
BUOYS: Delabarre (150).

Cladophora lanosa
WRCKS: Lyle (81).

Cladophora luteola
BUOYS: Delabarre (150).

Cladophora nitida
BUOYS: Delabarre (150).

Cladophora polyacantha
BUOYS: Delabarre (150).

Cladophora prolifera
BUOYS: Delabarre (150).

Cladophora repens
BUOYS: Delabarre (150).
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Cladophora l'upestris
WRCKS: Lyle (80) (81).
BUOYS: Delabarre (ISO).
TEST SURFACES: Fuller (42).

Cladophora sericea
WRECKS: Lyle (81).

Cladophora virgatula
BUOYS: Delabarre (ISO).

Cladophoropsis membranacea,

BUOYS: Delabarre (ISO).
Codium isthmocladum

BUOYS: Delabarre (ISO).
Codiuni mucronatum

WRECKS: Lyle (81).
Codiiim tomentosum

BUOYS: Delabarre (ISO).
Conferva sp.

BUOYS: Kirchenpauer (72).
Conferva flacca

BUOYS: Kirchenpauer (72).

Cosmarium sociale
SHIPS: Djakonoff (30).

Dasycladus vermicularis
BUOYS: Delabarre (ISO).

Derbesia sp.
BUOYS: Delabarre (ISO).

Derbesia fastigiata

BUOYS: Delabarre (ISO).

Derbesia laniourouxii
BUOYS: Lyle (82); Delabarre (ISO).

Derbesia tenitissima
WRECKS: Lyle (80).

Derbesia turbinata
BUOYS: Delabarre (ISO).

Dictyosphaera sp.
BUOYS: Delabarre (ISO).

Endoderma viride
WRECKS: Lyle (81).

Enteromorpha sp.
SHIPS: Hentschel (58); Visscher (I46); Bengough & Shepheard
(I3).
BUOYS: J. H. Fraser (40); Gray (46); Delabarre (ISO).

TEST SURFACES: Hentschel (58); Saito (I2f)); Miyazaki (90);

Wharton (I49); Richards (I25); Nelson & Kodet (93); Scheer
(I30); Graham & Gay (44).

Enteromorpha chaetomorphoides
SHIPS: Visscher (I46).

Enteromorpha clathrata
BUOYS: Delabarre (ISO).

Enteromorpha compressa
SHIPS: Paspaleff (I13).

LIGHTSHIPS: Neu (96).
WRECKS: Lyle (80) (81).

BUOYS: Nienburg (99); Delabarre (ISO).

Enterrmorpha erecta
BUOYS: Delabarre (ISO).

Enteromorpha flexuosa
SHIPS: Lyle (82).

BUOYS: Delabarre (ISO).
FLOATS: Pomerat (I20).

Enteromorpha intestinalis
SHIPS: Hentschel (57); Visscher (I46); Orton (I08); Masseile

(85).
WRCKS: Lyle (81).
BUOYS: Orton (I08); Milne (88); Delabarre (ISO).

TEST SURFACES: Miyazaki (90); Orton (I08).
Enteromorpha linza

WRECKS: Lyle (81).
BUOYS: Delabarre (150).

TEST SURFACES: Miyazaki (90).
Enteromorpha marginalis

SHIPS: Visscher (I46).

Enteromorpha marginata
BUOYS: Delabarre (ISO).

Enteromorpha minima
WRCKS: Lyle (81).

Enteromorpha plumosa
BUOYS: Delabarre (ISO). .

Enteromorpha prolifera
BUOYS: Delabarre (ISO).

TEST SURFACES: Miyazaki (90).

Enteromorplia salina
BUOYS: Delabarre (ISO).

Enteromorpha torta
SHIPS: Visscher (I46).

BUOYS: Milne (88); Delabarre (ISO).

Ernodesmis verticillaia
BUOYS: Delabarre (ISO).

Halicystis sp.
BUOYS: Delabarre (ISO).

Halimeda discoidea
BUOYS: Delabarre (ISO).

Halimeda simulans
BUOYS: Delabarre (ISO).

H ormotrichium collabens
BUOYS: Kirchenpauer (72).

Hormotrichium isogonuni
BUOYS: Kirchenpauer (72).

Hormotrichium youngianum
BUOYS: Kirchenpauer (72).

Ilea sp.

BUOYS: Gray (46).
Ilea fascia

TEST SURFACES: Coe (27); Coe & Allen (28).
Monostroma sp.

TEST SURFACES: Miyazaki (90).

M onostroma fuscum
WRCKS: Lyle (81).

M onostroma greviUei
WRCKS: Lyle (81).

M ougeotia sp.
SHIPS: Djakonoff (30).

N eomeris annulata
BUOYS: Delabarre (ISO).

Oedogoniumsp.
SHIPS: Djakonoff (30).

Oedogonium capiUare
BUOYS: Kirchenpauer (72).

Ostreobium quekettii
WRCKS: Lyle (81).

Protococcus marina
WRECKS: Lyle (81).

Rhizoclonium arenosum
WRCKS: Lyle (81).

Rhizoclonium implexiim
BUOYS: Kirchenpauer (72).

Rhizoclonium interruptum
BUOYS: Kirchenpauer (72).

Rhizoclonium riparium
WRCKS: Lyle (81).

Schizogonium sp.
BUOYS: Kirchenpauer (72).

Solenia aureola

BUOYS: Kirchenpauer (72).

Solenia clathrata
BUOYS: Kirchenpauer (72).

Solenia clathrata uncinata
BUOYS: Kirchenpauer (72).

Solenia complanata
BUOYS: Kirchenpauer (72).

Solenia compressa
BUOYS: Kirchenpauer (72).

Solenid compressa prolifera
BUOYS: Kirchenpauer (72).

S olenia gigantea
BUOYS: Kirchenpauer (72).

Solenia intestinalis
LIGHTSHIPS: Kirchenpauer (72).
BUOYS: Kirchenpauer (72).

Solenia intestinalis compressa
BUOYS: Kirchenpauer (72).

Solenia intestinalis cornucopiae
BUOYS: Kirchenpauer (72).

Solenia intestinalis mesenteriformis
BUOYS: Kirchenpauer (72).

Solenia linza
BUOYS: Kirchenpauer (72).

Solenia linza augusta
BUOYS: Kirchenpauer (72).

Solenia linza genuinea
BUOYS: Kirchenpauer (72).
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Solenia linza lanceolata

BUOYS: Kirchenpauer (72).

Solenia linza spiralis
BUOYS: Kirchenpauer (72).

Solenia olivacea

LIGHTSHIPS: Kirchenpauer (72).
BUOYS: Kirchenpauer (72).

Spongomorpha arcta
BUOYS: Delabarre (150).

Spongomorpha spinescens
BUOYS: Delabarre (150).

Stigeoclonium sp.
SHIPS: Hentschel (57).

Stigeocloniiim tenue
SHIPS: Djakonoff (30).

Uloihrix sp.
SHIPS: Bengough & Shepheard (13).
TEST SURACES: Bengough & Shepheard (13).

Ulothrix flacca

SHIPS: Visscher (146).

WRCKS: Herpin (59).
BUOYS: Delabarre (150).

Ulothrix zonata
SHIPS: Djakonoff (30).

Ulva sp.
SHIPS: Hentschel (57); Neu (94); Bengough & Shepheard (13).
FLOATS: Bengough & Shepheard (13).
TEST SURFACES: Iredale, Johnson, & McNeil (67); Johnson,
McNeil, & Iredale (71); Johnson & McNeil (70); Wharton
(149).

Ulva lactuca
SHIPS: Visscher (146); Paspaleff (113).

WRCKS: Lyle (81).
BUOYS: Milne (88); Delabarre (150).

FLOATS: Fuller' (42).
TEST SURFACES: Fuller (42).

Ulva lactuca latissima
WRCKS: Lyle (80).

Ulva lactuca rigida
FLOATS: Pomerat (120).

Ulva latissima
PIPES: Dobson (31).
TEST SURFACES: Orton (108).

Ulva linza
BUOYS: Milne (88).

Ulva pertusa

TEST SURFACES: Saito (129); Miyazaki (90).

Valonia macrophysa
BUOYS: Delabarre (150).

Valonia ventricosa
BUOYS: Delabarre (150).

Vaucheria sp.
SHIPS: Visscher (146).

WRECKS: Lyle (81); Herpin (59).

;BUOYS: Delabarre (150).
TEST SURFACES: Graham & Gay (44).

Vaucheria littorea
BUOYS: Kirchenpauer (72).

PHAEOPHYCEAE (BROWN ALGAE)

A cinetospora pusiUa
WRCKS: Lyle (81).

Agarum cribrosum
BUOYS: Delabarre (150).

A laria esculenta

WRCKS: Lyle (81).
BUOYS: Delabarre (150).

AscophyUum nodosum
WRCKS: Herpin (59).
BUOYS: Milne (88).

A sperococcus echinatus

WRCKS: Lyle (81).
BUOYS: Delabarre (150).

Castagnea howei
BUOYS: Delabarre (150).

Chorda filum

BUOYS: Delabarre (150).
Chordaria flagelliformis

WRECKS: Lyle (81).

BUOYS: D~labarre (150).
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Colpomenia sinuosa
TEST SURACES: Coe (27); Coe & Allen (28).

Desmarestia aculeata
WRCKS: Lyle (81).

Desmarestia viridis
TEST SURFACES: Miyazaki (90).

Dictyopteris sp.
BUOYS: Delabarre (150).

Dictyopteris polypodiodes

BUOYS: Delabarre (150).
Dictyosiphon foeniculaceus

LIGHTSHIPS: N eu (96).
WRECKS: Lyle (81).

Dictyota sp.
SHIPS: Bengough & Shepheard (13).
BUOYS: Delabarre (150).
TEST SURFACES: Bengough & Shepheard (13).

Dictyota bartayresii
BUOYS: Delabarre (150).

Dictyota cervicornis
BUOYS: Delabarre (150).

Dictyota dicholoma
WRECKS: Lyle (81).
BUOYS: Delabarre (150).

Dictyota divaricata
BUOYS: Delabarre (150).

Dictyota pardalis
BUOYS: Delabarre (150).

Ectocarpus sp.
SHIPS: Visscher (146); Paspaleff (113); Bengough & Shepheard
(13).
WRCKS: Herpin (59).
BUOYS: Gray (46); Delabarre (150).
FLOATS: Scheer (130).
TEST SURFACES: Johnson, McNeil, & Iredale (71); Johnson &
McNeil (70); Scheer (130); Graham & Gay (44).

Ectocarpiis arctus

SHIPS: Paspaleff (113).

Ectocarpus confervoides
SHIPS: Hentschel (57); PaspaJeff (I13).

WRCKS: Lyle (81).
BUOYS: Gray (46); Delabarre (150).
TEST SURFACES: Coe (27); Coe & Allen (28).

Ectocarpus cylindricus
TEST SURFACES: Coe (27); Coe & Allen (28).

Ectocarpus diichassaignianus
BUOYS: Delabarre (150).

Ectocarpus fasciciilatus
WRCKS: Lyle (81).

Ectocarpus ferrugineus

BUOYS: Kirchenpauer (72).

Ectocarpus gracillimus
BUOYS: Kirchenpauer (72).

Ectocarpus granulosus

WRCKS: Lyle (81).
BUOYS: Delabarre (150).
TEST SURFACES: Coe (27); Coe & Allen (28).

Ectocarpus granulosoides
TEST SURFACES: Scheer (130).

Ectocarpus hincksiae
WRCKS: Lyle (81).

Ectocarpus irregularis
SHIPS: Paspaleff (113).

Ectocarpus liUoralis
BUOYS: Kirchenpauer (72).

Ectocarpus mitcheUae

TEST SURFACES: Coe (27); Coe & Allen (28).

Ectocarpus paradoxus
BUOYS: Delabarre (150).

Ectocarpus peniciUatus
BUOYS: Delabarre (150).

Ectocarpus sandrianus
WRCKS: Lyle (81).
BUOYS: Delabarre (150).

Ectocarpus secundatus
BUOYS: Kirchenpauer (72).

Ectocarpus siliculosus
WRCKS: Lyle (81).
BUOYS: Kirchenpauer (72).
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Ectocarpus terminalis
WRCKS: Lyle (81).
BUOYS: DeJabarre (150).

Egregia laevigata
TEST SURFACES: Coe (27); Coe & Allen (28).

Eisevia bicyclis
TEST SURFACES: Miyazaki (90).

Elachista fiicicola
WRECKS: Lyle (81).

Fucus sp.
SHIPS: Visscher (146).

Fucus platycarpus
WRCKS: Herpin (59).
BUOYS: Gray (46).

Fucus serratus
WRCKS: Lyle (81); Herpin (59).

Fucus vesiculosus
WRCKS: Lyle (81).

H alidrys siliqiiosa
WRCKS: Lyle (80).

Homoeostroma latifoliiim
TEST SURFACES: Miyazaki (90).

Hydroclathrus clathratus ,
TEST SURFACES: Coe (27); Coe & Allen (28).

Isthmoplea sp.
BUOYS: Delabarre (150).

Laminaria sp.
BUOYS: Gray (46).

Laminaria aghardhii
BUOYS: Gray (46); Delabarre (150).

Laminaria digitata
WRCKS: Lyle (80) (81).
BUOYS: Milne (88); De:abarre (150).

TEST SURFACES: Orton (108).
Laminaria saccharina

SHIPS: Orton (lOS).

WRCKS: Beaumont (10); Lyle (81).
BUOYS: Orton (108); Milne (88); Delabarre (150).

TEST SURACES: Orton (108).
Leathesia dijormis

WRCKS: Lyle (81).
TEST SURFACES: Coe (27); Coe & AJlen (28),

Lithoderma fatiscens
WRCKS: Lyle (81).

Lithosiphon laminariae
WRCKS: Lyle (81).

M esogloia divaricata
BUOYS: Delabarre (150).

Myrionema sp.
BUOYS: Delabarre (150).

M yrionema vulgare
WRCKS: Lyle (81).

M yriotricha filiformis
WRCKS: Lyle (81).

N eurocarpus justii

BUOYS: Delabarre (150).
Neiirocarpus plageogammus

BUOYS: Delabarre (150).

Padina vickersiae
BUOYS: Delabarre (150).

Petalonia fascia

BUOYS: Delabarre (150).

PhyUitis fascia

BUOYS: Kirchenpauer (72); Nienburg (99).

Punctaria sp.
BUOYS: Gray (46).

Punctaria latifolia
BUOYS: Delabarre (150).

TEST SURFACES: Fuller (42).

Punctaria plantaginea

WRECKS: Lyle (81).
PylaieUa litoralis

WRECKS; Lyle (81).
BUOYS: Delabarre (150).

PylaieUa litoralis longifrictus
WRCKS: Lyle (81).

Saccorhiza bulbosa

WRCKS: Lyle (81).
Sargassum enerve

TEST SURFACES: Miyazaki (90).

Sargassum filicin,um
TEST SURFACES: Miyazaki (90).

Sargassum filipendula
BUOYS: Delabarre (150).

Sargassum horneri
TEST SURFACES: Miyazaki (90).

Sargassum natans
BUOYS: Delabarre (150).

Sargassum polyceratium
BUOYS; Delabarre (150).

Sargass'lm polyceratium ovatum
BUOYS: Delabarre" (150).

Scytosiphon sp.
BUOYS: Gray (46).
TEST SURACES: Scheer (130).

Scytosiphon lomentaria
WRCKS: Lyle (81).
BUOYS: Kirchenpauer (72); Nienburg (99); Delabarre (150).

TEST SURFACES: Coe (27); Coe & Allen (28).

Sorocarpus uraeformis
BUOYS: Delabarre (150).

Sphaularia sp.
BUOYS: Delabarre (150).

Sphaularia cirrhosa
WRCKS: Lyle (80) (81).

Sphaularia cirrhosa fusca
WRCKS: Lyle (81).

Undaria pinnatafia
TEST SURFACES: Miyazaki (90).

Zonaria varigata
BUOYS: Delabarre (150).

RHODOPHYCEAE (RED ALGAE)

Acanthophora delilei
SHIPS: Lyle (82).

Acanthophora spinifera
BUOYS: Delabarre (150).

Acrochaetium sp.
SHIPS: Visscher (146).

BUOYS: Delabarre (150).
Acrochaetium dufourii

BUOYS: Delabarre (150).
A crochaetium flexuosum

BUOYS: Delabarre (150).
A crochaetium sargassi

BUOYS: DeJabarre (150).
Acrochaetium virgatiilum

BUOYS: Delabarre (150).
A gardhieUa tenera

BUOYS: Delabarre (150).
Agardhinula browneae

BUOYS: Delabarre (150).
Amphiroa fragilissima

BUOYS: Delabarre (150).
Amphiroa tribulus

BUOYS: Delabarre (150).
Antithamnion sp.

BUOYS: Delabarre (150).
Antitliamnion americanum

BUOYS: Delabarre (150).
Antithamnion cruciatum

WRCKS: Lyle (81).
Antithamnion plumula

WRECKS: Lyle (81); Herpin (59).
A ntithamnionella sarniensis

WRECKS: Lyle (80).
Asterocystis ramosa

BUOYS: Delabarre (150).
Bangia sp.

BUOYS: Nienburg (99).
Brogniartella byssoides

WRCKS: Lyle (81).
Bryocladia cuspidata

BUOYS: Delabarre (150).
Bryothamnion triquetrum

BUOYS: Delabarre (1~0).

caUithamnion sp.
TEST SURFACES: Wharton (149).

callithamnion byssoides

WRCKS: Lyle (81).
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BUOYS: Delabarre (150).
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Callithamnion corymbosum
SHIPS: Paspaleff (113).

WRCKS: Herpin (59).
BUOYS: Milne (88).

callithamnion hookeri

WRCKS: Lyle (80).
caUithamnion polyspermuni

WRCKS: Lyle (81).
caUithamnion roseum

WRCKS: Lyle (81).
Callithamnion tetragonum

WRECKS: Lyle (80).
callocolax neglectus

WRCKS: Lyle (81).
caUophyUis laciniata

WRCKS: Lyle (81).
calosiphonia verticiUifera

BUOYS: Delabarre (150).
Ceramium sp.

SHIPS: Bengough & Shepheard (13).
BUOYS: Nienburg (99); Delabarre (150).
TEST SURFACES: Coe (27); Coe & Allen (28); Bengough &
Shepheard (13); LaQue & Clapp (76).

Ceramium Gircinnatum
WRCKS: Lyle (81).

Ceramium deslongchampsii
WRCKS: Lyle (80).
BUOYS: Delabarre (150).

Ceramium diaphanum
WRCKS: Lyle (81).

Ceramium fastigiatum
BUOYS: Delabarre (150).

Ceramium flabelligeriim
WRCKS: Lyle (80).

Ceramium floridanum
BUOYS: Delabarre (150).

Ceramiiim rubrum
SHIPS: Paspaleff (113).

WRCKS: Lyle (80) (81).
BUOYS: Milne (88); Gray (46); Delabarre (150).,

TESi: SURFACES: Miyazaki (90).

Ceramium teniiissimiim
BUOYS: Delabarre (150).

centroceras clavulatu,m

BUOYS: Delabarre (150).
champia parviila

WRCKS: Lyle (81).
BUOYS: Delabarre (150).
TEST SURACES: Miyazaki (90).

chantransia caespitosa

WRCKS: Lyle (81).
Chantransia chalybea

SHIPS: Djakonoff (30).

chantransia daviesii
WRCKS: Lyle (81).

chantransia hallandica
WRCKS: Lyle (81).

Chantransia virgatiila
WRCKS: Lyle (80) (81).

chantransia virgatula luxurians
WRCKS: Lyle (81).

chantransia virgatula secundata

WRCKS: Lyle (81).
chondria dasyphyUa

BUOYS: Delabarre (150).

chondria floridana
BUOYS: Delabarre (150).

chondriis sp.
BUOYS: Gray (46).
TEST SURFACES: Miyazaki (90).

Choreonema tliiiretii
WRCKS: Lyle(81).

chrysemenia agardhii
BUOYS: Delabarre (150).

chrysemenia enteromorpha
BUOYS: Delabarre (150).

chrysemenia holymenioides
BUOYS: Delaharre (150).

181

Chrysemenia pyriformis
BUOYS: Delabarre (150).

Chrysemenia uvaria
BUOYS: Delabarre (150).

chylocladia kaliformis
WRCKS: Lyle (81).

Compsothamnion graciUimum
WRECKS: Lyle (81).

Conchocelis rosea

WRCKS: Lyle (81).
corallina cubensis

BUOYS: Delabarre (150).

corallina gracilis
TEST SURFACES: Cae (27); Coe & Allen (28).

coraUina ojfcinalis
BUOYS: DeJabarre (150).

Corallina squamata
WRECKS: Lyle (81).

crouania attenuata
BUQYS: Delabarre (150).

Cruriopsis sp.
BUOYS: Delabarre (150).

cruriopsis ens is
BUOYS: Delabarre (150).

cryptonemia crenulata
BUOYS: Delabarre (150).

cystoclonium piirpu.runi

WRCKS: Lyle (81).
BUOYS: Gray (46).

Dasya sp.
BUOYS: Delabarre (150).
TEST SURFACES: Wharton (149).

Dasya arbuscula
BUOYS: Delabarre (150).

Dasya corynib~fera
BUOYS: Delabarre (150).

Dasya crouania
BUOYS: Delabarre (150).

Dasya harreyi
BUOYS: Delabarre (150).

Dasya mollis
BUOYS: Delabarre (150).

, Dasya pedicellata
BUOYS: Delabarre (150).
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Dasya ramosissima
BUOYS: Delabarre (150).

Dasya rigidula
BUOYS: Delabarre (150).

Delesseria alata

WRCKS: Lyle (80) (81).
Delesseria hypoglossum

BUOYS: Delabarre (150).

Delesseria involvens
BUOYS: Delabarre (150).

Delesseria rusGifolia

WRECKS: Lyle (81).

Delesseria sanguinea
WRCKS: Lyle (81).

Delesseria sinuosa lingulata

WRECKS: Lyle (81).
Digenia simplex

BUOYS: Delabarre (150).

Dilsea' edulis
WRCKS: Lyle (81).

Dumontia sp.
BUOYS: Delabarre (150).

Eacheuma acanthocladiim
BUOYS: Delabarre (150).

Epilithon membranaceiim
WRCKS: Lyle (81).

Erythrocladia irregiilaris
WRCKS: Lyle (81).

Erythrotrichia bertholdii
WRCKS: Lyle (81).

Erythrotrichia carnea
WRCKS: Lyle (81).
BUOYS: Delabarre (150).

Euthora cristata
WRCKs. Lyle (81).
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F alkenbergia hiUebrandii
BUOYS: Delabarre (150).

FurceUaria fastigiata

WRECKS: Lyle (81).
Gelidium sp.

TEST SURFACES: Wharton (149).
Gelidiitm corneum

WRCKS: Lyle (81).
BUOYS: Lyle (82); Delabarre (150).

Gelidium rigiditm
BUOYS: Delabarre (150).

Gigartina spinosa
TEST SURFACES: Coe (27); Coe & Allen (28).

Goniotrichum alsidii
BUOYS: Delabarre (150).

Gracilaria sp.
BUOYS: Delabarre (150).

Gracilaria blodgettii
BUOYS: Delabarre (150).

Gracilariû compressa
BUOYS: Delabarre (150).

Gracilaria confervoides

WRCKS: Lyle (80) (81).
BUOYS: Delabarre (150).
TEST SURFACES: Miyazaki (90).

Gracilaria cornea

BUOYS: Delabarre (150).

Gracilaria cylindrica

BUOYS: Delabarre (150).

Gracilaria ferox .
BUOYS: Delabarre (150).

Gracilaria filicina
TEST SURFACES: Miyazaki (90).

Gracilaria lacinulata

BUOYS: Delabarre (150).

Grateloupia sp.
TEST SURFACES: Miyazaki (90).

Grateloiipia filicina

BUOYS: Delabarre (150).

Grateloitpia gibbesii

BUOYS: Delabarre (150).

GriJthsia jloscitlosa
WRCKS: Lyle (80).

Griffthsia globij era

BUOYS: Delabarre (150).

GrinneUia americana
BUOYS: Delabarre (150).

Gymnogongrus sp.
BUOYS: Delabarre (150).

Gymnothamnion elegans
BUOYS: Deliibarre (150).

H alosaccion sp.
BUOYS: Delabarre (150).

Ii at ymenia jloridana
BUOYS: Delabarre (150).

H erposiphonia pectin-ve;i-Ü

BUOYS: Delabarre (150).

H erposiphonia verticeUata
TEST SURFACES: Coe (27); Coe & Allen (28).

Ii eterosiphonia gibbesii
BUOYS: Delabarre (150).

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

H eterosiphonia japonica
TEST SURFACES: Miyazaki (90).

Heterosiphonia pliimosa
WRCKS: Lyle (81).

Hypnea sp.
TEST SURFACES: Coe (27); Coe & Allen (28).

H ypnea cervicornis
BUOYS: Delabarre (150).

H ypnea cornuta

BUOYS: Delabarre (150).

H ypnea mitsciformis
BUOYS: Lyle (82); Delabarre (150).

J ania adhaerans
BUOYS: Delabarre (150).

J ania capiUacea
BUOYS: Delabarre (150).

J ania micai-t/¡rodia

BUOYS: Lyle (82).

J ania rubens
BUOYS: Delabarre (150).

Kylinia scapae

WRCKS: Lyle (81).
Laurencia sp.

WRECKS: Lyle (80).

Laurencia coraUopsis

BUOYS: Delabarre (150).
Laiirencia intricata

BUOYS: Delabarre (150).
Laiirencia microcladia

BUOYS: Delabarre (150).
Laiirencia obtusa

BUOYS: Delabarre (150).

Laiirencia pinnatijia

WRECKS: Lyle (81).

Laiirencia poitei
BUOYS: Delabarre (150).
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Liagora pinnata
BUOYS: Delabarre (150).

Lomentaria articiilata
WRCKS: Lyle (80) (81).

Lomentaria catenata
TEST SURFACES: Miyazaki (90).

Lomentaria claveUosa

WRECKS: Lyle (81).
Lomentaria rosea

WRECKS: Lyle (81).
Lomentaria iincinata

BUOYS: Delabarre (150).
Lophocladia trichoclados

BUOYS: Delabarre (150).

Lophosiphonia villum
TEST SURFACES: Scheer (130).

M elobesia lejolisii
WRCKS: Lyle (81).

NitophyUum sp.
BUOYS: Delabarre (150).

NitophyUiim laceratum
WRCKS: Lyle (81).

Odonthalia dentata
WRECKS: Lyle (81).
BUOYS: Delabarre (150).

Peyssonnelia sp.
BUOYS: Delabarre (150).

Peyssonnelia dubyi
WRECKS: Lyle (81).

P hycodris rubens
BUOYS: Delabarre (150).

PhyUophora traiUii
WRECKS: Lyle (81).

Pleonosporium borreri
WRECKS: Lyle (81),

Plocainiiim coccineum
WRECKS: Lyle (81).

Plitinaria elegans

WRECKS: Lyle (80) (81).
Plumaria pectinata
, BUOYS: Delabarre (150).
Polysiphonia sp.

SHIPS: Visscher (146); Bengough & Shepheard (13).
BUOYS: Gray (46); Delabarre (150).
FLOATS: Bengough & Sehpheard (13).
TEST SURACES: Miyazaki (90); Wharton (149); LaQue & Clapp

(76).
Polysiphonia atro-rubescens

WRCKS: Lyle (81).
Polysiphonia brodiae

WRCKS: Lyle (81).
Polysiphonia denudata

BUOYS: Delabarre (150).
Polysiphonia elongata

WRCKS: Lyle (81).
BUOYS: Nienburg (99); Milne (88).

Polysiphonia exilis
BUOYS: Delabarre (150).

Polysiphonia ferulacea
BUOYS: Delabarre (150).
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).
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Polysiphonia fibrillosa
BUOYS: Gray (46); Delabarre (150).

, Polysiphonia harveyi
BUOYS: Delabarre (150).

Polysiphonia harveyi olneyi
BUOYS: Delabarre (150).

Polysiphonia havenensis

BUOYS: Delabarre (150).
Polysiphonia macrocarpa

WRCKS: Lyle (81).
BUOYS: Delabarre (150).

Polysiphonia nigra
WRCKS: Lyle (80).

Polysiphonia nigrescens

SHIPS: Visscher (146).

WRCKS: Lyle (80) (81).
BUOYS: Delabarre (150).

Polysiphonia subtilissima
BUOYS: Delabarre (150).

Polysiphonia urceolata
WRCKS: Lyle (81).
BUOYS: Delabarre (150).

Polysiphonia va,-iegata
BUOYS: Gray (46); Delabarre (150).

Polysiphonia z,iolacea
SHIPS: Visscher (146).

WRCKS: Lyle (81).
BUOYS: Gray (46).

Porphyra linearis
WRCKS: Lyle (80).

Porphyra umbiUcalis
WRECKS: Lyle (81).

Porphyra viilgaris
BUOYS: Delabarre (150).

Porphyropsis coccinea

WRECKS: Lyle (81).

Pterosiphonia bipinnata
TEST SURACES: Scheer (130).

Pterosiphonia parasitica
WRCKS: Lyle (81).

Ptilota plumosa
WRCKS: Lyle (81).

Piinctalia sp.

TEST SURFACES: Miyazaki (90).

Rhabdonia ramosissima
BUOYS: Delabarre (150).

Rhodochorton sp.
BUOYS: Delabarre (150).

Rhodochorton jloridiilum

WRCKS: Lyle (81).
Rhodomela lycopodioides

WRCKS: Lyle (81).
Rhodomela siibfiisca

WRCKS: Lyle (81).
RhodophyUis appendiculata

WRCKS: Lyle (81).
RhodophyUis bijia

WRCKS: Lyle (81).
Rhodymenia palmata

WRCKS: Lyle (80) (81).
BUOYS: Milne (88).

Rhodymenia palmata marginifera
WRCKS: Lyle (81).

Rhodymenia palmetta
BUOYS: Delabarre (150).

Seirospora occidentalis
BUOYS: Delabarre (150).

Spermothamnion sp.
BUOYS: Delabarre (150).

S pyridia aculeata

BUOYS: Lyle (82); Delabarre (150).

S pyridia filamentosa
BUOYS: Delabarre (150).

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

TraiUieUa intricata
WRECKS: LyIe (81).

W ildmannia umbilicalis
BUOYS: Lyle (82).

Wrangelia argiis
¡¡i;oys: Delabarre (150).

SPECIES RECORDED FROM FOULING

W iirdmannia setacea
BUOYS: Delabarre (150).

ANIMAL KINGDOM
Protozoa
MASTIGOPHORA

A mphimonas globosa
PIPES; Marine Biological Assoc. (84).

A nthophysa vegetans
TEST SURFACES: Hentschel (56).

codonosiga botrytis
TEST SURFACES: Hentschel (56).

Distephaniis sp.
TEST SURFACES: Waksman, Phelps, & Hotchkiss (147).

Exuviaella sp.
TEST SURFACES: Waksman, Phelps, & Hotchkiss (147).

sARCOD~A (GENERAL)

Actinosphaerium sp.
TEST SURFACES: Hentschel (56).

Actinophrys sp.
TEST SURFACES: Hentschel (56).

H yalodiscus limax
TEST SURFACES: Hentschel (56).

SARCODINA (FORAMINIFERA)

A nomalina coronata

CABLES: Jeffreys & Norman (68).

Bulimina buchiana
CABLES: Jeffreys & Norman (68).

Biilimina punctata
CABLES: Jeffreys & Norman (68).

corniispira foliacea involvens

CABLES: Jeffreys & Norman (68).
cornitspira involvens

TEST SURFACES: Coe (27); Coe & Allen (28).

cristellaria rotiilata

CABLES: Jeffreys & Norman (68).
Discorbina globularis

CABLES: Jeffreys & Norman (68).
Discorbis isabeUeana

TEST SURFACES: Coe (27); Coe & Allen (28).

Globigerina buUoides

CABLES: Jeffreys & Norman (68).
Globigerina conglomerata

TEST SURFACES: Coe (27); Coe & Alen (28),

Globigerina injlata
CABLES: Jeffreys & Norman (68).

Lagena lyellii
CABLES: Jeffreys & Norman (68).

Lagena marginata
CABLES: Jeffreys & Norman (68).

Nodosaria scalaris
CABLES: Jeffreys & Norman (68).

Operciilina ammonoides
CABLES: Jeffreys & Norman (68).

Orbulina universa

CABLES: Jeffreys & Norman (68).
P ateUina corriigata

TEST SURAcEs:Coe (27); Coe & Allen (28).
Planorbulina haidingerii

CABLES: Jeffreys & Norman (68).
Planulina ariminensis

CABLES: Jeffreys & Norman (68).
Planulina ornata

TEST SURFACES: Coe (27); Coe & Allen (28).
Polymorphina compressa

CABLES: Jeffreys & Norman (68).
Polymorphina lactea

CABLES: Jeffreys & Norman (68).
Polytrema miniaceum

CABLES: Jeffreys & Norman (68).
Pulvinulina canariensis

CABLES: Jeffreys & Norman (68).
Pulvinulina elegans

CABLES: Jeffreys & Norman (68).
Piilviniilina menardii

CABLES: Jeffreys & Norman (68).
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P2Ilvinulina micheliniana
CABLES: Jeffreys & Norman (68).

Piilvinulina repanda
CABLES: Jeffreys & Norman (68).

Quinquelociilina lamarckiana
TEST sUlUACES: Coe (27); Coe & Allen (28).

Quinqueloculina subrotunda
CABLES: Jeffreys & Norman (68).

Rotalina orbiciilaris
CABLES: Jeffreys & Norman (68).

Textularia abbreviata

CABLES: Jeffreys & Norman (68).
T extiilaria agglutinans
CABLES: Jeffreys & Norman (68).

Textularia pygmaea
CABLES: Jeffreys & Norman (68).

Textularia sagittula
CABLES: Jeffreys & Norman (68).

Tretomphaliis buUoides

TEST SURACES: Coe (27); Coe & Allen (28).
Triloculina circularis
TEST SURFACES: Coe (27); Coe & Allen (28).

Triloculina trigonula angulata
CABLES : Jeffreys & Norman (68).

Triincatiilina lobatula

CABLES: Jeffreys & Norman (68).
Tfuncatiilina refulgens

CABLES : Jeffreys & Norman (68).

Ui1igerina angulosa
CABLES: Jeffreys & Norman (68).

Uvigerina irreg2llaris
CABLES: Jeffreys & Norman (68).

Valvulina conica
CABLES: Jeffreys & Norman (68).

CILIATA

Aspidisca sp.
TEST SURFACES: Hentschel (56).

Carchesium polypiniim
TEST SURFACES: Hentschel (56).

Colpidium sp.
TEST SURACES: Hentschel (56).

Cothiirnia cristallina
TEST SURACES: Hentschel (56).

Cothurnia ingenita
FLOATS: J. H. fraser (40).

Cothurnia maritima
FLOATS: J. H. Fraser (40).

Epistylis sp.

TEST SURACES: Hentschel (56).
Epistylis pliGatilis

TEST SURFACES: Hentschel (56).
Epistylis umbeUaria

TEST SURFACES: Hentschel (56).
Euplotes sp.

TEST SURFACES: Waksman, Phelps, & Hotchkiss (147).
F oUiciilina sp.

SHIPS: Visscher (146).

F oUiculina am puUa
TEST SURFACES: Orton (108).

Lionotus anser '
TEST SURFACES: Hentschel (56).

Loxodes sp.
TEST SURFACES: Hentschel (56).

Loxophylliim sp.
TEST SURFACES: Waksman, Phelps, & Hotchkiss (147).

Operciilaria niitans .
TEST SURACES: Hentschel (56).

Ophrydimn versatile
TEST SURFACES: Hentschel (56).

Ophryoglena atra
TEST SURFACES: Hentschel (56).

Oxytricha sp.
TEST SURFACES: Hentschel (56).

Platycola sp.
TEST SURFACES: Fuller (42).

Spirostomiim sp.
TEST SURFACES: Hentschel (56).

Stentor coeriileiis
TEST SURFACES: Hentschel (56).

Stentor polymorphus
TEST SURFACES: Hentschel (56).

Stentor roeseli
TEST SURFACES: Hentschel (56).

Stichotricha sp.
TEST SURFACES: Hentschel (56).

Stilonychia sp.
TEST SURFACES: Hentschel (56).

Tintinnidium sp. '
TEST SURFACES: Hentschel (56). JTinti17psis sp. '('\
TEST'SURFACES: Waksman, Phelps, & Hotchkiss (147).

Trachelius ovum
TEST SURFACES: Hentschel (56).

Vaginicola decumbens
TEST SURFACES: Hentschel (56).

Vaginicola longicollis
TEST SURFACES: Hentschel (56).

Vorticella sp.

SHIPS: Hutchins (150).

TEST SURFACES: Hentschel (56); Waksman, Phelps, & Hotchkiss

(147) .

V orticeUa campanula
TEST SURFACES: Hentschel (56).

V orticeUa citrina

TEST SURFACES: Hentschel (56).
V orticeUa marina

FLOATS: J. H. Fraser (40).

V orticeUa sertulariim

FLOATS: J. H. Fraser (40).

Zoothamnium sp.
SHIPS: Hutchins (150).

TEST SURFACES: Hentschel (56); Scheer (130).

Zoothamniiim arbuscula
TEST SURFACES: Hentschel (56).

Zoothamnium mariniim
BUOYS: J. H. Fraser (40).

FLOATS: J. H. Fraser (40).

SUCTORIA

Acineta grandis
TEST SURFACES: Hentschel (56).

A cineta tuberosa i
FLOATS: J. H. Fr-eser (40).
TEST SURFACES: FulleT (41) (42).

Dendrosoina radians

TEST SURFACES: Hentschel (56).

Ephelota sp.
TEST SURACES: Scheer (130).

Ephelota gemmipara
FLOATS: J. H. Fraser (40).

M etacineta mystacina
TEST SURFACES: Hentschel (56).

Tokophrya quadripartita
TEST SURFACES: Hentschel (56).

Trichophrya epistylidis
TEST SURFACES: Hentschel (56).

Trichophrya rotunda
TEST SURACES: Hentschel (56).

PORIERA (SPONGES)

chalina oculata

WRCKS: Forrest & Chrichton (37).
Desmacidon fruticosum

WRECKS: Forrest & Chrichton (37).
Elysia viridis

WRCKS: Herpin (59).
Ephydatia jliiviatilis

TEST SURFACES: Hentschel (56).
Ephydatia müUeri

TEST SURFACES: Hentschel (56).

Esperella lorenzii
WRECKS: Grinbart (47).

Euspongia sp.
SHIPS: Bertelsen & Ussing (14).

Grantia sp.
BUOYS: Gray (46).
TEST SURACES: Coe (27); Miyazaki (90).
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Grantia compressa
SHIPS: Marine Biological Association (84).
WRCKS: Herpin (59).
BUOYS: Milne (88).

Halichondria sp.
SHIPS: Bengough & Shepheard (13).
BUOYS: Milne (88); Gray (46).
TEST SURFACES: Orton (108); Bengough & Shepheard (13).

H alichondria panicea
WRCKS: Forrest & Chrichton (37).
DOCK GATES: Alexander, Southgate, & Bassindale (2).

TEST SURFACES: Orton (108).
Halisarca dijardini

WRCKS: Grinbart (47).
Hymeniacidon sanguineum

TEST SURFACES: Orton (107).
I sodictya fiinalis

CABLES: Jeffreys & Norman (68).
Leucandra fistulosa

TEST SURFACES: Orton (108).

Leucetta losangelensis
TEST SURFACES: Coe & Allen (28).

Leucosolenia sp.
SHIPS: Hutchins (150).

BUOYS: Gray (46).
TEST SURFACES: Orton (108).

Leucosolenia complicata
BUOYS: Milne (88).

Microciona prolifera
:FEST SURFACES: McDougall (86).

Mycale denyi
TEST SURACES: Burton (19).

M yxiUa incrustans
TEST SURACES: Burton (19).

Reniera sp.
TEST SURFACES: Miyazaki (90).

Reniera boutschinski
WRCKS: Grinbart (47).

Reniera densa
WRCKS: Grinbart (47).

Reniera inflata
WRECKS: Grinbart (47).

Reniera informis

WRCKS: Grinbart (47).
Reniera pallida

WRCKS: Grinbart (47).
Reniera spinoseUa

SHIPS: Burton (19).

TEST SURFACES: Burton (19).

Reniera tubifera
TEST SURFACES: McDougall (8.6).

Rhabdodermella nuttingi
TEST SURFACES: Coe & Allen (28).

S pongiUa fragilis

TEST SURACES: Hentschel (56).
S pongiUa lacustris

TEST SURACES: Hentschel (56).
Sycon coronatum

WRCKS: Herpin (59); Forrest & Chrichton (37).
BUOYS: Milne (88).
TEST SURACES: Orton (108).

Coelenterata
HYDROZOA (HYDROIDS)

A bietinaria greenei

BUOYS: Deevey (150).
A cryptolaria exsert:i

CABLES: Jeffreys & Norman (68).
A cryptolaria pulcheUa

BUOYS: Deevey (150).
Aglaophenia acacia

CABLES: Quelch (124).
Aglaophenia dichotoma

BUOYS: Broch (18).
Aglaophenia diagensis

BUOYS: Deevey (150).
Aglaophenia late-carinata

BUOYS: Deevey (150).
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Aglaoplienia marginata
SHIPS: Ritchie (127).

BUOYS: Stechow (134).
Aglaophenia myriophyUum

CABLES: Jeffreys & Norman (68).
Aglaophenia perpusila

BUOYS: Deevey (150).
Aglaophenia pluina

SHIPS: N eu (94).

BUOYS: Bilard (16); Broch (18).

A glaophenia struthionides
BUOYS: Deevey (150).
TEST SURFACES: Coe (27); Coe & Allen (28).

Aglaophenia tubitlifera
CABLES: Jeffreys & Norman (68).

A nlenneUa avalonia
BUOYS: Deevey' (150).

A ntenneUa ciirvitheca
BUOYS: Deevey (150).

A ntenneUa gracilis
CABLES: Hargitt (51).

A ntennella quadriaurita

BUOYS: Deevey (150).
AntenneUa secundaria

BUOYS: Deevey (150).
CABLES: Bedot (12).

A ntennularia irregularis
CABLES: Quelch (124).

A ntennularia pinnata
BUOYS: C. M. Fraser (39).

A ntenniilaria profitnda

CABLES: Quelch (124).
Bimeria fransciscana

BUOYS: Leloup (77); Deevey (150).

Bimeria gracilis
BUOYS: Deevey (150).

Bimeria hiimilis
BUOYS: Deevey (150).

Bimeria pusilla
BUOYS: Deevey (150).

Bimeria robusta
FLOATS: C. M. Fraser (38).

Bimeria tenneUa
BUOYS: Deevey (150).

Bimeria tunicata
BUOYS: Deevey (150).

BougainviUia sp.
SHIPS: Paspaleff (113).

BougainviUia carolinensis
SHIPS: Visscher (146).

BUOYS: Deevey (150).
BougainviUia inaequalis

BUOYS: Deevey (150).
BougainviUia longicirra

SHIPS: Stechow (136).
BUOYS: Deevey (150).

BougainviUia ramosa
TEST SURACES: Orton (108).

Bougainvillia ramosa muscus
SHIPS: Bilard (16).

BougainviUia rugosa

SHIPS: Stechow (136).
CalyceUa syringa

BUOYS: Deevey (150).
Calyptospadix cerulea

SHIPS: C. M. Fraser (39).

Campanularia sp.
SHIPS: Visscher (146).

LIGHTSHIPS: N eu (96).
BUOYS: Gray (46).

campanitlaria amphora
SHIPS: Visscher (146).

Campanitlaria angulata

SHIPS: Stechow (136).
campanularia brevithecata

ROPES: Thornely (139).

Campanularia calceolifera
SHIPS: C. M. Fraser (39).

TEST SURFACES: Grave (45).
campanularia caliculata

BUOYS: Stechow (134).
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Campanularia jlexiiosa
BUOYS: Gray (46); Deevey (150).

TEST SURFACES: Grave (45).
Campanularia gelatinosa

BUOYS: Deevey (150).
TEST SURFACES: Coe (27); Coe & Allen (28).

Campaniilaria groenlandica

BUOYS: C. M. Fraser (38).

Campaniilaria hummelincki
BUOYS: Deevey (150).

Campanularia integra
BUOYS: Kramp (73); Deevey (150).

Campanularia marginata
BUOYS: Deevey (ISO).
CABLES: C. M. Fraser (39).

Campanularia miitabilis
SHIPS: Ritchie (I27).

campaniilaria neglecta

BUOYS: Deevey (ISO).
Campanularia noliformis

SHIPS: Leloup (77).

campaniilaria portium
SHIPS: Visscher (I46).

Campanularia ptychocyathus
SHIPS: Ritchie (I27).

campanularia raridentata
SHIPS: Stechow (I36).

Campanularia verticeUata
SHIPS: Visscher (I46).

Campanularia voliibilis
BUOYS: Deevey (ISO).

C ampanulina forskalea

BUOYS: Deevey (ISO).
campanulina huniilis

SHIPS: Bale (8).
Campanulina repens

ROPES: Marine Biological Assoc. (84).
Campaniilina rugosa

BUOYS: Deevey (ISO).
CerateUa crosslandi

SHIPS: Thornely (I40).

Cladocoryne jloccosa
CABLES: Hargitt (51).

Clytia sp.
SHIPS: Hentschel (57).

BUOYS: Gray (46).
TEST SURFACES: Coe (27); Coe & Allen (28).

Clytia attenuata

BUOYS: Deevey (ISO).
Clytia coronata

BUOYS: Deevey (ISO).
CL ytia cylindrica

BUOYS: Deevey (ISO).
Clytia edwardsi

BUOYS: Deevey (ISO).
Clytia elsae-oswaldae

SHIPS: C. M. Fraser (39).

BUOYS: Deevey (ISO).
clytia fragilis

BUOYS: Deevey (ISO).
clytia geniculata

SHIPS: Ritchie (I27).

clytia inconspicua
BUOYS: Deevey (ISO).

clytia johnstoni
SHIPS: Beaumont (IO).
WRECKS': Beaumont (IO); Forrest & Chrichton (37).

BUOYS: Deevey (ISO).
TEST SURFACES: Orton (I08).

Clytia longicyatha

BUOYS: Deevey (ISO).
clytia macrotheca

BUOYS: Deevey (ISO).
clytia raridentata

BUOYS: Deevey (ISO).
clytia universitatis

BUOYS: Deevey (ISO).
cordyiophora albicola

BUOYS: Kirchenpauer (72).

cordyiopliora lacistris
SHIPS: Hincks (64); Allman (3).

BUOYS: Deevey (ISO).
TEST SURFACES: Hentschel (56).

coryne vaginata
SHIPS: Beaumont (IO).
BUOYS: Beaumont (IO).

Coryne vanbenedenii
FLOATS: r H. Fraser (40).

CuspideUa costata
BUOYS: Deevey (ISO).

ciispideUa grandis
BUOYS: Deevey (ISO).

CuspideUa humilis
SHIPS: Ritchie (I27); Kramp (73).

BUOYS: Deevey (ISO).
Dendrocoryne misakinensis

WRECKS: Stechow (I34).
Diphasia alata

CABLES: Jeffreys & Norman (68).
Diphasia digitalis

BUOYS: Deevey (ISO).
Diphasia miitulata

FLOATS: Thornely (I40).
D-phasia pinaster

CABLES: Jeffreys & Norman (68); Quelch (I24).
Diphasia rosacea

BUOYS: Deevey (ISO).
ROPES: Marine Biological Assoc. (84).

Dynamena pumila
BUOYS: Marine Biological Assoc. (84).

Ecfopleura dumortieri

BUOYS: Deevey (ISO).
Ectopleura grandis

BUOYS: Deevey (ISO).
Eiicopella caliculata

BUOYS: Deevey (ISO).
Eudendrium sp.

SHIPS: Hincks (64); Visscher (I46); Paspaleff (J 13).
BUOYS: Gray (46).

Eudendrium album
BUOYS: Deevey (ISO).

Eudendrium annulatum
CABLES: Quelch (I24).

Eudendriiim attenuatum

CABLES: Hargitt'(51).

Eudendrium capillare
BUOYS: C. M. Fraser (38); Deevey (ISO).

Eudendriiim carneum
TEST SURFACES: McDougall (86).

Eudendriiim dispar
BUOYS: Deevey (ISO).

Eudendrium eximium
BUOYS: Deevey (ISO).

Eudendrium hargitti
BUOYS: C. M. Fraser (39); Deevey (ISO).

Eudendrium racemosum macronatiim
BUOYS: Bilard (I6).

Eudendrium rameum
FLOATS: Torrey (142).

CABLES: Jeffreys & Norman (68).
TEST SURACES: Coe & Allen (28).

Eudendriiim ramosiini
SHIPS: Visscher (I46); Neu (94).

BUOYS: Deevey (ISO).
Eudendrium teneUiim

BUOYS: Deevey (ISO).
Eudendrium tenue

BUOYS: Deevey (ISO).
FileUum serpens

SHIPS: Ritchie (I27).

BUOYS: Deevey (ISO).
Filellum serratiim

BUOYS: Deevey (ISO).
Gonothyrea sp.

SHIPS: Paspaleff (I13).

Gonothyrea clarki
TEST SURACES: Graham & Gay (44).

Gonotliyrea gracilis
BUOYS: Deevey (ISO).

Gonothyrea longicyatha
FLOATS: Thornely (I39).
ROPES: Thornely (I39).
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Gonothyrea loveni
SHIPS: Orton (108).

WRECKS: Marine Biological Assoc. (84).
BUOYS: Stammer (133).
ROPES: Purchon (123).
TEST SURFACES: Orton (108); Grave (45).

Grammaria abietina
BUOYS: C. M. Fraser (38).

H alecium annulatum
BUOYS: Deevey (150).

H alecium beanii

SHIPS:, Ritchie (127).

BUOYS: Deevey (150).
H aleGÍiim bermiidense

SHIPS: Stechow (136).
BUOYS: Deevey (150).

H aleciitm corrugatum
BUOYS: Deevey (150).

H alecium curvicaule
BUOYS: Deevey (150).

H alecium haleciniim minor
SHIPS: Leloup (77).

BUOYS: Leloup (77).
H alecium haleGÍum

WRECKS: Forrest & Chrichton (37).
H alecium insolens

BUOYS: Deevey (150).
H aleciiiii muricatum

BUOYS: C. M. Fraser (38).

H alecium nanum
BUOYS: Deevey (150).

H alecium nitidatiim

LlGHTSHIPS: Bilard (15).

H alecium pygmaeum
BUOYS: Deevey (150).

If aleGÍum sessile
BUOYS: Deevey (150).

H alecium tenelluii
BUOYS: C. M. Fraser (38); Deevey (150).

H ebeUa cylindrica

BUOYS: Deevey (150).
H ebella pociUum

BUOYS: Deevey (150).
Hydra sp.

TEST SURFACES: Hent~chel (56).
H ydractinia echinata

BUOYS: Deevey (150).
H ydractinia miUeri

BUOYS: Deevey (150).
H ydractinia polycarpa

BUOYS: Deevey (150).
H ydranthea australis

ROPES: Thornely (139).

Idiella prisiis
BUOYS: Deevey (150).

Kirchenpaueria haleGÍoides

BUOYS: Bilard (16).

Lafoea adhaerens
BUOYS: Deevey (150).

Lafoea dumosa
WRECKS: Forrest & Chrichton (37).
BUOYS: Deevey (150).

Lafoea fruticosa

BUOYS: C. M. Fraser (38).

Lafoea graciUima
BUOYS: C.M. Fraser (38).

Laf oea tenellula

CABLES: Quelch (124).
Lafoea venusta

BUOYS: Deevey (150).
Lafoeina tenuis '
BUOYS: Deevey (150). \

Laomedea sp.
LIGHTSHIPS: N eu (94).

Laomedea dichotoma
LIGHTSHIPS: Kirchenpauer (72).

Laomedea jlexuosa
WRECKS,: Marine Biological Assoc. (84); Herpin (59).

BUOYS: irchenpauer (72); Marine Biological Assoc. (84).
FLOATS: . H. Fraser (40).

187

Laomedea gelatiiiosa
SHIPS: Stimpson (137).

BUOYS: Kirchenpauer (72); J. H. Fraser (40).
FLOATS: J. H. Fraser (40).

PIPES: Philbert (117).

DOCK GATES: Alexander, Southgate, & Bassindale (2).

Laomedea geniculata
SHIPS: Hentschel (57).

Laomedea longissima
BUOYS: Kirchenpauer (72).

Laomedea sargassi
SHIPS: Hentschel (57).

Laomedea spinidosa minor
SHIPS: Leloup (77).

TEST SURFACES: Paul (114).
Lytocarpus sp.

CABLES: Hargitt (51).
Lytocarpus auritus

CABLES: Bale (7).
Lytocarpus philippiniis

BUOYS: Deevey (150).
Margelis sp.

BUOYS: Gray (46).
M argelis carolintnsis

BUOYS: Gray (46).
M onostaechas qiiadridens

BUOYS: Deevey (150).
N emertesia antennina

CABLES: Bedot (12).

N emertesia belini
CABLES: Bedot (12).

Nemertesia ramosa
WRCKS: Forrest & Chrichton (37).

Obelia sp.
SHIPS: Visscher (146).

BUOYS: Gray (46).
TEST SURACES: Miyazaki (90).

Obelia articulata
BUOYS: Deevey (150).
TEST SURFACES: Fuller (42).

Obelia bicuspidata
BUOYS: Deevey (150).

Obelia commissuralis
SHIPS: Visscher (146).

TEST SURFACES: Grave (45); McDougall (86).
Obelia dichotoma
SHIPS: Ritchie (127); C. M. Fraser (39). ,
BUOYS: Stechow (135); BiJlard (16); C. M. Fraser (39); Deevey

(150).
PIPES: Philbert (117).

TEST SURFACES: Coe (27); Coe & Allen (28); Scheer (130);
Fuller (43).

Obelia dubia
BUOYS: Deevey (150).

Obelia jlabeUata
WRCKS: Verril & Smith (145); C. M. Fraser (39).

Obelia gelatinosa '
SHIPS: Visscher (146).

Obelia geniculata

SHIPS: Beaumont (10); Vanhöffen (143); Orton (108); Bengough
& Shepheard (13).
WRCKS: Beaumont (10).
BUOYS: Orton (108); Deevey (150).
FLOATS: C. M. Fraser (39).

TEST SURFACES: Orton (108); Coe & Allen (28); Bengough &
Shepheard (13).

Obelia grifni

BUOYS: Deevey (150).
Obelia hyalina

BUOYS: Deevey (150).
Obelia longissima

SHIPS: Kramp (73).
BUOYS: Kramp (73); Orton (108); Deevey (150).

Obelia oxydentata ,
SHIPS: Stechow (135) (136).
BUOYS: Deevey (150).

Obelia plicata

BUOYS: C. M. Fraser (38).

Obelia serrulata
ROPES: Thornely (139).
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Opercidarella lacerata
SHIPS: Marine Biological Assoc. (84).
DOCK GATES: Alexander, Southgate, & Bassindale (2).

OperciilareUa pumila
BUOYS: Deevey (150).

Oplorhiza parvula
BUOYS: Deevey (150).

Orthopyxis caliciilata
TEST SURFACES: Coe (27); Coe & Allen (28).

Orthopyxis everta
TEST SURFACES: Coe (27); Coe & Allen (28).

Pennaria cavolinii
SHIPS: Ritchie (127).

Pennaria disticha aiistralis
SHIPS: B iJlard (16).

BUOYS: Bilard (16).

Pennaria tiareUa
SHIPS: Stechow (136).
BUOYS: Gray (46); Deevey (150).
FLOATS: C. M. Fraser (39).

TEST SURFACES: Edmondson & Ingram (34); McDougall (86).
Perigonimus jonsii

SHIPS: Visscher (146).

Perigonimus serpens
BUOYS: Marine Biological Assoc. (84).
ROPES: Marine Biological Assoc. (84).

Plumularia sp.
TEST SURFACES: Johnson & McNeil (70).

Plitmularia delicatula
CABLES: Quelch (124).

Plumularia dendritica
BUOYS: Deevey (150).

Plumularia diaphana
BUOYS: Deevey (150).

Plumularia halecioides
SHIPS: Ritchie (127); Leloup (77).

BUOYS: Stechow (134) (136).
Plumularia inermis

BUOYS: Deevey (150).
Plumularia lagenifera

BUOYS: Deevey (150).
Plitmularia margaretta

BUOYS: Deevey (150).
Pliimularia pinnata

TEST SURFACES: Orton (108).
Plumularia setacea

SHIPS: Bengough & Shepheard (13).
BUOYS: Stechow (136); Broch (18); Deevey (150).
TEST SURFACES: Orton (108); Coe (27); Coe & Allen (28);
Bengough & Shepheard (13).

Plumularia teneUa
BUOYS: Gray (46).

Pliimularia variabilis
CABLES: Quelch (124).

Podocoryne sp.
SHIPS: Visscher (146).

Podocoryne carnea
BUOYS: Deevey (150).

Poiyplumaria flabeUata
CABLES: Bedot (12),

Scapus tubulifer
CABLES: Jeffreys & Norman (68).

Schizotricha tenella
BUOYS: Gray (46); Deevey (150).

SertidareUa sp.
SHIPS: Hutchins (150).

SertulareUa gayi
CABLES: Jeffreys & Norman (68).

Sertularella pinnata
BUOYS: Deevey (150).

SertulareUa polyzonias

WRCKS: Forrest & Chrichton (37).
BUOYS: Deevey (150).
CABLES : Jeffreys & Norman (68).

SertulareUa r'ugosa

BUOYS: Deevey (150).
S ertitlareUa tanneri

BUOYS: Deevey (150).
SertulareUa teneUa

BUOYS: Deevey (150).

SertulareUa tricuspidata

BUOYS: Deevey (150).
Sertidaria sp.

TEST SURFACES: Phelps (116).

Sertularia argentea

BUOYS: Kirchenpauer (72).

Sertularia dalmasi
BUOYS: Deevey (150).

Sertulai'ia exigua
BUOYS: Deevey (150).

Sertularia flowersi
BUOYS: Deevey (150).

S ertularia furcata
BUOYS: Deevey (150).

Sertularia inflata
BUOYS: Deevey (150),

Sertularia minima
FLOATS: Thornely (140).

Sertidaria operculata

WRECKS: Lyle (80).

BUOYS: Marine Biological Assoc. (84).
Sertidaria sigmagonangia

CABLES: Hargitt (51).

Seriiilaria stookevi

BUOYS: Deevéy (150).
Sertularia subtilis

BUOYS: Deevey (150).
Sertidaria tiirbinata

BUOYS: Deevey (150).
Silicularia rosea

CABLES: Hargitt (51).

Soleniopsis dendriforinis
SHIPS: Ritchie (127).

Streptocaulus pulcherriinii

CABLES: Quelch (124).
Syncoryne eximia

BUOYS: Deevey (150).
ROPES: Marine Biological Assoc. (84).

Syncoryiie mirabilis

BUOYS: Deevey (150).
Syncoryne sarsi

BUOYS: Bedot (11).
Synthecium moldii'ense

FLOATS: Thornely (140).
Thamnocnidia tubularoides

SHIPS: Agassiz (1).
Thiiiaria argentea

BUOYS: Deevey (150).
T huiaria articiilata

CABLES: Jeffreys & Norman (68).
Thuiaria carica

BUOYS: Deevey (150).
Thuiaria cupressina

BUOYS: Deevey (150).
Thuiaria latiuscula

BUOYS: Deevey (150).
Thuiaria similis

BUOYS: C. M: Fraser (38); Deevey (150).

Thuiaria tenera

BUOYS: Deevey (150).
Thyroscyphiis rainosus

BUOYS: Deevey (150).
Trichydra pudica

BUOYS: Marine Biological Assoc. (84).
Tiibidai'ia sp.

SHIPS: Hentschel (57); Visscher (146); Orton (108).

BUOYS: Gray (46).
TEST SURFACES: Iredale, Johnson, & McNeil (67); Richards

(125); Fuller (43); Mosher (92).
Tubularia calamaris '

LIGHTSHIPS: Kirchenpauer (72).
BUOYS: Kirchenpauer (72).

Tiibularia coronata
BUOYS: Kirchenpauer (72).

Tubularia couthouyi

SHIPS: Visscher (146).

BUOYS: Gray (46).
Tubularia crocea

SHIPS: Vanhöffen (143); Visscher (146); Marine Biological
Assoc. (84); C. M. Fraser (39).



SPECIES RECORDED FROM FOULING

BUOYS: Marine Biological Assoc. (84); Gray (46); Deevey (150).

PIPES: Dobson (31).
TEST SURFACES: Fuller (41) (42); McDougall (86); Graham &
Gay (44).

Tiibiilaria huniilis
SHIPS: Ritchie (127).

Tubiilaria indivisa
SHIPS: Beaumont (10),
BUOYS: Beaumont (10); Deevey (150).
FLOATS: Hincks (64); J. H. Fraser (40).

Tubularia larynx
SHIPS: Hincks (64); Orton (108); Bengough & Shepheard (13).
LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Beaumont (10); Forrest & Chrichton (37).
BUOYS: Kirchenpauer (72); Bedot (11); Orton (108); Marine
Biological Assoc. (84); J. H. Fraser (40); Deevey (150).
TEST SURFACES: Orton (108); Bengough & Shepheard (13).

Tubularia mesembryanthenium
SHIPS: Stechow (134); Hargitt (52).

TEST SURFACES: Miyazaki (90).
Tubularia polycarpa

SHIPS: Allman (3).
Tiibu.laria ralphii

SHIPS: Bale (6).

Tubulai'ia solitaria
SHIPS: Ritchie (127).

. Titb'ularia spectabilis
SHIPS: C. M. Fraser (39).

Turritopsis fasciciilaris
BUOYS: Deevey (150).

Tiirritopsis nutricola
SHIPS: Stechow (136).
BUOYS: Deevey (150).

Zanclea implexa
BUOYS: Deevey (150).

Zygophylax pro/iinda
CABLES: Quelch (124).

HYDROCORALLINAE

M iUepora alcicornis
SHIPS: Bertelsen & Ussing (14).

ALCYONARIA (SOFT CORALS)

Alcyoniiim digitatum
LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).

Caryophyllia arcuata

CABLES: Milne-Edwards (89).
CaryophyUia electrica

CABLES: Milne-Edwards (89).
cladocera arbuscula

SHIPS: Duerdan (32).
Thalassiotrochus telegraphiciis
CABLES: Milne-Edwards (89).

ACTINARIA (SEA ANEMONES)

Actinia mesembryanthemum
BUOYS: Kirchenpauer (72).

A ctinoloba dianthus
TEST SURFACES: Orton (108).

Aiptasia diaphana
BUOYS: Carlgren (24).

Diadumene luciae
SHIPS: Marine Biological Assoc. (84).

TEST SURFACES: Miyazaki (90).
Metridium sp.

SHIPS: Visscher (146).

BUOYS: Gray (46); Hutchins (150).
PIPES: Hutchins (150).

TEST SURACES: Richards (125); Mosher (92).
M etridium dianthus

BUOYS: Gray (46).
TEST SURFACES: Fuller (41) (42).

M etridium senile
LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).

jlUOYS: J. H. Fraser (40).

M etridium senile dianthiis
BUOYS: Milne (88).
DOCK GATES: Alexander, Southgate, & Bassindale (2).

M etridiu.m senile pallidum
BUOYS: Milne (88).

Sagartia sp.
BUOYS: Gray (46).
TEST SURFACES: Graham & Gay (44).

Sagartia luciae
SHIPS: Visscher (146).

Sagartia viduata

SHIPS: Orton (108).

TEST SURFACES: Orton (108).

MADREPORARIA (TRUE CORALS)

Acabaria erythraea
SHIPS: Dean (29).
BUOYS: Dean (29).

Astrangia sp.
SHIPS: Visscher (146).

BUOYS: Gray (46).
Isophyllia fragilis

SHIPS: Bertelsen & Ussing (14).

M adracis decactis
SHIPS: Bertelsen & Ussing (14).

M aeandra labyrinthiformis
SHIPS: Bertelsen & Ussing (14).

OctocoraUia sp.
SHIPS: Bertelsen & Ussing (14).

Oculina diifusa
SHIPS: Bertelsen & Ussing (14).

Siderastraea radians
SHIPS: Bertelsen & Ussing (14).

Platyhelminthes (Flat W oTms)

Discocelia japonica
TEST"SURFACES: Miyazaki (90).

Lepto plana tremeUaris
WRCKS: Beaumont (10).

Microslomum lineare
TEST SURFACES: Hentschel (56).

Opisthogenia tentaculata
SHIPS: Palombi (112).

Plagiostoma girardi
WRCKS: Beaumont (10).

Plagiostoma vittatum
WRCKS: Herpin (59); Beaumont (10).

Planaria sp.
BUOYS: Kirchenpauer (72).

Prosthiostomum sipunciilus
TEST SURFACES: Miyazaki (90).

Stylochus ijimai

TEST SURFACES: Miyazaki (90).

Stylochus suesensis
BUOYS: Palombi (112).

Thysanzoon brocchii
TEST SURFACES: Miyazaki (90).

T1 orticeros auriculatum
WRCKS: Beaumont (10).

N emeTtea

Amphiporiis bimaculatus
TEST SURFACES: Coe & Allen (28).

A mphiporiis imparispinosus
TEST SURFACES: Coe & Allen (28).

Emplectonema gracile
TEST SURFACES: Coe & Allen (28).

Lineus sp.
LIGHTSHIPS: J. H. Fraser (40).

BUOYS: J. H. Fraser (40).

Lineus pardalis
TEST SURFACES: Coe & Allen (28).

Lineus pictifrons
TEST SURFACES: Coe & Allen (28).

Paranemertes perigrina
TEST SURFACES: Coe & Allen (28).

Tetrastemma sp.
BUOYS: Gray (46).
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Tetrastemma dorsale
SHIPS: Beaumont (10).
WRCKS: Beaumont (10).

Tetrastemma melanoceplialum
WRECKS: Beaumont (10).

Tetrastemma vermiculatum
WRECKS: Beaumont (10).

Rotifera
Branchionus sp.

TEST SURFACES: Hentschel (56).
Diurella pacifica

LIGHTSHIPS: Kuntz (75).
M elicerta ring ens

TEST SURFACES: Hentschel (56).

Oecistes sp.
TEST SURFACES: Hentschel (56).

Rotifer vulgaris
TEST SURFACES: Hentschel (56).

Bryozoa
A cantliodesia denticulata

FLOATS: Hastings (54).

Acanthodesia serrata
BUOYS: Hastings (54).

A canthodesia tenitis
TEST SURFACES: Pomerat & Reiner (121); McDougall (86).

A etea anguina
SHIPS: Hutchins (150).
BUOYS: Hutchins (150).

A etea truncata

TEST SURFACES: Edmondson & Ingram (34).
Alcyonidium sp.

SHIPS: Hentschel (57).

BUOYS: Gray (46).
TEST SURACES: Fuller (42).

Alcyonidium gelatinosiim
SHIPS: Visscher (146).

Alcyonidium mytili
SHIPS: Visscher (146).

Amathia sp.
SHIPS: Edmondson & Ingram (34).
TEST SURFACES: Edmondson & Ingram (34).

A mathia brasiliensis
SHIPS: Hastings (53).

TEST SURFACES: Hastings (53).

A mathia distans

SHIPS: Hutchins (150).

A ngu,ineUa palmata
SHIPS: Visscher (146).

TEST SURFACES: McDougall (86).
Bowerbaiikia caudata

SHIPS: Visscher (146),

Bowerbankia gracilis
SHIPS: Visscher (14Ô); Hutchins (150).

BUOYS: Hutchins (66).
Bowerbankia imbricata

FLOATS: J. H. Fraser (40).

Bugula sp.
SHIPS: Herpin (60); Bengough & Shepheard (13).
TEST SURFACES: Johnson & McNeil (70); Bengough & Shep-
heard (13); Richards (125); Richards & Clapp (126); Mosher
(92).

Bugula avicularia
SHIPS: Hentschel (57); Hutchins (150); Weiss (150).

WRECKS: Forrest & Chrichton (37).
BUOYS: Hastings (54).

FLOATS: Pomerat (120),
TEST SURFACES: Hastings (53); Iredale, Johnson, & McNeil

(67); McDougall (86); Weiss (150).
Bugula caraibica

SHIPS: Osburn (110).
Bugula C2ciillifera

BUOYS: Gray (46).
Bitgula dentata

TEST SURFACES: Miyazaki (90).

Bugula eburnea
TEST SURFACES: Coe (27).

Bitgula jlabeUata
SHIPS: Orton (108).

BUOYS: Orton (108).

TEST SURFACES: Orton (108); Grave (45); Fuller (41); Richards

(125); Richards & Clapp (126).
Bugiila gracilis uncinata

CABLES: Osburn (109); Sumner, Osburn, & Cole (138).
Bugiila johnstoniae

CABLES: Hutchins (150).
Biigiila miirrayana

BUOYS: Gray (46).
Bugula neritina

SHIPS: Osburn (110); Hentschel (57); Waters (148); Hastings

(53); Edmondson (33); Weiss (150).
BUOYS: Hastings (54).

FLOATs:Pomerat (120); Scheer (130).
TEST SURFACES: Saito (129); Iredale, Johnson, & McNeil (67);

Coe (27); Coe & Allen (28); Miyazaki (90); Edmondson & In-
gram (34); Pomerat & Reiner (121); Richards (125); McDougall
(86); Edmondson (33); Richards & Clapp (126); LaQue & Clapp
(76); Scheer (130); Miler (87); Weiss (150).

Bugula turbinata
SHIPS: Hentschel (57).

Bitgula turrita
SHIPS: Visscher (146).

BUOYS: Gray (46).
TEST SURFACES: Phelps (116).

Bitgula uncinata
BUOYS: Hutchins (150).

Buskia armata
BUOYS: Hutchins (66).

Callopora sp.
SHIPS: Hentschel (57).

Callopora craticula
TEST SURFACES: FuJler (43).

callopora lineata
SHIPS: Hentschel (57).

Cateriaria lafontii
FLOATS: Hastings (54).

TEST SURFACES: Edmondson & Ingram (34).
Cellaria diifusa ,

TEST SURFACES: Coe (27); Coe & Allen (28).

cellaria mandibulata
TEST SURFACES: Coe (27); Coe & Allen (28).

Cellitlaria sp.
SHIPS: Orton (108); Bengough & Shepheard (13).
BUOYS: Orton (108).

TEST SURACES: Orton (108); Bengough & Shepheard (13).
Conopeum reticuliim

BUOYS: Hutchins (66).

Crisia sp.

SHIPS: Visscher (146).

WRECKS: Lyle (80).
TEST SURFACES: Paul (114).

Crisia eburnea
BUOYS: Gray (46); Hutchins (150).
TEST SURFACEs:,Coe & Allen (28).

crisia elongata

SHIPS: Hutchins (150).

Crisia franciscana
TEST SURFACES: Coe (27).

crisia geniculata

TEST SURFACES: Hastings (53); Coe (27); Coe & Allen (28).
Crisia pacifica

TEST SURFACES: Coe (27).

Crisulipora occidentalis

FLOATS: Scheer (130).
TEST SURFACES: Coe (27); Scheer (130).

cryptosula pallasiana
FLOATS: Scheer (130).
PIPES: Hutchins (150).

TEST SURFACES: Richards (125); Richards & Clapp (126).
Diastopora obelia

CABLES: Jeffreys & Norman (68).
Diastopora patina .

WRCKS: Forrest & Chrichton (37).
Electra sp.

TEST SURFACES: Mosher (92).
Electra beUula bicornis

WRCKS: Hastings (54).
Electra criistitlenta

TEST SURACES: Richards (125); Richards & Clapp (126).
Electra hastingsae

TEST SURFACES: Pomerat & Reiner (121).
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Electra monostachys
TEST SURFACES: Richards & Clapp (126).

-Electra pilosa

SHIPS: Hentschel (57).

TEST SURFACES: Fuller (42) (43).

Entalophora sp.
CABLES: Hutchins (150).

Eschara rosacea

CABLES: Jeffreys & Norman (68).
E2Icratea chelata

WRECKS: Marine Biological Assoc. (84).
TEST SURFACES: 'Coe (27); Coe & Allen (28).

Eiicratea clavata

TEST SURFACES: Scheer (130).
Flustra pilosa

LIGHTSHIPS: Kirchenpauer (72).
Hippodiplosia a.mericana

BUOYS: Hastings (54).
Hippoporina pertitsa

SHIPS: Hentschel (57).

H ippothoa cateniilaria
CABLES: Jeffreys & Norman (68).

H ippothoa divaricata

CABLES: Jeffreys & Norman (68).
H ippothoa divaricata carinata

CABLES: Jeffreys & Norman (68).
Hippotlioa hyalina

CABLES: Sumner, Osburn, & Cole (138).
TEST SURFACES: Coe (27); Coe & Allen (28); Fuller (42) (43).

H oloporella albirostris
TEST SURFACES: Iredale, Johnson, & McNeil (67).

H oloporeUa aperta

SHIPS: Hastings (53).

FLOATS: Scheer (130).
TEST SURFACES: Hastings (53).

HoloporeUa brunnea
FLOATS: Hastings (54).

Holoporella iiagans
TEST SURFACES: Pomerat (120).

Idmonea atZantica
CABLES : Jeffreys & Norman (68).

Lepralia sp.
SHIPS: Paspaleff (113).

Lepralia audouinii
SHIPS: Osburn (110).

Lepralia brongniartii
CABLES: Jeffreys & Norman (68).

Lepralia ciliata
CABLES : Jeffreys & Norman (68).

Lepralia ciicuUata

SHIPS: Osburn (110).
Lepralia innominata

CABLES: Jeffreys & Norman (68).
Lepralia microstoma

CABLES: Jefferys & Norman (68).
Lepralia otto-mueUeriana

SHIPS: Waters (148).

Lepralia paUasiana
SHIPS: Waters (148); Purchon (123).

BUOYS: Milne ((~8).
Lepralia pertiisa

SHIPS: Visscher (146).

Lepralia ventricosa

CABLES: Jeffreys & Norman (68).
Lepralia vestita aiistraZis

TEST SURFACES: Iredale, Johnson, & McNeil (67).
Lichenopora 1'adiata

TEST SURFACES: Coe (27); Coe & Allen (28).

Lichenopora verriicaria
TEST SURFACES: Fuller (43).

Membranipora sp.
SHIPS: Visscher (146); N eu (94); Paspaleff (113).

BUOYS: Gray (46).
TEST SURFACES: Orton (108); Miyazaki (90); Phelps (116)'; Paul

(114).
M embranipora denticiilata

WRCKS: Lignau (78); Grinbart (47).
TEST SURFACES: Lignau (78).

M embranipora lacroixii
SHIPS: Hentschel (57); Visscher (146).

M embranipora lineata
SHIPS: Visscher (146).
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WRECKS: Forrest & Chrichton (37).
TEST SURFACES: Saito (129).

Membranipora membranacea
SHIPS: Osburn (110).

LIGHTSHIPS: N eu (96).
BUOYS: Milne (88).

TEST SURFACES: Coe (27); Coe & Allen (28).

Membranipora monostac1lys
SHIPS: Visscher (146),

M embranipora pilosa
WRCKS: Lyle (80).

M embranipora savartii
SHIPS: Hentschel (57).

Membranipora tehuelcha
TEST SURFACES: Coe (27); Coe & Allen (28); Scheer (130).

Membranipora tuberculata
TEST SURF ACES: Pomera t (120); Scheer (130).

M embraniporeUa nitida
WRECKS: Forrest & Chrichton (37).

Menipea longispinosa
TEST SURFACES: Saito (129).

M enipea occidentalis
TEST SURFACES: Coe (27); Coe & Allen (28).

MicroporeUa violacea
WRCKS: Forrest & Chrichton (37).

M iicroneUa varioZosa
WRCKS: Forrest & Chrichton (37).

Nichtina tuberculata
WRCKS: Hastings (54).

N oleUa gigantia

CABLES: Hutchins (150).

PaludiceUa sp.
TEST SURFACES: Hentschel (56).

PediceUina cerniia
FLOATS: J. H. Fraser (40).

TEST SURFACES: Hutchins (150).

PetralieUa bisinitata
CABLES: Hutchins (150).

P heritsa tubulosa
SHIPS: Masseile (85).

Plu.mateUa fungosa
TEST SURFACES: Hentschel (56).

PlumateUa repens
TEST SURFACES: Hentschel (56).

ReteporeUina marsiipiata

CABLES: Hutchins (150).
Rhynchozoon nudum
TEST SURACES: Edmondson & Ingram (34).

Rhynchozoon tumulosii1n
FLOATS: Scheer (130).

Salicornaria farciminoides
CABLES: Milne-Edwards (89); Jeffreys & Norman (68),

SavignyeUa lafontii
SHIPS: Osburn (110).

SchizoporeUa biaperta
CABLES: Sumner, Osburn, & Cole (138).

SchizoporeUa linearis
WRECKS: Forrest & Chrichton (37),

SchizoporeUa iinicornis
SHIPS: Osburn (110); Hentschel (57); Waters (148); Hastings

(53); Edmondson (33).
FLOATS: Scheer (130).
TEST SURFACES: Hastings (53); Saito (129); Edmondson & In-
gram (34); McDougall (86); Richards (125); Edmondson (33);
Richards & Clapp (126); Weiss (150).

SchizoporeUa venochros

TEST SURFACES: Saito (129); Miyazaki (90l.

Scruparia sp.
SHIPS: N eu (94).

ScriipoceUaria sp.
SHIPS: N eu (94).

ScriipoceUaria berthoUetii
SHIPS: Hastings (53).

TEST SURFACES: Hastings (53).

ScrupoceUaria cervicornis
SHIPS: Osburn (110).

ScrupoceUaria diegensis
FLOATS: Scheer (130).
TEST SURFACES: Coe (27); Coe & Allen (28); Scheer (130).

ScrupoceUai'ia joUoisii

SHIPS: Hastings (53).
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Scrupocellaria reptans
SHIPS: Hentschel (57).

Scrupocellaria. scabra
SHIPS: Hutchins (150).

Scrupocellaria scrupea
SHIPS: Masseile (85).

Scrupocellaria scruposa
, W1CKS: Forrest & Chrichton (37).
Smittia collifera

TEST SURFACES: Coe (27); Coe & Allen (28).

Smittia egyptiaca

SHIPS: Hastings (53).

TEST SURFACES: Hastings (53).
Smittia reticulata

WRECKS: Forrest & Chrichton (37).
TEST SURFACES: Coe (27); Coe & Allen (28).

Smittia landsborovii

. WRECKS: Forrest & Chrichton (37).
Synnotu.m aviculare

SHIPS: Hastings (53).

T egeUa unicornis

TEST SURFACES: Fuller (43).

TlialamoporeUa rozieri californiensis
TEST SURFACES: Coe (27); Coe & Allen (28).

TriticeUa elongata

BUOYS: Hutchins (66).
Tiibiilipora serpens
WRECKS: Forrest & Chrichton (37).

U mboneUa verriicosa
SHIPS: Masseile (85).

BUOYS: Milne (88).
TEST SURFACES: Orton (108).

V ictoreUa pavida
SHIPS: Osburn (111).

Watersipora ciiciUata
SHIPS: Hentschel (57); Hutchins (150); Weiss (150).

TEST SURFACES: Pomerat (120); Weiss (150).
Zoobotryon peUitcidu.m

SHIPS: Neu (94); Edmondson & Ingram (34).
TEST SURACES: Coe (27); Coe & Allen (28); Edmondson & In-
gram (34); Pomerat (120).

Brachiopoda
T erebratula caput-serpentis
CABLES: Jeffreys & Norman (68).

Annelida (True Worms)
ARCHIANNELIDA

Ctenodrilus serratus
W1CKS: Herpin (59).

POLYCHAETA ERRANTIA

A iitolytus edwardsi
W1CKS: Herpin (59).

A utolytus prolifer

FLOATS: J. H. Fraser (40).

Branchiomana disparocilatum
TEST SURFACES: Coe (27); Coe & Allen (28).

Cirratulus cirratiis
W1CKS: Herpin (59).

Eulalia sp.
BUOYS: Gray (46); Milne (88).

Eunice antennata
BUOYS: Fauvel (36).

Exogone gemnifera
WRECKS: Herpin (59).

F abricia sabella

W1CKS: Herpin (59).
Glycera sp.

SHIPS: Visscher (146).

H alosydna brevisetosa
TEST SURACES: Coe (27); Coe & Allen (28).

H alosydna gelatinosa
W1CKS: Forrest & Chrichton (37).

H alosydna insignis '
SHIPS: MacGinitie (83).

H armothoe sp.
BUOYS: Gray (46).

Harmothoe boholensis
BUOYS: Fauvel (36).

H armotlioe imbricata
W1CKS: Forrest & Chrichton (37).
BUOYS: J. H. Fraser (40).

TEST SURFACES: Miyazaki (90).
Harmothoe impar

BUOYS: Milne (88).
H esione pantherina

BUOYS: Fauvel (36).
H esione reticulata

TEST SURFACES: Miyazaki (90).

Lagisca extenuata

WRECKS: Forrest & Chrichton (37).
DOCK GATES: Alexander, Southgate, & Bassindale (2).

Lepidonotiis sp.
BUOYS: Gray (46).

Lepidonotus squamatiis

SHIPS: Purchon (123).

LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).
BUOYS: J. H. Fraser (40); Gray (46); Milne (88).

FLOATS: J. H. Fraser (40).

TEST SURFACES: Fuller (42).

Lysidice ninetta
W1CKS: Herpin (59).

Magalia peramata
WRECKS: Herpin (59).

Marphysa sp.
BUOYS: Gray (46).

Nereis sp.
SHIPS: MacGinitie (83).

BUOYS: Kirchenpauer (72).

TEST SURFACES: Richards (125).
N Breis agassizi

TEST SURFACES: Coe (27); Coe & Allen (28).

N ereis costae

SHIPS: Fauvel (36).

BUOYS: Fauvel (36).
N ereis coutierei

SHIPS: Fauvel (36).

N ereis cultrifera

TEST SURFACES: Miyazaki (90).
N ereis latescens

TEST SURFACES: Coe (27); Coe & Allen (28).

Nereis pelagica

SHIPS: Visscher (146).

LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).
BUOYS: J. H. Fraser (40); Gray (46); Milne (88).

FLOATS: J. H. Fraser (40).

DOCK GATES: Alexander, Southgate, & Bassindale (2).
TEST SURACES: Miyazaki (90).

N ereis succinea
LIGHTSHIPS: N eu (96).

N ereis vexiUosa
TEST SURFACES: Coe (27); Coe & Allen (28).

N ereis zonata persica
SHIPS: Fauvel (36).

OdontosyUis ctenostoma
W1CKS: Herpin (59).

P liyUodoce s p.
BUOYS: Gray (46).
TEST SURFACES: Miyazaki (90).

Platynereis dumerilii
W1CKS: Herpin (59).

Polynoe gymnonota
TEST SURFACES: Miyazaki (90).

Polynoe sqiiamatus
BUOYS: Gray (46).

Procerastea halle,ziana
FLOATS: Marine Biological Assoc. (84).

Pseudonereis anomalia
SHIPS: Fauvel (36).

Syllis sp.

BUOYS: Milne (88).

SyUis variegata
SHIPS: Fauvel (36).

TyposyUis variegata
W1CKS: Herpin (59).

l
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POLYCHAETA SEDENTARIA (TUBE WORMS AND RELATIVES)

Amphitrite sp.
BUOYS: Gray (46).
TEST SURFACES: Miyazaki (90).

Amphitrite johnstoni

BUOYS: J. H. Fraser (40).

Amphitrite ornata
BUOYS: Gray (46).

Arenicola marina
WRECKS: Herpin (59).

Capitella capitata
WRCKS: Herpin (59).

capitellides giardi
WRECKS: Herpin (59).

chaetopterus sp.
TEST SURFACES: Coe (27); Coe & Allen (28).

C haeto pteriis vario pedatus
WRECKS: Forrest & Chrichton (37).

crucigerawebsteri
BUOYS: Turner (150).

Dasychone sp.
TEST SURFACES: Richards (125).

Dasychone bairdi
TEST SURFACES: Hentschel (58).

Dasychone bombyx
WRCKS: Forrest & Chrichton (37).

Dasychone conspersa
TEST SURACES: Pomerat (120); Walton Smith (150).
Dasychone lucuUana . '

BUOYS: Potts (122).

Eteone californica
TEST SURFACES: Graham & Gay (44).

Eteone lighti
TEST SURFACES: Graham & Gay (44).

Eupomatiis sp.
BUOYS: Turner (150).

Eupomatus dianthus
BUOYS: Turner (150).

Eiipomatus elegantulus
BUOYS: Turner (150).

Eiipomatits gracilis
FLOATS: Scheer (130).
TEST S.URF ACES: Coe (27); Coe & Allen (28); Scheer (130).

Galeolaria sp.
TEST SURFACES: Johnson & McNeil (70).

Galeolaria wespitosa
TEST SURFACES: Iredale, Johnson & McNeil (67).

Hydroides sp.
SHipS: Visscher (146); Hutchins (150).

BUOYS: Gray (46).
TEST SURFACES: Miyazaki (90); Phelps (116); Pomerat & Reiner

(121); Pomerat (120).
Hydroides bispinosa

BUOYS: Turner (150).
H ydroides hexagona

SHIPS: Visscher (146).

, TES~ SURFACES: Grave (45); Wharton (149); McDougall (86).

H ydroides liinulifera
SHIPS: Fauvel (35); Edmondson (33).
BUOYS: Potts (122).

TEST SURACES: Edmondson & Ingram (34)' Edmondson (33).
H ydroides norvegica '

SHIPS: Hentschel (57); Potts (122); Orton (108); Masseile (85);

Edmondson & Ingram (34); Bengough & Shepheard (13); ,Ed-
mondson (33); Turner (150).
BUOYS: Potts (122); Orton (108).

TEST SURFACES: Orton (108); Edmondson & Ingram (34)' Paul

(114); Bengough & Shepheard (13); Edmondson (33). '
H ydroides parvits

BUOYS: Turner (150).

M erciereUa enigmaiiw
SHIPS: Purchon (123).

Oridia armandi
WRECKS: Herpin (59).

PamsabeUa sp.
BUOYS: Gray (46).

Parasabella micropthalmia
BUOYS: Gray (46).

_Polydora ciliata
TEST SURFACES: Orton (108); Fuller (42) (43).

Polydora ligni
TEST SURFACES: Graham & Gay (44).

Polymnia nebulosa
WRECKS: Forrest & Chrichton (37).

Pomatoceros sp.
TEST SURACES: Miyazaki (90).

Pomatoceros triqueter
SHIPS: Orton (108); Herpin (60); Bengough & Shepheard (13).
WRCKS: Forrest & Chrichton (37).
BUOYS: Orton (108); Milne (88); Turner (150).

DOCK GATES: Alexander, Sollthgate, & Bassindale (2).

TEST SURFACES: Orton (108); Bengough & Shepheard (13).
Protula tubilaria

WRCKS: Forrest & Chrichton (37).
Pygospio elegans

ROPES: Purchon (123).

Sabella sp.
TEST SURACES: Orton (108).

SabeUa pavonina
LIGHTSHIPS: J. H. Fraser (40).
WRECKS: Forrest & Chrichton (37).

, TEST SURFACES: Orton (108).

Sabellaria sp.
TEST SURFACES: Wharton (149).

SabeUaria viilgaris
TEST SURACES: McDougall (86).

Salmacina dysteri
BUOYS: Potts (122).

TEST SURFACES: Edmondson & Ingram (34).
Salmacina incrustans

BUOYS: Turner (150).

Serpula sp.
BUOYS: Gray (46); Turner (150).
TEST SURACES: Saito (129); Iredale, Johnson & McNeil (67)'
Nelson & Kodet (93); LaQue & Clapp (76). '

Serpula columbiana
TEST SURACES: Coe (27); Coe & Allen (28).

Serpula vermicularis
WRCKS: Forrest & Chrichton (37).
TEST SURACES: Orton (108).

Spirographis spaUanzanii
SHIPS: Neu (94).

Spirorbis sp.
SHIPS: N eu (94).

TEST SURFACES: Hentschel (58); Saito (129)' Coe (27)' Coe &

Allen (28); Miyazaki (90) ; Edmondson & Ing~am (34)' Pomerat(120). '
S pirorbis pagenstecheri

SHIPS: Masseile (85).

S pirorbis spirillum
TEST SURACES: Fuller (42).

S pirorbis spirorbis

TEST SURFACES: Fuller (43).

T erebella ehrenbergi
BUOYS: Potts (122).

Thelepus sp.
TEST SURFACES: Miyazaki (90).

~
-r

OLIGOCHAETA

Aeolosoma sp.
TEST SURFACES: Hentschel (56).

Chaetogaster diaphanus
TEST SURACES: Hentschel (56).

Dero sp.
TEST SURACES: Hentschel (56).

Stylaria lacustris
TEST SURFACES: Hentschel (56).

HIRUDINEA (LEECHES)

Glossosiphonia sp.
TEST SURFACES: Hentschel (56).

H elobdeUa sp.
TEST SURFACES: Hentschel (56).

H erpobdella sp.

TEST SURFACES: Hentschel (56).

Piscicola sp.
TEST SURFACES: Hentschel (50).



194 MARINE FOULING AND ITS PREVENTION

Arthropoda
COPEPODA

Alteutha interripta

BUOYS: Marine Biological Assoc. (84).
H arpacticus fleXM

BUOYS: Marine Biological Assoc. (84).
H arpacticus gracilus

BUOYS: Marine Biological Assoc. (84).
ldya fureata

BUOYS: Marine Biological Assoc. (84).
Laophonte strömi

BUOYS: Marine Biological Assoc. (84).
Parathalestris claiisi

BUOYS: Marine Biological Assoc. (84).
Thalestris longimana

BUOYS: Marine Biological Assoc, (84).

OSTRACODA

Cytheropteron nodosiim
CABLES: Jeffreys & Norman (68).

Loxoconcha miiltifora
CABLES: Jeffreys & Norman (68).

Paradoxostoma ensiforme
CABLES : Jeffreys & Norman (68).

Paradoxostoma variabile
CABLES: Jeffreys & Norman (68).

Schlerochiliis contortus
'CABLES: Jeffreys & Norman (68).

CIRIPEDIA (BARNACLES)

LEPADOMORPHA (GOOSE BARNACLES)

Anatifa laevis
SHIPS: Kirchenpauer (72).

Conchoderma sp.
SHIPS: Bengough & Shepheard (13).
TEST SURFACES: Bengough & Shepheard (13).

Conchoderma auritum
SHIPS: Verril & Smith (145); Pilsbry (118); Gruvel (48); Chilton

(25); Jennings (69); Hentschel (57); Krüger (74); Visscher
(146); Orton (108); Marine Biological Assoc. (84); Wharton
(149).
BUOYS: Pilsbry (118); Orton (108); Newell (150).

TEST SURFACES: Orton (108).

Conchoderma virgatum
SHIPS: Verrill & Smith (145); Pilsbry (118); Chilton (25); Jen-

nings (69); Hentschel (57); Krüger (74); Visscher (146); Orton
(108); Marine Biological Assoc. (84); Wharton (149).
BUOYS: Annandale (5); Orton (108); Newell (150).
TEST SURFACES: Orton (108).

H eteralepas corniita

BUOYS: Newell (150).
H eteralepas japonica

CABLES: Nilsson-Cantell (103).

Lepas sp.
FLOATS: Pomerat (120).

Lepas anatifera
S:(UPS: Verril & Smith (145); Beaumont (10); Gruvel (48);

Jennings (69); Hentschel (57); Visscher (146); Orton (108);
Saito (129); Marine Biological Assoc. (84); Neu (94); Bertelsen
& Ussing (14); Wharton (149); Bengough & Shepheard (13).
WRECKS: Beaumont (10).
BUOYS: Stechow (134); Orton (108); Marine Biological Assoc.
(84); Newell (150).
TEST SURFACES: Orton (108); Bengough & Shepheard (13).

Lepas anserifera
SHIPS: Verril & Smith (145); Hentschel (57); Krüger (74);
Visscher (146).
BUOYS: Annandale (5); Newell (150).

Lepas australis
SHIPS: Chilton (25) ; Jennings (69).

Lepas fascicularis

SHIPS: Verril & Smith (145).

Lepas hillii
SHIPS: Gruvel (48); Chilton (25); Jennings (69); Hentschel (57);

Visscher (146); Orton (108).
BUOYS: Orton (108); Newell (150).

TEST SURFACES: Orton (108).

Lepas pectinata
SHIPS: Verril & Smith (145); Krüger (74).

Lepas pectinata pacifica
BUOYS: Newell (150).

M egalasma carinatum

CABLES: CaIman (21).
M egalasma gigas

CABLES: Caiman (21); Nilsson-Cantell (101).
M egalasma hamatum

CABLES: CaIman (21); Nilsson-Cantell (101).
M egalasma minus .

CABLES: CaIman (21).
M egalasma orientale

CABLES: CaIman (21).
M egalasma pilsbryi

CABLES: Caiman (21).
M egalasma striatum

CABLES: CaIman (21).
M itella miteUa

SHIPS: Saito (129).

Mitella polymerus
BUOYS: Newell (150).

Oxynaspis celata
CABLES: Nilsson-Cantell (103).

Oxynaspis pulchra
CABLES: Nilsson-Cantell (102).

P oecilasma crassa
SHIPS: Visscher (146).

Seaipelliim aciitiim
CABLES: CaIman (20).

Scalpellum alcockianum
CABLES: CaIman (20); Nilsson-Cantell (101).

Scaipellum annandalii

CABLES: CaIman (20).
ScalpeUum bengalense

CABLES: Caiman (20).
ScalpeUum ecaudatiim

CABLES: CaIman, (20).
Scaipellum elongatum

CABLES: Nilsson-Cantell (101).

Scalpellum gibbei'um

WRCKS: Nilsson-Cantell (104).
ScalpeUu,m gruvelianitm

CABLES: Nilsson-Cantell (100),

Scalpellum gruvelii
CABLES: CaIman (20).

ScalpeUum juddi

CABLES: CaIman (20).
Scalpelliim laccadii'Ïcum

CABLES: CaIman (20).
Scalpelliim novae-zelandiae

CABLES: CaIman (20).
Sealpellum nudipes

CABLES: Caiman (20).
Scalpellum portoricaniim

CABLES: CaIman (20).
Scal pellum projectum

CABLES: Nilsson-Cantell (100).

Scalpellum persona

CABLES: CaIman (20).
Scalpellum regina

CABLES: CaIman (20).
ScalpeUum regiÛus

CABLES: CaIman (20).
Scalpellum retrieveri

CABLES: Nilsson-Cantell (100).
ScalpeUum rubrum

CABLES: CaIman (20).
Scaipellum soror ,

CABLES: Nilsson-Cantell (100).
Scalpelliim trispinosum

CABLES: CaIman (20).
ScaipeUum velutinuni

CABLES: CaIman (20).
ScalpeUum wood-masoni

CABLES: Nilsson-Cantell (101).

BALANOMORPHA (ACORN BARNACLES)

Balanus sp.
SHIPS: Visscher (146); Orton (108); Bertelsen & U ssing (14).
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WRECKS: Lignau (78).
BUOYS: Orton (108).
TEST SURFACES: Lignau (78); Orton (108); Iredale, Johnson &

McNeil (67).
Balanus amaryllis

SHIPS: Hoek (65); Pilsbry (119).
Balanus amaryllis eiiamaryUis

CABLES: Nilsson-Cantell (101) (102) (103).

Balanus amphitrite
SHIPS: Hoek (65); Pilsbry (119); Hentschel (57); Visscher (146);

Marine Biological Assoc. (84); Neu (94); Edmondson & Ingram
(34); Wharton (149).
TEST SURFACES: Edmondson & Ingram (34); Phelps (116); Paul

(114); Richards (125); Richards & Clapp (126); Edmondson
(33); Graham & Gay (44). '

Balaniis amphitrite albicostatus
TEST SURFACES: Saito (129); Miyazaki (90).

Balanus amphitrite communis
SHIPS: N eu (94) (98).

TEST SURFACES: Miyazaki (90).

Balanus amphitrite denticiilata
SHIPS: Broch (17).
BUOYS: Broch (17).

Balaniis amphitrite hawaiiensis
SHIPS: Edmondson & Ingram (34).
TEST SURFACES: Edmondson & Ingram (34).

Balanus amphitrite inexpectatus
BUOYS: Newell (150).

Balanus amphitrite niveus
SHIPS: Pilsbry (119); Weiss (150).

BUOYS: Newell (150).
TEST SURFACES: Saito (129); Pomerat (120); McDougall (86);
Walton Smith (132); Weiss (150).

Balanus amphitrite poecilosculpta
CABLES: Nilsson-Can tell (102).

Balanus amphitrite stutsbui.i
SHIPS: Krüger (74).

Balanus amphitrite veniistiis
TEST SURFACES: Neu (98).

Balanus balanoides
SHIPS : Verril & Smi th (145); N eu (94); Bengough & Shepheard(13). ,
LIGHTSHIPS: Neu (96).
BUOYS: Pilsbry (119); J. H. Fraser (40); Milne (88); Gray (46);

Newell (150).
DOCK GATES: Alexander, Southgate, & Bassindale (2).

TEST SURFACES: Grave (45); Zenkewitsch (151); Bengough &
Shepheard (13); Fuller (42) (43); Mosher (92).

Balanus balanus
BUOYS: Newell (150).

Balaniis calidus

BUOYS: Newell (150).

Balanus cariosiis
BUOYS: Newell (150).

Balanus cl'enatus
SHIPS: Verril & Smith (145); Pilsbry (119); Hentschel (57);
Visscher (146) ; Chilton (26); Masseile (85); Henry (55);
Bengough & Shepheard (13).
LIGHTSHIPS: Neu (96); J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).
BUOYS: Kirchenpauer (72); Pilsbry (119); Neu (95); J. H.
Fraser (40); Gray (46); Newell (150).
FLOATS: J. H. Fraser (40).

DOCK GATES: Alexander, Southgate, & Bassindale (2).

TEST SURFACES: Bengough & Shepheard (13); Fuller (43);
Mosher (92).

Balanus crenatus delicatus
BUOYS: Pilsbry (119).

B alaniis eburneiis

SHIPS: Verril & Smith (145); Hoek (65); Pilsbry (119); Visscher
(146); Neu (98); Wharton (149).
BUOYS: Verril & Smith (145); Gray (46); Newell (150).
TEST SURFACES: Grave (45); Neu (97) (98); Phelps (116); Fuller

(41) (42); Pomerat & Reiner (121); McDougall (86); Richards
(125); Richards & Clapp (126); LaQue & Clapp (76); Mosher
(92); Walton Smith (132); Weiss (150).

Balanus flos
BUOYS: Pilsbry (119).

Balanus glandula
SHIPS: Henry (55).
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. BUOYS: Newell (150).

TEST SURFACES: Coe & Allen (28).
Balanus hameri

SHIPS: Visscher (146).

WRCKS: Forre~t & Chrichton (37).
BUOYS: Newell (150).

Balanus imProvisus

SHIPS: Pilsbry (119); Krüger (74); Visscher (146); Stammer
(133); Paspaleff (113); Wharton (149); Henry (55).
LIGHTSHIPS: N eu (96).
WRECKS: Grinbart (47).
BUOYS: Neu (95); Milne (88); Newell (150).
TEST' SURFACES: Neu (97); Phelps (116); Richards (125); Mc-

Dougall (86); Richards & Clapp (126); Mosher (92); Graham &
Gay (44); Walton Smith (132); Weiss (150).

Balanus improvisus assimilis
SHIPS: Neu (98).

Balaniis improvisus communis
SHIPS: N eu (98).

Balanus nigrescens
SHIPS: Krüger (74).

Balanus nubilis
SHIPS: MacGinitie (83); Henry (55).

BUOYS: Newell (150).
Balanus perforatus

SHIPS: Hentschel (57); Visscher (146).

TEST SURFACES: Orton (108).

Balanus porcatus
WRCKS: Forrest & Chrichton (37).

Balanus psittacus
SHIPS: Hentschel (57).

Balanus tintinnabiilum ,
SHIPS: Verril & Smith (145); Chilton (25); Hoek (65); Hentschel

(57); Visscher (146); Orton (108); Marine Biological Assoc.

(84); Wharton (149); Bengough & Shepheard (13).
BUOYS: Orton (108); Gray (46); Newell (150).
FLOATS: Scheer (130).
TEST SURACES: Hentschel (58); Orton (108); Saito (129);
Bengough & Shepheard (13); Scheer (130).

Balaniis tintinnabulum antiUensis

SHIPS: Pilsbry (119). .

BUOYS: Newell (150).
Balanus tintinnabiiliim californiciis

SHIPS: MacGinitie (83); Henry (55).

BUOYS: Newell (150).
TEST SURFACES: Coe (27); Coe & Allen (28).

Balanus tintinnabuliim coccopoma

SHIPS: Pilsbry (119); Henry (55).

BUOYS: Newell (150).
Balanus tintinnabulum concinnus

WRECKS: Pilsbry (119).
Balanus tintinnabulum costatus

SHIPS: Pilsbry (119).

Balanus tintinnabuliim dorbignyii
SHIPS: Pilsbry (119).

Balanus tintinnabulum occátol'
SHIPS: Pilsbry (119).

Balanus tintinnabulum plicatus
SHIPS: Pilsbry (119).

Balanus tintinnabulum spinosus
SHIPS: Pilsbry (119).

Balanus tintinnabulum tintinnabuliim
SHIPS: Pilsbry (119).

Balanus tintinnabulum volcano

SHIPS: Pilsbry (119).

Balanus tintinnabuliim zebra
. SHIPS: Gruvel (48); Pilsbry (119).
Balanus trigonus

SHIPS: Pilsbry (119); Newell (150).

BUOYS: Newell (150).
Balaniis tiilipiformis

SHIPS: Visscher (146).

Balaniis vinaceus

BUOYS: Newell (150).
Chelonibia patula

SHIPS: Hentschel (57).

BUOYS: Newell (150).
C helonib ia testudinaria

TEST SURACES: Edmondson & Ingram (34),
Chthamalus sp.

SHIPS: Hentschel (57).
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Chthamalus dentatus
SHIPS: Hoek (65).

Chthamaliis fissiis
TEST SURFACES: Coe & Allen (28).

Chthamaliis fragilis

SHIPS: Visscher (146).

BUOYS: Newell (150).
TEST SURFACES: McDougall (86).

Chthamalus steUatus
TEST SURACES: Richards (125).

T etraclita coerulescens
SHIPS: Hoek (65).

T etraclita radiata
SHIPS: Hoek (65); Pilsbry (119).

T etraclita squamosa pateUaris
SHIPS: Pilsbry (119).

T etraclita squamosa rubescens
BUOYS: Newell (150).

T etraclita squamosa stalactifera
BUOYS: Newell (150).

VERRUCOMORPHA

Verriica sp.
BUOYS: Newell (150).

AMPHIPODA

Aegina phasma
CABLES: Jeffreys & Norman (68).

A egineUa sp.
BUOYS: Miler (150).

AUorchestes angustus
BUOYS: Miler (150).

Ampithoë simitlans
BUOYS: Miler (150).

A mpithoë valida
BUOYS: Miler (150).

A mpithopsis latipes
CABLES: Jeffreys & Norman (68).

Aoroides californica
BUOYS: Miler (150).

CapreUa sp.
BUOYS: Gray (46).

CapreUa aciitifrons
BUOYS: Miler (150).
TEST SURFACES: Miyazaki (90).

C apreUa aequilibra

WRCKS: Marine Biological Assoc. (84).
BUOYS: Marine Biological Assoc. (84); Milne (88); Miler (150).

TEST SURFACES: Coe & Allen (28).

caprella alaskana
BUOYS: Miler (150).

CapreUa geometria
BUOYS: Gray (46).

CapreUa kennerlyi
BUOYS: Miler (150).

CapreUa linearis
BUOYS: Kirchenpauer (72).

CapreUa scaura
TEST SURFACES: Coe (27); Coe & Allen (28); Miyazaki (90).

CapreUa septentrionalis
BUOYS: Gray (46).

Cheliira terebrans

SHIPS: Orton (108).

WRCKS: Herpin (59).
BUOYS: Orton (108).
TEST SURFACES: Orton (108).

Corophium sp.
TEST SURFACES: Miyazaki (90); Richards (125); Mosher (92);
Graham & Gay (44).

Corophiiim acherusicum
BUOYS: Purchon (123); Milne (88).

corophiuni baconi
TEST SURFACEs:Coe & Allen (28).

Corophium boneUii
BUOYS: Miler (15Q).

Corophiiini crassicorne

WRECKS: Herpin (59).

Corophiiim insidiosum
BUOYS: Purchon (123).
TEST SURFACES: Graham & Gay (44).

corophiiim spinicorne
BUOYS: Miler (150).
TEST SURFACES: Graham & Gay (44).

Elasmopus pectenicriis
SHIPS: Schellenberg (131).

Elasmopus rapax
SHIPS: Schellenberg (131).

Erichthonius brasiliensis
SHIPS: Schellenberg (131).

FLOATS: Scheer (130).
TEST SURFACES: Coe & Allen (28).

Erichthonius disjunctus
TEST SURFACES: Edmondson & Ingram (34).

Gammarellus homari
BUOYS: Purchon (123).

Gammaropsis erythrophthalmiis
CABLES: Jeffreys & Norman (68).

Gammariis sp.
BUOYS: Gray (46).

Gammariis locusta
LIGHTSHIPS: N eu (96).
BUOYS: Purchon (123); L H. Fraser (40); Milne (88).

FLOATS: L H. Fraser (40).

Gammarus zaddachi
LIGHTSHIPS: N eu (96).
TEST SURFACES: Hentschel (56).

Grubia filosa
SHIPS: Schellenberg (131).

BUOYS: Schellenberg (131).
H yale nilssoni

BUOYS: Milne (88).

I schyrocerus anguipes
BUOYS: Miler (150).

J assa falcata
SHIPS: Orton (108).

WRECKS: Marine Biological Assoc..(84).
BUOYS: Orton (108); Marine Biological Assoc. (84); lH. Fraser

(40); Milne (88).
TEST SURFACES: Orton (108); Coe & Allen (28).

J assa marmorata
BUOYS: Gray (46); Miler (150).

Lembos concavus
TEST SURFACES: Edmondson & Ingram (34).

Lembos leptocheiriis
SHIPS: Schellenberg (131).

Leiiothoe furina

SHIPS: Schellenberg (131).

BUOYS: Schellenberg (131).
M aera inaequipes

BUOYS: Schellenberg (131).
Melita dentata ,

BUOYS: Miler (150).
Melita fresneUii

SHIPS: Schellenberg (131).

BUOYS: Schellenberg (131).
Melita nitida

BUOYS: Miler (150).
Melita palmata

BUOYS: Milne (88).

Metopa sp.
BUOYS: Miler (150).

N eopleltstes pugettensis
BUOYS: Miler (150).

Orchestia littorea
BUOYS: Kirchenpauer (72).

Pleonexes gammaroides
BUOYS: Marine Biological Assoc. (84).

Podoceriis sp.
BUOyS: Miler (150).

P odoceriis brasiliensis

SHIPS: Schellenberg (131).

Podoærus spongicolus
TEST SURFACES: Coe & Allen (28).

Podoceriis variegatus

BUOYS: L H. Fraser (40).

Proboliiim sp.
CABLES: Jeffreys & Norman (68).
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Stenothoe gaUensis
SHIPS: Schellenberg (131).

Stenothoe monoculoides
BUOYS: Milne (88).

Stenothoe valida

BUOYS: Schellenberg (131).
Sympleustes glaber

TEST SURFACES: Coe & Allen (28).

U ni:oola irrorata ,~, '
:IuOYs: Gray (46).

Cancer pagiirus
LIGHTSHIPS: J. H. Fraser (40).

WRCKS: Forrest & Chrichton (37).
TEST SURFACES: Orton (108).

carcinus moenas
WRECKS: Grinbart (47).

BUOYS: Milne (88).
FLOATS: J. H. Fraser (40).

TEST SURFACES: Orton (108).

Charybdis sp.
TEST SURFACES: Miyazaki (90).

Charybdis sexdentata
TEST SURFACES: Miyazaki (90).

Crangon vitl~aris
BUOYS: Kirchenpauer (72).

Ebalia tuberosa

CABLES: Jeffreys & Norman (68).
Epialtus prodiictus

TEST SURFACES: Coe & Allen (28).

Eupanopeus texaiia
BUOYS: Gray (46).

Galathea dispersa
CABLES: Jeffreys & Norman (68).

Galathea nexa
WRECKS: Forrest & Chrichton (37).

H eteractaea ceratopus
BUOYS: G. B. Deevey (150).

H eteropanope vaiiqiielini
SHIPS: CaIman (22).

H yas araneiis
BUOYS: G. B. Deevey (150).

H yas coarctatiis
WRECKS: Forrest & Chrichton (37).
BUOYS: Gray (46); G. B. Deevey (150).

Hýppolyte pusiola
BUOYS: Gray (46).

I nachoides tiiberciilatits
TEST SURFACES: Coe & Allen (28).

Latreutes mucronatus
TEST SURFACES: Miyazaki (90).

Latreiites platirostris

TEST SURFACES: Miyazaki (90).

Leander serratus
TEST SURFACES: Orton (108).

Leander serrifer
TEST SURFACES: Miyazaki (90).

Leander sqitiUa
WRCKS: Grinbart (47).

Leptodiiis agassizii

BUOYS: Lunz (79); G. B. Deevey (150).
Libinia dubia

BUOYS: G. B. Deevey (150).
Libinia emarginata

BUOYS: G. B. Deevey (150).
Menippe sp.

TEST SURFACES: Miyazaki (90).
M enippe convexa

TEST SURFACES: Miyazaki (90).
Menippe mercenaria

BUOYS: Lunz (79); G. B. Deevey (150),

M etopograpsus messor
SHIPS: CaIman (22).

Mithrax co,.yplie
BUOYS: G. B. Deevey (150).

N autilograpsiis minutiis
SHIPS: Orton (108).

Neopanope texana
BUOYS: Gray (46).

Neopanope texana nigrodigita
BUOYS: Lunz (79).

Neopanope texaiia sayi
BUOYS: Lunz (79); G. B. Deevey (150).

Neopanope texaiia texana
BUOYS: Lunz (79); G. B. Deevey (150).

Pachygrapsus crassipes
BUOYS: G. B. Deevey (150).

Pacliygrapsus transversus
SHIPS: Bertelsen & Ussing (14).

BUOYS: G. B. Deevey (150).
Panopeus sp.

BUOYS: Gray (46).

ISOPODA

A rctitreUa damnoniensis
BUOYS: Marine Biological Assoc. (84).

Cilicaea sciilpta
BUOYS: Miler (150).

Cirol(Lna sp.

BUOYS: Gray (46).
Cymodoce spinosa

SHIPS: Omer-Cooper (106).
Cymodoce tuberculata

SHIPS: Chilton (25).

DynameneUa benedicti
BUOYS: Miler (150).

Exosphaeroma oregonensis
BUOYS: Miler (150).

Idotea baltica
BUOYS: Purchon (123); Gray (46).

I dotea pelagica
BUOYS: Milne (88).

Idotea phospliorea

BUOYS: Gray (46).
I dotea viridis

BUOYS: Purchon (123); Milne (88).
J aniropsis kincaidi

BUOYS: Miler (150).

Miinna sp.
CABLES: Jeffreys & Norman (68).

Pentidotea resecata
BUOYS: Miler (150).

Pentidotea stenops

BUOYS: Miler (150).
Pentidotea wosnesenskii

BUOYS: Miler (150).

Spliae;roma sp.
TEST SURFACES: Miyazaki (90).

Sphaeroma walkeri
SHIPS: Omer-Cooper (106).

Synidotea sp.
BUOYS: Miler (150).

Synidotea harfordi
TEST SURFACES: Coe (27); Coe & Allen (28).

Synidotea hirtipes
BUOYS: Omer-Cooper (106).

Synidotea laticauda
BUOYS: Miler (150).

Tanais sp.
BUOYS: Miler (150).

Tanais normani
TEST SURFACES: Coe & Allen (28).

DECAPODA (CRABS, SHRIMPS, ETC.)

A canthonyx petiverii
BUOYS: G. B. Deevey (150).

Actaea riifopunctata nodosa
BUOYS: G. B. Deevey (150).

Brachynotus longitarsis
TEST SURFACES: Miyazaki (90).

Brachynotus peniciUatus
TEST SURFACES: Miyazaki (90).

Brachynotus sanguineus
TEST SURFACES: Miyazaki (90).

Cancer borealis
BUOYS: Gray (46); G. B. Deevey (150).

Cancer gibbosus

TEST SURACES: Miyazaki (90).
Cancer irroratiis

BUOYS: G. B. Deevey (150).

19ï
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Panulirus japoniciis
TEST SURFACES: Miyazaki (90).

Pelia sp.

BUOYS: Gray (46).
P elia miitica

BUOYS: Gray (46); G. B. Deevey (150).
Percnon gibbesi

BUOYS: G. B. Deevey (150).
Pilumnoides perlatiis

SHIPS: Orton (108).

Piliimniis dasypodiis

BUOYS: Lunz (79); G. B. Deevey (150).
Pilumniis jloridanus

BUOYS: Lunz (79).
Piliimnits hirtellus

LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Grinbart (47).
Pilumnus lacteus

BUOYS: Lunz (79); G. B. Deevey (150).
Pilumnus longleyi

BUOYS: G. B. Deevey (150).
Piluniniis oahiiensis

TEST SURFACES: Edmondson & Ingram (34).
Pilumniis pannosus

BUOYS: Lunz (79); G. B. Deevey (150).
Pilumniis savignyi

SHIPS: CaIman (22).
Pilumnus sayi

BUOYS: Lunz (79).
Pinnotlieres sp.

TES,T SURFACES: Richards (125).

Pinnotheres maculatus
BUOYS: Gray (46); G. B. Deevey (150).

Pinnotheres ostreiim
BUOYS: Gray (46).

Plagusia dentipes

TEST SURFACES: Miyazaki (90).
Plagusia depressa

BUOYS: G. B. Deevey (150).
Porcellana longicornis

LIGHTSHIPS: J. H. Fraser (40).

TEST SURFACES: Orton (108).

Portunus arcuatiis
FLOATS: J. H. Fraser (40).

Portuniis piiber
WRECKS: Forrest & Chrichton (37).

Pugettia sp.
TEST SURFACES: Miyazaki (90).

Pugettia minor
TEST SURFACES: Miyazaki (90).

Pugettia producta
BUOYS: G. B. Deevey (150).

Piigettia qiiadridens
TEST SURFACES: Miyazaki (90).

Rhithropanopeiis harrisii
BUOYS: Lunz (79).

S pirontocaris sp.

BUOYS: Gray (46).
Spirontocaris japonica

TEST SURACES: Miyazaki (90).
S pirontocaris rectirosti'is

TEST SURFACES: Miyazaki (90).
Thalamita poissonii

BUOYS: CaIman (22).

Plioxichiliis spinosus
WRECKS: Beaumont (10).

Pycnogonum littorale
WRECKS: Forrest & Chrichton (37).

INSECTA

A nisolabis maritima
BUOYS: Gray (46).

chironomus sp.
TEST SURFACES: Hentschel (56).

Mollusca
AMPHINEURA (CHITONS; SEA CRADLES)

A canthochiton ribrolineata

TEST SURFACES: Miyazaki (90).

Chaetopleura apiculata

TEST SURFACES: Grave (45).
Ischnochiton comptae

TEST SURFACES: Miyazaki (90).

PYCNOGONIDA (SEA SPIDERS)

A mmonthea echinata
WRECKS: Beaumont (10).

A no plodactylus petiolatiis

WRECKS: Beaumont (10).
Anoplodactylus portus

BUOYS: CaIman (23).
A noplodactylus saxatilis

SHIPS: CaIman (23).
BUOYS: CaIman (23).

PaUene sp.
BUOYS: Gray (46).

Phoxichilidiiim femoratum
WRECKS: Forrest & Chrichton (37).

GASTROPODA

NUDIBRANCHIATA (SEA SLUGS)

Aeolis sp.
BUOYS: Gray (46).
TEST SURFACES: Miyazaki (90).

A ncula cristata
FLOATS: J. H. Fraser (40).

A rchidoris britannica
WRECKS: Forrest & Chrichton (37).

CorypheUa lineata
WRECKS: Beaumont (10).

Corypliellina riibrolineata
BUOYS: O'Donoghue (105).

Cratena aurantia

WRECKS: Forrest & Chrichton (37).
BUOYS: Marine Biological Assoc. (84).

Dendrodoris nigra
TEST SURFACES: Miyazaki (90).

Dendrodoris riibra nigJ"omaculata
TEST SURFACES: Miyazaki (90).

Dendronotus sp.
BUOYS: Gray (46).

Dendronotus arborescens
WRECKS: Beaumont (10).
BUOYS: Gray (46).
TEST SURFACES: Fuller (42).

Dendronotus frondosus

SHIPS: Orton (108).

TEST SURFACES: Orton (108).
Doris sp.

BUOYS: Gray (46).
Doris japonica

TEST SURFACES: Miyazaki (90).

Doto coronata
WRECKs:,Beaumont (10).
BUOYS: Gray (46).

Duvaucelia plebeia
WRECKS: Forrest & Chrichton (37).

Eiibranchiis exigiius

WRECKS: Forrest & Chrichton (37).

BUOYS: Marine Biological Assoc. (84).
Eiibranchus pallidus

BUOYS: Marine Biological Assoc. (84).
Facelina coronata

WRECKS: Beaumont (10).
Facelina drummondi

WRECKS: Beaumont (10).
TEST SURFACES: Orton (108).

F acelina longicornis
BUOYS: Marine Biological Assoc. (84); Milne (88).

Flabellina iodinea
TEST SURFACES: Coe (27); Coe & Allen (28).

Galvina exigiia
WRECKS: Beaumont (10).
TEST SURFACES: Orton (108).
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Calvina picta
WRCKS: Beaumont (10).
TEST SURFACES: Orton (108).

I ditlia coronata
WRECKS: Forrest & Chrichton (37).
BUOYS: Marine Biological Assoc. (84).

LameUidoris bilameUata

WRCKS: Beaumont (10).
Limaportia nigra

WRECKS: Herpin (59).
Montagua sp.

BUOYS: Gray (46).
M usciilus oahiius

TEST SURFACES: Edmondson & Ingram (34).
P olycera quadrilineata

SHIPS: Beaumont (10).
WRCKS: Beaumont (10).

Plurobranchaea novaezealandiae

TEST SURFACES: Miyazaki (90).

Sphaerostoma hombergii
WRECKS: Forrest & Chrichton (37).

Tergipes despectus ,
BUOYS: Marine Biological Assoc. (84).
TEST SURFACES: Orton (108).

cypraea curopaea
WRCKS: Beaumont (10).

Emarginula reticulata müUeri
WRECKS: Forrest & Chrichton ((37).

FissureUa sp.
SHIPS: Bertelsen & Ussing (14).

Fiisiis lameUaris
CABLES: Milne-Edwards (89).

H aminoea cymbalum
TEST SURFACES: Miyazaki (90).

H elcion peUucida
TEST SURFACES: Orton (108).

H ydrobia ventrosa

WRECKS: Grinbart (47).
Lacuna vincta

BUOYS: Gray (46).
Littorina scabra
TEST SURACES: Edmondson & Ingram (34).

Lymnaea ovata
TEST SURFACES: Hentschel (56).

Margarita sp.
BUOYS: Gray (46).

M elaneUa aciculata
TEST SURACES: Edmondson & Ingram (34).

M onodorita limbata
CABLES: Milne-Edwards (89).

N assarius incrassatus

WRECKS: Forrest & Chrichton (37).

Odostomia bisiituralis
BUOYS: Gray (46).

PateUa cernica
TEST SURACES: Paul (114).

P ateUa vulgata
TEST SURFACES: Orton. (108).

PateUoida virginea
WRCKS: Forrest & Chrichton (37).

Peristerina clilorostoma

TEST SURACES: Edmondson & Ingram (34).
Pliiline japonica

TEST SURFACES: Miyazaki (90).

Physa sp.
TEST SURFACES: Hentschel (56).

Plocamopliorus tilesii
TEST SURFACES: Miyazaki (90).

PseudoborneUa orientalis
TEST SURFACES: Miyazaki (90).

Rapana tliomasiana
TEST SURACES: Miyazaki (90).

Rissoa soluta
CABLES: Jeffreys & Norman (68).

Skenea planorbis
BUOYS: Gray (46).

T liais clavigera
TEST SURFACES: Miyazaki (90).

Thais lapiUis
BUOYS: Gray (46).

T ricolia pullus
SHIPS: Marine Biological Assoc. (84).

BUOYS: Marine Biological Assoc. (84).
Triforis incisus
TEST SURFACES: Edmondson & Ingram (34).

Trifor-i perversa

CABLES: Jeffreys & Norman (68).
Trivia monacha monacha

WRECKS: Forrest & Chrichton (37).
Troc1ius erythraeus
BUOYS: Tomlin (141).

Trochus miUigranus
CABLES: Jeffreys & Norman (68).

Urosalpinx sp.
BUOYS: Gray (46).

Urosalpinx cinerea
BUOYS: Verril & Smith (145); Gray (46).

TEST SURACES: Richards (125).
Valvata sp.
TEST SURFACES: Hentschel (56).

Velutina velutina
WRCKS: Forrest & Chrichton (37).

V ivipariis sp.

TEST SURFACES: Hentschel (56).

PTEROPODA

cavolina aurantiaca
WRECKS: Beaumont (10).

cavolina gymnota
WRECKS: Verril & Smith (145).

cavolina olivacea

WRECKS: Beaumont (10).
S pirialis retroversiis jaffreysi

CABLES: Jeffreys & Norman (68).

GASTROPODA-OTHERS (SNAILS, LIMPETS, ETC.)

Acmaea testudinalis
TEST SURFACES: Fuller (42).

A letes sqiiamigerus
TEST SURFACES: Coe (27); Coe & Allen (28).

Anachis avara
BUOYS: Gray (46).

A nachis sinitlis
BUOYS: Gray (46).

A ncyliis sp.

TEST SURFACES: Hentschel (56).
A styris lunata

BUOYS: Gray (46).
Atys semistriata

TEST SURFACES: Edmondson & Ingram (34).
Bitliynia sp.

TEST SURFACES: Hentschel (56).
Bittiiim sp.

BUOYS: Gray (46).
Calliostoma zizyphinum conitloide

WRECKS: Forrest & Chrichton (37).

C erithiolum reticiilatum

WRCKS: Grinbart (47).
Ceritliiopsis terebralis

BUOYS: Gray (46).
Concholepas peruviana

SHIPS: Orton (108).

TEST SURFACES: Orton (108).

Crepidiila sp.
BUOYS: Gray (46).

Crepidula aculeata
TEST SURFACES: Edmondson & Ingram (34).

Crepidiila fornicata
SHIPS: Visscher (146).

BUOYS: Gray (46).
Crepidula plana

BUOYS: Gray (46).
crucibulum spinosum

TEST SURFACES: Coe (27); Coe & AJlen (28).
Cyclostrema nitens

CABLES: Jeffreys & Norman (68).
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PELECypùuA (MUSSELS, OYSTERS, CLAMS, ETC.)

A nadora subcrenata
TEST SURFACES: Miyazaki (90).

Anomia sp.
SHIPS: Hentschel (57); Visscher (146).

BUOYS: Gray (46).
TES:: SURFACES: Wharton (149); Mosher (92).

A nomia aculeata
SHIPS: Orton (108).

BUOYS: Orton (108); Gray (46).

TEST SURFACES: Orton (108).
Anomia ephippium

SHIPS: Hentschel (57); Visscher (146).

WRECKS: Forrest & Chrichton (37).

Anomia ephippium aculeata
CABLES: Jeffreys & Norman (68).

Anomia ephippiiim squamula
CABLES: Jeffreys & Norman (68).

A noinia glabra

BUOYS: Gray (46).
Anomia fidenas

SHIPS: Hentschel (57).

Anomia lischkei
TEST SURFACES: Miyazaki (90).

A noinia nobilis

SHIPS: Edmondson & Ingram (34); Edmondson (33).
TEST SURFACES: Edmondson (33).

A nomia simplex
BUOYS: Gray (46)
TEST SURFACES: Richards (125); Pomerat (120); Richards &
Clapp (126); Fuller (43).

Arca sp.
TEST SURFACES: Richards (125).

Arca domingensis
SHIPS: Bertelsen & Ussing (14).

Arca noae '
SHIPS: Bertelsen & Ussing (14).

A rca transversa

BUOYS: Gray (46).
Arca iimbonata

SHIPS: Bertelsen & Ussing (14).

Astarte triangularis

CABLES: Jeffreys & Norman (68).
A vicula hirundo

CABLES: Jeffreys & Norman (68).

A xinus cycladius

CABLES: Jeffreys & Norman (68).
Barnea sp.

BUOYS: Gray (46).
Botula diegensis

TES:: SURFACES: Coe (27); Coe & Allen (28).

Brachidontes senhausi
TEST SURFACES: Miyazaki (90).

Brachidontes variabilis
SHIPS: Tomlin (141).

BUOYS: Tomlin (141).

Cardium edule
WRECKS: Grinbart (47).

Cardium edule maeotica
SHIPS: Paspaleff (113).

cardiiim minimum
CABLES: Jeffreys & Norman (68).

cardiiim pinniilatiim
TEST SURFACES: Fuller (42).

Chama circinata
SHIPS: Hutchins (150).

Chama macrophyUa
SHIPS: Bertelsen & Ussing (14).

Chione canceUata

PIPES: Hutchins (150).

chironia japonica
TEST SURFACES: Miyazaki (90).

chironia porculus
TEST SURFACES: Miyazaki (90).

chlamys distorta
WRECKS: Forrest & Chrichton (37).

chlamys nipponensis
TEST SURFACES: Miyazaki (90).

chlamys tigerina
WRCKS: Forrest & Chrichton (37).

Circe minima
CABLES: Jeffreys & Norman (68).

Corbula swiftiana

PIPES: Hutchins (150).

Cumingia tellinoides
TEST SURACES: Grave (45).

Dreissena polymorplia

SHIPS: Djakonoff (30).

TEST SURFACES: Hentschel (56)."

Gouldia mactracea
BUOYS: Gray (46).

H iateUa arctica

BUOYS: Milne (88).
H iateUa gaUicana

WRCKS: Forrest & Chrichton (37).
H iateUa orientalis

TEST SURFACES: Miyazaki (90).

KeUia suborbiciilaris
WRCKS: Forrest & Chrichton (37).
CABLES: Jeffreys & Norman (68).

Lima basilanica
TEST SURFACES: Miyazaki (90).

Lima loscombii
CABLES: Jeffreys & Norman (68).

Lima subauricitlata
CABLES: Jeffreys & Norman (60).

Lithophagus nigra

SHIPS: Bertelsen & Ussing (14).

M actra solida eUiptica
CABLES: Jeffreys & Norman (68).

M aUeus anatiniis

SHIPS: Tomlin (141).

M aUeus regula
BUOYS: Tomlin (141).

M odiolaria coenobita
BUOYS: Tomlin (141).

M odiolaria ehrenbergi
BUOYS: Tomlin (141).

M odiolaria marmorata
SHIPS: Bertelsen & Ussing (14).

Modiolus confusus
TEST SURFACES: Iredale, Johnson, & McNeil (67).

Modiolus demissus
TEST SURFACES: McDougall (86).

Modiolus modiolus
WRECKS: Forrest & Chrichton (37).
BUOYS: Gray (46).

Mqdioliis phaseoliniis
WRECKS: Forrest & Chrichton (37).

M onia pateUiformis
WRECKS: Forrest & Chrichton (37).

M onia squama
WRCKS: Forrest & Chrichton (37).

Mya sp.
SHIPS: Visscher (146).

M ya arenaria
BUOYS: Gray (46).
TEST SURFACES: Miyazaki (90); Fuller (41) (42)' Graham & Gay0~. '

Mytilus sp.
TEST SURFACES: Neu (97); Mosher (9Z).

M ytilus californianiis
SHIPS: MacGinitie (83).
TEST SURFACES: Coe (27); Coe & Allen (28).

M ytiliis edulis
S~ips:. Hentschel (57); Visscher (146); Orton (108); Marine
Biological Assoc. (84); Neu (94); MacGinitie (83); Bengough &
Shepheard (13).
LIGHTSHIPS: Neu (96); J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).
B-iOYS: Kirchenpauer (72); Petersen (115); Orton (108); Marine

Biological Assoc. (84); J. H. Fraser (40)' Milne (88)' Gray
(46); Hutchins (150). "
FLOATS: J. ~. Fraser (40); Scheer (130).

PIPES: Ritchie (128); Dobson (31); Hutchins (150).

DOCK GATES: Alexander, Southgate, & Bassindale (2).

TEST Sl!RFACES: Orton (108); Coe (27); Coe & Allen (28);
Zenkewitsch (151); Miyazaki (90); Fuller (41) (42) (43); Ben-
gough & Shepheard (13); Nelson & Kodet (93)' Graham & Gay(~. '
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M ytilus edulis gaUoprovincialis
SHIPS: Paspaleff (113).

M ytilus edulis pellucidum
BUOYS: Gray (46).

M ytilus exustus
SHIPS: Bertelsen & Ussing (14).

M ytilus galloprovincialis
SHIPS: Masseile (85).

, WRCKS: Grinbart (47).
M ytilus hamatus

SHIPS: Visscher (146).

BUOYS: Hutchins (150).
TEST SURFACES: Richards (125); Richards & Clapp (126).

Mytilus obscurus
TEST SURFACES: Iredale, Johnson, & McNeil (67).

M ytilus phaseolinus
CABLES : Jeffreys & Norman (68).

M ytilus pictus
SHIPS: Hentschel (57).

M ytili¡s viridis
TEST SURFACES: Paul (114).

Ostrea sp.
SHIPS: Hentschel (57); Bertelsen & Ussing (14).

WRECKS: Grinbart (47).
PIPES: Hutchins (150).

TEST SURFACES: Phelps (116); Wharton (149); Richards (125).

Ostrea cochlear

CABLES: Milne-Edwards (89); Jeffreys & Norman (68).
Ostrea edulis

SHIPS: Neu (94).

Ostrea elongata

SHIPS: Visscher (146).Ostrea gigas '
TEST SURFACES: Saito (129); Miyazaki (90).

Ostrea lacerata
SHIPS: Hutchins (150).

Ostrea lamelosa
SHIPS: Paspaleff (113).

Ostrea lurida

TEST SURFACES: Coe '(27); Coe & Allen (28).

Ostrea madrasensis
TEST SURFACES: Paul (114).

Ostrea parasitica

SHIPS: Hentschel (57).

Ostrea plicatitra
TEST SURFACES: Saito (129).

Ostrea sandvichensis
SHIPS: Edmondson & Ingram (34); Edmondson (33).
TEST SURFACES: Edmondson (33).

Ostrea thaanunti
TEST SURFACES: Edmondson & Ingram (34).

Ostrea virginica
PIPES: Dobson (31).
TEST SURFACES: McDougall (86); Nelson & Kodet (93); Richards

& Clapp (126).
Pecten sp.

TEST SURFACES: Scheer (130).
Pecten circularis

TEST SURFACES: Coe (27); Coe & Allen (28L
Pecten ilandians

BUOYS: Gray (46).
Pecten irradians

BUOYS: Gray (46).
Pecten latiauratus

BUOYS: Hutchins (150).
PIPES: Dobson (31).
TEST SURFACES: Coe (27); Coe & Allen (28).

Pecten mageUanica
BUOYS: Gray (46).

Pecten opercularis
WRECKS: Milne-Edwards (89); Beaumont (10).
CABLES: Jeffreys & Norman (68).
TEST SURFACES: Orton (108).

Pecten similis
CABLES: Jeffreys & Norman (68).

Pecten testae
CABLES: Milne-Edwards (89).

Perna sp.
TEST SURFACES: Pomerat (120).

Petricola pholadiformis
BUOYS: Gray (46).

P holas gunnellus
BUOYS: Gray (46).

Pinctada nebulosa

SHIPS: Edmondson & Ingram (34).
TEST SURFACES: Edmondson & Ingram (34).

Pinctada vulgaris
BUOYS: Tomlin (141).

Plicatula ramosa
SHIPS: Bertelsen & Ussing (14).

Protothaca jedaensis
TEST SURFACES: Miyazaki (90).

Pteria colymbus
BUOYS: Hutchins (150).

Saxicava sp.
BUOYS: Gray (46).
TEST SURFACES: Scheer (130).

Saxicava arctica
SHIPS: MacGinitie (83).
BUOYS: Gray (46).

Saxicava plioladis
TEST SURFACES: Coe (27); Coe & Allen (28).

Sphaerium sp.
TEST SURACES: Hentschel (56).

Spondylus sp.
SHIPS: Bertelsen & Ussing (14).

T eUina pusiUa
CABLES: Jeffreys & Norman (68).

Trapezium japonicum
TEST SURFACES: Miyazaki (90).

Venerupis pliilippinarum

TEST SURFACES: Miyazaki (90).
Venus ovata
CABLES: Jeffreys & Norman (68).

V olseUa barbata
TEST SURFACES: Miyazaki (90).

Echinodermata
CRINOIDEA (SEA LILIES, FEATHER STARS)

A ntedon bifida
SHIPS: Marine Biological Assoc. (84).
WRCKS: Beaumont (10); Forrest & Chrichton (37).

A ntedon petasus
WRCKS: Forrest & Chrichton (37).

A ntedon rosacea

CABLES: Jeffreys & Norman (68).
TEST SURFACES: Orton (108).

ASTEROIDEA (STAR FISH; SEA STARS)

Asteracanthium rubens
BUOYS: Kirchenpauer (72).

Asterias forbesii

BUOYS: Gray (46).
Asterias littoralis

BUOYS: Gray (46).
A sterÏtj;s rub ens

LIGHTSHIPS: J. H. Fraser (40).

WRCKS: Forrest & Chrichton (37).
BUOYS: J. H. Fraser (40); Milne (88).

FLOATS: J. H. Fraser (40). i
Asterias vulgaris

BUOYS: Gray (46).
TEST SURFACES: Fuller (41).

H enricia sanguinolenta
WRCKS: Forrest & Chrichton (37).
BUOYS: Gray (46).

Leptasterias mülleri
WRCKS: Forrest & Chrichton (37).

OPHIUOIDEA (BRITTLE STARS; SERPENT STARS)

Ophiopholis aculeata
BUOYS: Gray (46).

Ophiothrix fragilis

WRCKS: Forrest & Chrichton (37).
Ophiothrix savignyi

BUOYS: Mortensen (91).
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ECHINOIDEA (SEA URCHINS)

Echinocyamiis angulosus

CABLES: Jeffreys & Norman (68).
Echinus esciilentus

WRCKS: Forrest & Chrichton (37).
BUOYS: Kirchenpauer (72).

Echinus miliaris
SHIPS: Orton (108).

TEST SURFACES: Orton (108).
Psammechinus miliaris

LIGHTSHIPS: J. H. Fraser (40).

WRECKS: Forrest & Chrichton (37).
Strongylocentrotus drobachensis

BUOYS: Gray (46).

HOLOTHUROIDEA (SEA CUCUMBERS)

Stichopus japonicus
TEST SURFACES: Miyazaki (90).

Tunicata (Sea Squirts)
Amaroucium sp.

BUOYS: Zinn (150).
A maroucium bermudae

BUOYS: Zinn (150).

Amaroucium californicum
FLOATS: Van Name (144).
TEST SURFACES: Coe (27); Coe & Allen (28).

A maroucium consteUatum
BUOYS: Gray (46); Zinn (150).

A maroucium glabrum
BUOYS: Zinn (150).

Ascidia sp.
BUOYS: Zinn (150).

Ascidia californica _
TEST SURACES: Coe (27); Coe & Allen (28).

Ascidia caUosa

BUOYS: Zinn (150).
A scidia ceratodes

FLOATS: Van Name (144).
A scidia curvata

BUOYS: Zinn (150).

Ascidia hygomiana
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

A scidia inlerrupta

BUOYS: Zinn (150).

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat Vao).

Ascidia mentitla
WRECKS: Forrest & Chrichton (37).

Ascidia nigra
BUOYS: Zinn (150).

TEST SURFACES: Weiss (150).

A scidia ovalis

SHIPS: Van Name (144).
AscidieUa sp. .

SHIPS: Bengough & Shepheard (13).
TEST SURFACES: Bengough & Shëpheard (13).

AscidieUa aspersa '
SHIPS: Orton (108); Marine Biological Assoc. (84); Paspaleff
(113).
WRCKS: Beaumont (10); Forrest & Chrichton (37).
BUOYS: Orton (108); Marine Biological Assoc. (84); Milne (88).
FLOATS: Marine Biological Assoc. (84).
DOCK GATES: Alexander, Southgate, & Bassindale (2).
TEST SURFACES: Orton (108).

A scidieUa scabra
WRCKS: Forrest & Chrichton (37).

A scidieUa virginea

SHIPS: Hentschel (57).

Boltenia sp.
TEST SURFACES: Johnson & McNeil (70).

Boltenia echinata
WRECKS: Forrest & Chrichton (37).
BUOYS: Zinn (150).

Boltenia ovifera
BUOYS: Zinn (150).

BotryUoides sp.
TEST SURFACES: Iredale, Johnson, & McNeill (67).

Botrylloides a,urantiÚm
TEST SURFACES: Miyazaki (PO).

BotryUoides diegense
FLOATS: Van Name (144).
TEST SURFACES: Coe (27); Coe & Allen (28).

BotryUoides leachi
DOCK GATES: Alexander, Southgate, & Bassindale (2).

BotryUoides nigrum
BUOYS: Zinn (150).

FLOATS: Pomerat (120).
, TEST SURFACES: Pomerat (120).

B otrylloides rubrum
TEST SURFACES: Orton (108).

B otryllus s p.
BUOYS: Gray (46); Zinn (150).
TEST SURFACES: Mosher (92).

Botryllus arenata
SHIPS: Visscher (146).

Bolrylliis castaneiis

FLOATS: J. H. Fraser (40).

B olrylliis goitldii
SHIPS: Verril & Smith (145).

TEST SURFACES: Grave (45).
BotryUus niger

BUOYS: Harant (50).

BolryUiis nigrum
SHIPS: Visscher (146).

B otryUiis planus
BUOYS: Zinn (150).

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

B otryllus riibens

BUOYS: Milne (88).

BotryUus schlosseri
SHIPS: Visscher (146); Paspaleff (113); Van Name (144).
BUOYS: Milne (88); Zinn (150).

FLOATS: Van Name (144).
DOCK GATES: Alexander, Southgate, & Bassindale (2).

B otryUus violaceiis
SHIPS: Orton (108).

BUOYS: Orton (108); J. H. Fraser (40).
FLOATS: J. H. Fraser (40).

TEST SURACES: Orton (108).
Ciona sp.

SHIPS: Bengough & Shepheard (13).
BUOYS: Gray (46).
TEST SURFACES: Bengough & Shepheard (13).

C iona intestinalis '
SHIPS: Visscher (146); Orton (108); Marine BiologicaJ Assoc.

(84); Masseille (85).
WRECKS: Forrest & Chrichton (37).
BUOYS: Orton (108); Zinn (150).

FLOATS: Marine Biological Assoc. (84); Scheer (130); Van Name
(144).
TEST SURFACES: Orton (108); Miyazaki (90); Scheer (130).

ciona teneUa
BUOYS: Gray (46).

clavelina lepadiformis
WRECKS: Herpin (59).

clavelina oblonga

BUOYS: Zinn (150).

clione sp.
TEST SURFACES: Iredale, Johnson, & McNeil (67).

coreUa wiUmeriana
FLOATS: Van Name (144).

Culeoliis suhmi
CABLES: Van Name (144).

Cynthia sp.
BUOYS: Gray (46).

Diandrocarpa brackenhielmi
TEST SURFACES: Paul (114).

Didemniim albidum
BUOYS: Gray (46); Zinn (150).

Didemnum candidiim
SHIPS: Harant (50).

BUOYS: Harant (50); Zinn (150).
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).
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Didemniim candidiim lutariitm
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Didemnum carnitlentum
TEST SURFACES: Coe (27); Coe & Allen (28).

Didemnum gelatinosum
BUOYS: Milne (88).

Didemnum lutariitm
TEST SURFACES: McDougall (86).

Diplosoma sp.
SHIPS: Bengough & Shepheard (13).
TEST SURFACES: Bengough & Shepheard (13),

Diplosoma gelatinositm
SHIPS: Orton (108).

BUOYS: Orton (108).
TEST SURFACES: Orton (108).

Diplosoma gelatinosum koelileri
SHIPS: Hentschel (57).

Diplosoma macdonaldi
BUOYS: Zinn (150).

FLOATS: Pomerat (120).
TEST SURACES: Pomerat (120).

Diplosoma mitsiikiirii
TEST SURFACES: Miyazaki (90),

Diplosoma pizoni
FLOATS: Van Name (144).

Distalpia bermudensis
BUOYS: Zinn (150).

Distalpia occidentalis

TEST SURFACES: Coe (27); Coe & Allen (28).
Ecteinascidia conklini

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Ecteinascidia tortiigensis
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Ecteinascidia turbinata

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Eudistoma sp.
BUOYS: Zinn (150).

Eiidistoma capsulatum
BUOYS: Zinn (150).

Eudistoma clariim
BUOYS: Zinn (150).

Eudistoma convexiim
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Eiidistoma olivaceiim
BUOYS: Zinn (150).

Euherdmannia claviformis
TEST SURFACES: Coe (27); Coe & Allen (28).

H alocynthia johnsoni
FLOATS: Scheer (130).

Halocynthia pyriformis
BUOYS: Zinn (150).

Hartmeyeraria sp.
BUOYS: Zinn (150).

Leptoclinum albiditm
BUOYS: Gray (46).

Leptoclinitm albiim

TEST SURFACES: Miyazaki (90).
Lissoclinum fragile

BUOYS: Zinn (150).
M icrocosmits exasperatus

BUOYS: Zinn (150).

FLOATS: Pomerat (120).
TEST SURACES: Pomerat (120).

M icrocosmits heUeri
BUOYS: Zinn (150).

Molgula sp.
BUOYS: Gray (46); Milne (88); Zinn (150).
TEST SURFACES: Mosher (92).

M olgula ampulloides
SHIPS: Orton (108).

TEST SURFACES: Orton (108).
_ M olgula arenata

SHIPS: Visscher (146).

M olgula liiida

TEST SURFACES: Wharton (149).

- M olgiila manhattensis

SHIPS: Visscher (146); Van Name (144).
BUOYS: Gray (46); Zinn (150).
FLOATS: Van Name (144).
PIPES: Dobson (31).
TEST SURFACES: Grave (45); McDougall (86).

Mol gula occidentalis
BUOYS: Zinn (150).

Mol giila pr ovisionalis
BUOYS: Zinn (150).

M olgiila siphonalis
BUOYS: Zinn (150).

M olgitla tubifera
SHIPS: J. H. Fraser (40).

M olgiila verrucifera
TEST SURFACES: Coe (27); Coe & Allen (28).

M orchellium argus
BUOYS: Marine Biological Assoc, (S4) ,
TEST SURFACES: Orton (108).

Paramolgula guttitla
BUOYS: Zinn (150).

Perophora annectans

TEST SURFACES: Coe & Allen (28).
Perophora bermudensis

BUOYS: Zinn (150).

Perophora viridis
BUOYS: Zinn (150).

TEST SURFACES': McDougall (86),
P hallusia arabica

SHIPS: Harant (50).

Phallusia hygomiana
TEST SURFACES: McDougall (86).

PhaUusia nigra
SHIPS: Harant (50).

Polyandrocarpa jloridana
BUOYS: Zinn (150).

Polyandrocarpa maxima
BUOYS: Zinn (150).

Polyandrocarpa tincta
BUOYS: Zinn (150).

Polycarpa sp.
TEST SURFACES: Paul (114).

P olycarpa obtecta

BUOYS: Zinn (150).

Polyclinum sp.
BUOYS: Zinn (150).

Polyclinum aurantium
BUOYS: Marine Biological Assoc, (84).

Polycliniim consteUatum

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Polyclinum saturnium
BUOYS: Harant (50).

Pyura sp.
BUOYS: Zinn (150).

Pyura vittata
BUOYS: Zinn (150).

Styela sp.
BUOYS: Zinn (150).
TEST SURFACES: Iredale, Johnson, & McNeil (67),

Styela barnharti
FLOATS: Van Name (144); Scheer (130),
TEST SURFACES: Scheer (130).

Styela clava

TEST SURFACES: Saito (129); Miyazaki (90).

Styela montereyensis
TEST SURFACES: Coe (27); Coe & Allen (28).

Styela partita

SHIPS: Van Name (144).
BUOYS: Gray (46); Zinn (150).
FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Styela plicata
SHIPS: Van Name (144).
BUOYS: Zinn (150).
FLOATS: Pomerat (120).
TEST SURFACES: Saito (129); Miyazaki (90); McDougall (86);
Pomerat (120).

Styela rustica

BUOYS: Zinn (150).
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Symplegma viride
BUOYS: Zinn (150).

FLOATS: Pomerat (120).
TEST SURFACES: Pomerat (120).

Pisces (Fish)
Blennius sp.

SHIPS: Bertelsen & Ussing (14).

Blennius yatabei
TEST SURFACES: Miyazaki (90).

Carassius carassius
WRCKS: Grinbart (47).

Enedrias nebiilosus
TEST SURFACES: Miyazaki (90).

H ypleitrochitus sp.

SHIPS: Bertelsen & Ussing (14).

Leptecheneis na2lcrates
SHIPS: Gudger (49).

M esogobius batrachocephalus
WRCKS: Grinbart (47).

Petroscirtes elegans

TEST SURFACES: Miyazaki (90).

Remora brachypteJ"
SHIPS: Gudger (49).

Tridentiger bifasciatus
TEST SURFACES: Miyazaki (90).

VeUitor centropomils

TEST SURFACES: Miyazaki (90).
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PREVENTION OF FOULING



CHAPTER 11

The History of the Prevention of Fouling
The effects of fouling have only recently been

subject to systematic scientific inquiry. Its seri-
ousness, however, has been recognized from very
ancient times. Although written records of the
treatment of ship bottoms as early as the 5th cen-
tury B. C.have been found, the search for an anti-
fouling surfacè undoubtedly began with even
earlier ships about which we have little informa-
tion.

Historically, the development of these surfaces
falls readily into three parts: (1) the repeated in-
troduction and use of metallc sheathing, culmina.t-

ing in the discovery of copper sheathing as an ef-
fective antifouling surface; (2) the invalidation of
the use of metallc copper on iron hulls because of

galvanic effects, which followed the development
of iron ships; and (3) the eventually successful ef-

forts to devise antifouling paints that, in the case

of iron or steel hulls, could be applied over an anti-
corrosive coating.

Numerous other antifouling devices wem con-
tinually being tried or suggested. In periods of

peace, the tendency has been to use the current
antifouling system regardless of its effciency.

Periods of war have always intensified experimen-
tal investigation.

EARLY SHIPBOTTOM SURFACES
The history of both ships and sea power is older

than written records, some of the great maritime
nations of the ancient world being known to us
only through the records of a later period. But
even the earliest records, although they say little
or nothing about ship bottom treatment, tell of
large fleets and big ships, of long voyages and na-
val battles. We can assume, therefore, that fouling
was a problem to ancient ships even though we do
not know what measures were taken against it.

The early ships and fleets were larger, and the
voyages longer, than is generally realized. Ancient
Egyptian ships were sometimes 160 feet long (23)
and traded as far as the land of Punt (Somaliland)
(22, 77). The Phoenicians in 1000 B. C. were re-
puted to have circumnavigated Africa, voyaged to
Cornwall in Britain for tin, and as early as the 6th
century B. C. explored the west coast of Europe
(60, 73). Early sea fights involved fleets of hun-
dreds, and sometimes thousands, of ships (52, 85,
93). While the warships of the ancient world were

often intended to be beached, or even transported
overland, the merchant ships were not and were
correspondingly larger (22, 93). An Egyptian corn
ship at Piraeus in Roman times was described by
Lucian (66) as "180 feet long, over a quarter of
that in width, and 44 feet from deck to keel;1 with

a crew like a small army, and carrying as much
corn as would feed every soul in Attica for a year".

The earliest mention of fouling that we have
found is a casual reference to it in connection with
the Echeneis or Remora; the fabled "ship-stop-
per". This comparatively small fish, mentioned by
Aristotle as early as the 4th century B. c., is
credited by both anci~nt and modern writers with
being able to slow down ships going at full speed,
or even to stop them entirely as if they were tied
to one spot in the ocean. In commenting on this be-
lief, Plutarch (82) pointed out that fouling rather
than the Echeneis might be responsible. He stated
that it was usual to scrape the weeds, ooze, and

fith from the ships' sides to make them go more
easily through the water. In 1559 Laevinus Lem-
rÌius (64) wrote "shell-fish and a little fish called
Echeneis stick so fast that they wil stop ships,

and hinder their courses, therefore our men use to
rub them off with sharp brushes, and scrape them
away with irons that are crooked for the purpose,'
that the ship being tallowed and careened well and
smoothly may sail the faster"~2
The ancient Phoenicians and Carthaginians

were said to have used pitch and possibly copper

sheathing on their ships' bottoms (69). Wax, tar,
and asphaltum also have been used from very early
times (21, 55, 77, 95). We can not be certain of the
purpòse of these surfaces even in later times when
written records exist. While it is probable that
some of them were at least in part an attempt to
prevent fouling, they may also have been åpplied
for water-tightness, to achieve a smooth surface,
for structural strength, or, particularly in the case

of metallc sheathing, as protection against ship

worms.
There is a record of the use of arsenic and sul-

fur mixed with oil in 412 B. C. (27). The Greeks
are known to have used tar or wax, and, at least as

1 This ship, the Goddess Isis, was not unusualy large (23); other Roman corn
ships were up to 200 feet long (53). As a comparison, the U.S.S. Constiution was
174 feet 10 inches on the main deck (43).

· See Gudger (46) for a full discussion of this subject.
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early as the 3rd century B. C., lead sheathing

(77, 95). The wax was applied hot and was burnt
into the hull with hot irons, a process that became
known as "encaustic" or as "ship-painting". Ac-
cording to Pliny, coatings of this nature applied to
vessels "wil never spoil from the action of the sun,
winds, or salt water" (81). When lead sheathing
was used, it was attached to the ship's hull with
copper or gilt nails, usually over an insulating
layer of paper or cloth- (4, 21, 77). According to
Chatterton (22), this suggests strongly that the
corrosive effect of lead on iron, which finally forced
the discontinuance of lead sheathing altogether,
was recognized even then.

In spite of its corrosive action, lead sheathing

was perhaps the material most frequently tried
for the protection of ship bottoms prior to the 18th
century. Repeated attempts to use it had been

made from the time of the ancient Greeks. The
ships of Archimedes of Syracuse (287-:212 B. C.),
for example, were sheathed with lead and fastened
with heavy copper bolts (9, 95). The Romans also
used lead sheathing (54), and several of their ships,
with the lead sheathing intact, have been recov-

ered within comparatively modern times (11, 104).
Although forgotten for several centuries, lead

was used in 15th century England. In the reign of
Henry VI (1421-1471), a report of a ship sent on
a voyage of discovery records as an "invention"
that "they cover a piece of the Keeles of the Shippe

with their sheets of Leade, for they have heard
that in certain partes of the ocean a kind of wormes
is bredde which many times pearseth and eateth
through the strongest oake that is". While lead

sheathing is a poor antifouling surface, it would be,
as this 15th century report suggests, a good pro-

tection against ship worms. This report suggests,

also, that in England lead sheathing was not usu-
ally used at that time. Its use was said to be copied
from contemporary Spanish ships (22).

Leonardo da Vinci designed a rollng mil in 1500
for making sheet lead (51). Early in the 16th cen-
tury, Spain offcially (34) adopted lead sheathing,
and its use spread to France and England (14). In
the reign of Charles the Second (1660-1685), a

monopoly was granted to Howard and Watson for
the use of ~Üled lead for sheathing; and it was or-
dered that no other sheathing be used on His

Majesty's ships (38,49). Accordingly, the Phoënix
and some twenty other ships were sheathed with
lead fastened with copper nails (18). Shortly after,
however, complaints were made of tae corrosive
effect of lead on iron, 

1 the Plymouth and other
¡

1 Lead was also reported to be too soft to stay on the hull (49), and many ob-
jected to its dead weight (89).

ships having had their rudder irons so eaten as to
make it unsafe for them to ,go to sea (68, 79). In
1682, a commission was appointed to make an in-
vestigation, and on the basis of its report, lead was
offcially abandoned by the Admiralty (79, 104).

In spite of the commission's findings, rollers for
millng lead into sheets for sheathing were pat-

ented in 1687. Even after the successful introduc-
tion of copper sheathing in 1761, lead was stil oc-
casionally tried. In 1768, the Marlborough was
sheathed with lead; but two years later, when she
was docked at Chatham, the iron fastenings were
found to be so deeply eaten away that the lead was
stripped off and replaced with wooden sheathing
(104).2
In the time of Henry VIII (1509-1547) and

during the 17th century, wooden sheathing was

put on over a layer of animal hair and tar. This
was reported to prevent the worms from penetrat-
ing to the planking, although it greatly increased

the cost of building (22, 30, 104).3 An outer wooden
sheathing was not new. Although it is said to have
been introduced by Hawkins under Queen Eliza-
beth, it appears to have been used in the 15th cen-
tury (22, 49). In the 18th century, after lead, with
which" it apparently alternated, had been pro-
nounced a failure, wood sheathing was again in
general use (12, 49). It was sometimes filed with
iron or copper nails having large heads, put in so

closely that the heads were touching and formed
a kind of metallc sheathing (38, 69). This wooden
sheathing also was often painted with various mix-
tures of tar and grease; with sulfur, oil, "and other
ingredients"; or with pitch, tar, and brimstone

(12,18,38,49).
Other early ship bottom surfaces besides wood

or lead sheathings were also recorded. The Vikings
of the 10th century A. D., although they generally
painted their boats above the water line, used
nothing on their ships' bottoms (36, 84). They tell
in one of their sagas, however, ofa small boat that
was protected from the worms by "seal tar" (91).
In Aragon, a sheathing of hides was used in the
14th century (34). Pitch was commonly used from
the 13th to the 15th centuries, sometimes mixed

with tar, oil, and resin, or with tallow (12). The
great Venetian fleets of the 15th century used tar
(63).

Morison (74), in his life of Columbus, says that
2 Hay differs in saying that the Marlborougli was docked, not at Chatham, but

at Sheerness, where the lead sheathing was found to have been nearly all lost
due to its softness (49). (See also Fincham (38),)

3 It was also believed to increase the ship's resistance. In 166~, the offcers of
a fleet under Sir Thomas Allen fitting out to attack the Algerians petitioned that
they might not have their vessels "so encumbered" (with sheathing) as they
would be unable to overtake the light-sailing unsheathed vessels of the enemy
(104). A letter from Holland in 10M pointed out that "the hair, lime, etc. does
not altogether affright the worms while it much retards th~ ship's course" (7).
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the ships' bottoms of that period were "covered

. with a mixture of tallow and pitch in the hopes of
discouraging barnacles and teredos"-in spite of
which the vessels had to be careened every few

months to have the marine growths removed. In
the time of Vasco da Gama (1469-1524), the
Portuguese charred the outer surface of the ship's
hull to a depth of several inches; and several cen-

turies later, in 1720, the British built at least one
ship, the Royal Willia.ms, entirely from charred

wood (7, 69, 84).
With the discovery of the antifouling' qualities

of copper sheathing, however, and the subsequent
widespread use of copper, these earlier shipbottom
surfaces fell quite generally into disuse.

COPPER SHEATHING
The first successful antifouling surface to re-

ceive general recognition was copper sheathing.
Although it has been stated that copper sheathing
was used in ancient times (55, 84), the evidence is
not clear, and its use as sheathing on ships' bot-

toms is denied by some authorities (22, 77). The
actual ships that have been recovered have been
lead sheathed (11, 104). The first certain use of
copper on ships seems to have been in the bronze-
shod rams of the Phoenician warships and as cop-
per fastenings in the Greek and Roman boats,
rather than as antifouling surfaces.

More extensive early use of copper is certainly
possible. Prehistoric civilization knew copper and
had shown great technical ability in casting and
working copper and bronze for statues and other
art work (72). Copper foundries of the 10th cen-
tury B. C. have been excavated (41). Copper and
tin were a staple in trade in 800 B. C., and the need
for tin with which to make bronze was one 'o the

chief reasons for the early voyages to Britain.1
Thin sheets of copper were known to be in use for
roofs from the 12th to the 15th centuries (72).
However, no authentic case of sheathing ships with
copper prior to the 18th century has been estab-

lished. If copper sheathing was known to the
ancients, it is diffcult tò understand why its use
was lost while that of lead sheathing persisted.

The use of copper as an antifoulant was sug-
gested as early as 1625 when a patent was granted
for a composition that very probably contained

some form of copper (6, ,83 84). In 1728, another
patent was obtained for "a new method of sheath-
ing and preserving the planks of ships" consisting

1 Alexander the Great (336-323 B. C.) demanded as tribute from the Kings of
Cyprus "brass or copper, flax and sails" with which to eauip a fleet (21).
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of "rooled" copper, brass, tin, iron, or tinned
plates, although no record of its immediate use
has been found (79, 104). Later in the 18th
century, wooden sheathing was filed with copper
nails whose heads touched each other (38, 69). In
spite of these desultory efforts, apparently it was
not until the experiment of H.M.S. Alarm that
the antifouling qualities of copper were recognized.

In 1758 H.M.S. Alarm, a 32-gun frigate, was
sheathed with thin copper "for an experiment of.

preserving it against the worm" (70, 75). This
first authenticated use of copper sheathing was,
therefore, probably as a substitute for lead or wood
sheathing, and largely for protection against ship
worms. The report of the results of this experiment,
made on her return from a voyage to the West
Indies, is reprinted as an appendix to this Chapter.

The report took note of the plates washed off the
bow of the ship where they were exposed to the
full force of the sea, and the amount of waste due
to the wear of the water. It recorded the soundness
of the planking except for one spot that had been
rubbed bare at the start of the voyage. It remarked
on the freedom of the bottom from fouling, except
on the rudder where iron nails had been used

purposely to vary the experiment. It notes, with
surprise, the corrosion of the iron where it had
contacted the copper. Finally, it compared the
cost of the copper with the cost of wooden sheath-
ing, finding them about equal.

The report stated three conclusions: that copper
was a protection against worms, that it did not

injure the planking, and that it did not fouL. These

advantages were considered so important that
further experiments were recommended in which

- thicker plates and copper nails were to be used
throughout; the copper to be insulated from, or
kept at a distance from, the iron.

A second ship, the Aurora, was coppered by the
British Admiralty in 1765; a third, the Stag, in
1770; four more in 1776; and nine in 1777.2 Within
the next three years the use of copper became

general throughout the British Navy (38,49). In
1779, the British felt that it would enable them to
overtake the faster sailng French vessels that
were subject to fouling (28). By 1789, two boats
had been built in England entirely of copper,
"without any planking whatever" (104).

The first American naval vessel to be coppered
was the frigate Alliance. This was done in 1781.

2 Robert Bushnell's submarine is said to have been foiled in its attack on

H.M.S, Eagle in New York harbor in 1776 because the copper she.\hing pre-
vented the penetration of the screw with which the explosive charge was to have
been attached to the ship's bottom (90). Another account attributes the failure
to the screw striking an iron bar (/3). '
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The ships built under the Naval Act of 1794 for

the United States Navy were also coppered (70).
The Constitution was sheathed in 1795 with
copper imported from England (40). Robert
Fulton's submarine built on the Seine for Napoleon
in 1801, was also copper covered (98). The clipper
ships of 1843-1869 (25), and the later American
whalers were coppered as a matter of course (24).

Although copper was the best antifouling sur-
face known, it was by no means perfect. Its anti-
fouling action was not always certain; and its cor-
rosive effect on iron nearly caused it to be discon-
tinued by the British Navy within a few years of
its adoption. Although this was corrected by the
use at first of mixed-metal and later of copper

bolts, its excessive rate of wear proved a heavy
expense. To reduce this expense as much as pos-
sible, the British Admiralty started the manufac-
ture of copper sheathing at Portsmouth dockyard
in 1803, re-working old copper sheathing and ex-

perimenting with different copper ores, and with
ways of treating them. In 1823, they sought the

advice of the president and council of the Royal
Society to determine the best method of manufac-
turing copper and of 'preventing, if possible, its
excessive wear (10, 38, 49).

In 1824, Sir Humphry Davy read two papers
befòre the Royal Society detailing the results of
his experiments on these questions (31, 32). He
showed that the corrosion was due, not to the
impurities in the copper as had been supposed, but
to the sea water reacting with it. Knowing that
copper was weakly positive in the electro-chemical
scale, he considered that if it "could be rendered
slightly negative, the corroding action of sea water
upon it would be nulL." This he accomplished by

attaching pieces of zinc, tin, or iron to the copper.
By experiment, he found that a piece of zinc as
small as a pea would protect 50 square inches of

copper from corrosion; and that this was true
regardless of the shape of the copper or of the

position of the zinc upon it. After several experi-
mental trials, the Admiralty adopted Sir Humphry
Davy's protectors for ships in service, using cast
iron surfaces of an area equal to 1/250 of the
copper surface (33).1

The problem was not solved, however, for the
protected copper fouled badly. Davy pointed out
that the protectors prevented the solution of the

copper through galvahic action, and that this was

1 Cast..iron was used in preference to zinc because it was cheaper and more easily
procured. Davy cites several successful applications of protectors in which the
proportion of the protectig metal varied from 1/70 to 1/125. Differing with
Davy's statement, Hay (49) says that the Navy Board ordered protectors of
1/80 of the copper surface.

the reason why it fouled. He was thus the first to
relate the antifouling action of copper to its rate
of solution.

In 1831, after experimenting with shifting pro-
tectors, and protectors of mixed-metal, it was
decided to use them only on ships lying in harbor.
Shortly after, even this was abandoned, although
experiments were stil carried on with various

foreign copper ores in the search for a more

durable material (38, 49). The loss of copper was
a serious expense, but it was felt that this was

fully compensated for by the protection against
teredos and fouling (49).

The introduction of iron hulls invalidated the
use of copper sheathing because of the corrosive
action of copper on iron. Throughout the 19th
century, therefore, and in spite of the growing im-
portance of iron in shipbuilding, it was frequently
seriously suggested that a return be made to

wooden ships that could be coppered (103). Even
late in the century most warships and other ships
that had to be at sea for long periods were stil

built of or sheathed with wood for that reason

alone (45, 62, 71).

THE PROBLEM OF PROTECTING
, IRON HULLS

Iron hulls, appearing late in the 18th century,2

developed so rapidly that in 1810 Sir Samuel

Bentham proposed in Parliament that the British
Admiralty start building ships of iron (104). At
that time, however, there was widespread preju-

dice against the use of iron, which had not proved
altogether satisfactory in shipbuilding, and the
motion was voted down (37, 104). Nevertheless,
expensive repairs, a serious scarcity of wood, and
the introduction of steam engines were already

forcing the change from wood to iron (5, 12, 35,
56,86).

Wooden ships were limited in size and strength,
and even with improved methods of construction
could not compete economically with iron ships
(1, 87, 101). Repairs frequently amounted to more
than the original cost (26). Occasionally a ship had
to be broken up because of dry rot without making
even one sea voyage. The need for proper ship-
building timbers was acute, and the lack of them
often caused long delays, even to badly needed war
ships. Nor were the large wooden ships strong
enough to support the vibration of the early
engines or the propellers (86, 104). It is question-

2 Although iron and steel were known in the 10th century B. C., iron was not
used for ships' plates much before 1800, nor steel before 1865 (44, 51, 57, 88,
96,98).
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able whether any of them could run their engines
atfull speed without serious results.1

In spite of this, it was not until the middle of
the century that the terrible destruction caused to

wooden ships by explosive shells at Sinope in 1853,
and the success of the French armored floating
batteries at Kinburn in 1855, finally proved to the

Admiralty the necessity for iron ships (14). But
aside from prejudice, there were two serious objec-
tions to the use of iron hulls: corrosion and fouling
(50).

Early in the history of iron ships, it was found
that copper sheathing could not be used because

its electrolytic action corroded the hull dangerously
(10, 79). Among many similar cases, H.M.S.
Jackal foundered at Greenock from the corrosion
having eaten through her plates, apparently un-
noticed; and H.M.S. Triton, in 1862, had her
plates corroded to such paper thinness that, ac-
cording to her commander, she was only kept from
foundering by her fouling; practically sailing
home on her barnacles (104).

Although fouling was by no means a new prob-
lem, its importance was so emphasized by the
greater speeds, and by the substitution of costly
and bulky fuel for sails, that many have felt that
fouling became an important problem only with
the introduction of iron ships. A man-of-war on
commission in foreign waters for an extended

period might become so fouled as to be almost
unmanageable and unseaworthy before she came
home and could be cleaned. The most extreme
example reported was an iron whaler on the Afri-
can coast, only six months out from England.
Even though she had been cleaned every month
with brooms and ropes, she was not safe, as she
could neither sail nor steer, owing to her heavy
fouling. So great did the problem become that in
1847 the Admiralty contemplated the total disuse
of iron ships, and actually commenced the sale of
all the iron ships then in the Navy. They were
deterred, however, by the impossibility of meeting
naval requirements with any other material
(8, 104).

As a consequence of having invalidated the use
of copper sheathing for an antifouling surface, the
adoption of the iron hull started search for some
less harmful metallc sheathing, and for some way
of insulating copper sheathing from the iron hull.

Zinc, the only metal that could be used to place

the plates of the ship in an electro-negative condi-

1 As late as 1864, at the Institute of Naval Architects, Admiral Halsted de-
scribed the flagship, undergoing an engine test at Sheerness, as shaking and
trembling so that the master shipwright ran out, shouting, "For God's sake

stop those engines as you'll drive the stern posts out of the ship" (48).
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tion, was tried repeatedly as sheathing. It was

claimed that when in contact with the iron hull of
a ship, electrolysis increased the exfoliation of the
zinc suffciently to prevent fouling, and at the
same time protected the ships' plates from corro-
sion (29). Although zinc sheathing achieved some
standing as a substitute for copper, experience

showed that it sometimes became brittle and
wasted away too fast to be of real value (16, 65,
67,79).

Muntz metal, sheet lead, galvanized iron, and
nickel were tried, as well as alloys of lead and
antimony, and of zinc and tin. Other metals or
metallic alloys were suggested, and combinations
of metals, such as iron scales covered with lead

and copper, sheets of lead and antimony painted
with mercury, or zinc plates coated, with tin. Many
of these sheathings presumably never passed be-
yond the experimental stage.2

Nonmetallc sheathings were also tried or sug-
gested. These surfaces included felt, canvas, and
rubber; ebonite, cork, and paper. They also in-
cluded various forms of glass, enamels, glazes,
and tiles. Cement was frequently used, but more
as a protection against corrosion than for foul-
mg.

For insulating copper sheathing from the iron
hull of the ship, felt soaked in tar was often used;
and sometimes cork, rubber, or plain brown paper.
At one time, warships were built in a composite

fashion, i.e., wooden planks were put on iron
frames. While various other considerations led to
this development, the practice was favored also
because such ships could be coppered safely
(71,92). About 1862, this system was replaced by
wooden sheathing put on over the metal hulL. This
was wedged between ridges on the hull, or bolted
on in various ways, and then coppered. The

wooden sheathing served only as an insulation.
Although it was reported to have been satisfactory
during the Spanish-American war (1898-99), and
was used in both the British and the United

States Navies, this method was too expensive for
general use (10, 92).

A second and more important effect of the intro-
duction of iron hulls, however, was to renew
interest in the use of antifouling compositions.

This eventually led to the development of the

modern paint systems which have replaced copper
sheathing almost altogether, except when special
needs warrant the extra expense.

2 The inveption of these many substitutes for copper sheathing is reviewed in
the following chapter.
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ANTIFOULING PAINTS
The use of some form of paint or composition

on ships' bottoms is undoubtedly very old. An
early record tells of a mixture in use about 412
B. C. composed of arsenic and sulfur, mixed with
Chian oil and applied to a ship's sides so that she
could sail through the water "freely and without
impediment" (27). Many other examples could be
noted, from the tar and wax of ancient Greek

boats to the various compositions used on the

wooden sheathing of the 18th century.
Although some were said to be for protection

against shipworms, in most cases the purpose of
these various compositions was not stated. The
first coating recorded explicitly as a protection
against fouling appears to be a composition

patented by Willam Beale in 1625, which was

composed of powdered iron, cement, and probably
a copper compound (6, 83, 84). Possibly, this was
the first use of copper as an antifoulant.1 Two
other patents for unknown compositions for
"gravings against the worm" were also granted in
the 17th century; and a third was granted in 1670

to Howard and Watson for a coating composed of
tar and resin in a varnish of beeswax, crude tur-

pentine, and granulated lac dissolved in grain
alcohol (68,69).

Three more patents were granted in the follow-
ing century. One was for a composition containing
pounded glass in a mixture of tar, oil, and lime;
and a second for molten tin in a paste of zinc,
limewater, black soap, and salts of zinc (68). The
third, granted to Willam Murdock in 1791, was
for a composition of iron sulfide and zinc roasted
in air and mixed with varnish. Arsenic was the

toxic (6, 69).

But even though these early patented composi-
tions were few and scattered, other unpatented
compositions are also occasionally mentioned in
the literature; and the use of some form of paint
or composition on ships' bottoms was not un-
common.

Nicoalaes Witsen, a naval architect, wrote of
the surprise of the Dutch that a British yacht
captured in 1673 was neither tarred nor painted,
which was apparently most unusual (94). Masseile
states that fishermen on the Sea of Tiberius near
Palestine are said to have used a mixture of crude
turpentine, resin, suet, and asphalt in the 17th
century (69). He also tells of a "coat hardening
under water composed of suet, resin, fish-oil, and

1 The copper compound was possibly chalcocite or copper sulfide (83) or a
copper-arsenic ore (84). Andes (6) and Massaile (69), however, state th;t this
ingredient was an unknown mineral from England or Wales,

sometimes chalk," that was used on the French

coast in the 18th century and that is stil occa-
sionally employed.

Several compositions were tested comparatively
at Portsmouth in 1737. The best of these, a mix-
ture of pitch, tar, and brimstone, was successful

enough against ship worms to come into general
use, but it was felt that it was highly important
to fid some surface that would also prevent

fouling. Complaints were stil being made of ship
worms, however, particularly in the West Indies.
This was represented to the Admiralty in a letter
from the Navy Board in 1761, and in the same
letter it was proposed to experiment with copper
sheathing on some vessel going to the West

Indies (38,49). The experiment on H.M.S. Alarm
followed immediately (75). Two years later, the
report on this experiment established the anti-
fouling qualities of copper sheathing as so out-
standing that for the next forty years there was

only negligible interest in antifouling paints or
compositions.

With the growing use of iron ships in the 19th
century, attempts were made at first to adopt the
new methods of sheathing so as to overcome the
diffculties introduced by corrosion of galvanic
origin. But by 1835 the futility of these efforts
began to be recognized and attention was again

turned to shipbottom paints.
From that time on, the number of paints and

compositions increased rapidly. According to

Young, by 1865 more than 300 patents for anti-
fouling compositions had been issued in England
alone (104).

The early patented compositions, for the most
part, were entirely useless. Their ingredients in-

cluded every useable material, organic and in-
organic, from guano to plain kitchen salt (12, 68,
78,,104). Owing to the great need for protection
against fouling, however, many of even the most
worthless of them were tried in service; although,
as Admiral Sir Edward Belcher said, they seemed
designed rather to encourage fouling than to dis-
courage it. The Admiral added that his sailors
got ten shillngs each for the magnificently over-

size specimens of shellfish that the various anti-

fouling paints and manures succeeded in growing
on the Ardent at Bermuda (15).

Antifouling paints had a bad reputation for
many years. Even as late as 1872, Robert Mallet,
in presenting the Institute of Naval Architects

with a catalog of British shipbottom patents,

stated ,that the majority of them were useless or

worse, and that the best were mer~ pallatives
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(68). This was due in part to wide-spread lack of
understanding of the problem, but not entirely so.
Mallet himself, in 1841, had patented an anti-
fouling paint in which slightly soluble coatings of
poisonous materials were applied over a coàt of

varnish.1 He stated that the paint failed because he

could not control the solution rate of the toxics
within useful limits, and because of abrasion.

"McIness" the first practical composition to
come into widespread general use, was introduced
in Liverpool about 1860. It was a metallic soap

composition applied hot, in which copper sulfate
was the toxic. This antifouling paint was put on
over a quick-drying priming paint of rosin varnish
and iron oxide pigment (3). Soon after this, a
similar hot plastic composition appeared in Trieste,
Italy. Known as "Italian Moravian," it was one
of the best antifouling paints of that time; and in
spite of being both expensive and diffcult to
apply, was used well into the present century.

In 1863, Tarr and Wonson patented a successful
copper paint, a composition of copper oxide in tar,
with naphtha or benzene; and later Rahtjen's
equally successful shellac type paint, using

mercuric oxide and arsenic as the toxics, was intro-
duced. The use of shellac as a rust-preventive
coating for ships' bottoms reduced the corrosion
of ships to such an extent that in 1861 Admiral

Halsted stated that corrosion was no longer impor-

tant (47).

Owing in part to the commercial value of a

successful antifouling paint, nearly all were
patented, and our knowledge of them is derived
largely from the various patent records. A résumé
of this material wil be found in the following chap-
ter.

According to these records, the most frequently
used toxics were copper, arsenic, and mercury
together with their various compounds. They

were used both singly and in combination with

each other. Often several different compounds of
the same toxic would be used in a single composi-
tion. Solvents included turpentine, naphtha, and
benzene. Linseed oil, shellac, tar, and various
resin or shellac varnishes composed the matrix.

By the end of the century, the most widely used
paints were the hot plastics such as Moravian and
McIness, the shellac type paints such as Rahtjen,
and the various copper paints such as Tarr and
Wonson's copper oxide in tar with naphtha or

benzene. These paints were generally applied
over a first or anticorrosive coat of shellac or

1 For taxies, Mallet used oxychloride of copper and sulfuret of arsenic.
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varnish, or of the same composition without the
toxic. Most naval vessels were using copper over a
wood sheathing, or hot plastic compositions on
their ships' bottoms. Other ships used the less
expensive commercial paints; and wooden ships
were stil frequently sheathed with copper. These

antifouling surfaces, however, although reasonably
successful, were expensive, often short-lived, and
occasionally uncertain; and fouling was stil a

major problem.

The commercial shipbottom paints used by the
United States Navy prior to 1908 were purchased

by competitive bidding; and there were no techni-
cal specifications and no inspections other than
checking the quantity of paint delivered. In an

effort to standardize the quality of the ingredients
as well as for various practical considerations,2 the
Navy decided to manufacture its own antifouling
coatings; and in 1906, experiments were begun on
both shellac and hot plastic shipbottom paints

(2,99, 102).

The first tests of its own experimental paints

were begun in June, 1906, at the Norfolk Navy
Yard on 21 different ship bottom paint formula-
tions of spirit varnish paints. By October of the
following year, these tests _ indicated that one
formula was outstanding. Further tests were made
on naval bottoms at various Navy Yards with
paints made from this formula, comparing it with
commercial shipbottom paints; and on June 8,
1908, a report was made favorable to the Norfolk
test paints. Not long after, manufacture of the
first naval shipbottom paints was started at
Norfolk Navy Yard (2).3

The formula of an early Norfolk antifouling
paint, as given by Adamson, shows that the toxic
was red mercuriC oxide suspended in grade A gum
shellac, grain alcohol, turpentine, and pine tar oiL.
Zinc oxide, zinc dust, and Indian red were also
added. Although the formula was continually
varied, the shellac type paint was used by the
Navy from 1908 until 1926, when it was aban-
doned (2, 3).

From 1911 to 1921 further experiments were
conducted at Norfolk, both to find substitutes for
scarce materials and to improve the paint. In 1911,

gum shellac Of an excellent grade could be obtained
from India, although the supply was limited. As

wider use developed, it became both expensive

: Among the practical considerations were the necessity of maintaining com-
plete stocks of all the various brands of paint used at each of the Navy Yards,
and the diffculties caused by the efforts of the competing paint manufacturers
to get their paints accepted by the Navy.

a Convincing proof of the value of the Norfolk formula, as compared to com-
mercial paints, came from a service test on the ships of the U. S. Fleet on its
cruise around the world in 1907 (58).
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and diffcult to get. Inferior grades lacked adhe-

sion, and experiments with various possible sub-
stitutes were carried on. Among these, rosin was
of particular interest, both because of its success-

ful use by some foreign navies, and because of the
cheap and plentiful supply in this country. A
substitute was also sought for the toxic, mercuric
oxide, which in addition to being expensive and
of foreign origin was diffcult to handle (2).

In 1921, the American Society for Testing
Materials had formed a subcommittee on anti-
fouling paints, with the object, if possible, of
setting standard specifications for the toxic ingre-
dients. They found, however, that factors other
than the toxic were almost equally important (3);
and an extensive investigation of the entire prob-
lem of fouling was begun in September, 1922,

under the direction of the Bureau of Construction
and Repair, U.S. Navy (97). At this time, most
foreign navies were reported to be using commer-
cial paints such as Holzapfel, Rahtjen, and

Hempel; and the average effectiveness of the shel-
lac type antifouling paints was said to be about
nine months (2, 3).
At the same time, the U. S. Navy renewed

experiments with hot plastic paints. In the begin-
ning of the century, the consensus of opinion had

been that the Italian Moravian hot plastic was

the best antifouling paint available. Analyses of

commercial paints of this type had been made at
the Brooklyn Navy Yard in 1906, and ways of
producing them worked out; but with the offcial
acceptance of the Norfolk' shellac type paint in
1908, work on hot plastics had been dropped (99).
, In 1922, at the request of the Navy Depart-
ment experiments in hot plastic antifouling paints
were begun again by the Chemical Warfare Service

at the Edgewood ArsenaL. Various hot plastic com-
positions, based on analyses made at Edgewood in
1922, were made up and tested on steel panels at
the Beaufort, N. C., station of the Bureau of

Fisheries during the next two years. As a result of
these tests, the Navy Department sent representa-
tives from the Edgewood Arsenal to supervise a
test application of the U. S. S. King, at the Nor-
folk Navy Yard. After nearly a year's cruising,
the ship was docked at Mare Island on April 10,
1925; and it was reported that although the anti-
fouling qualities had been excellent in the panel
tests, the paint was not as successful in actual

service. The fim adherence, however, was good
and further experiments were planned (99).

About 1926, the Navy substituted a coal tar-

rosin formulation1 for the shellac type anti-

fouling paint (2). Although coal-tar-rosin paints
were used by the Navy until comparatively
recently, the Mare Island Navy Yard, interested
by the experiment on the U. S. S. King, had also
developed a hot plastic shipbottom paint which

used cuprous oxide and mercuric oxide as tl;e
toxics. Repeated tests have proved the Mare
Island hot plastic superior to other available coat-

ings. Extensive experience during the early years
of the war has confirmed this superiority, and the
hot plastic formula is currently the preferred

paint for naval use on steel bottoms'.2

Hot plastic paints are troublesome because they
require elaborate apparatus for application. Since

the availability of such apparatus is limited, a
need is stil felt for superior antifouling coatings

which may be applied by brush. This need led to
the development of several satisfactory formula-
tions known as cold plastics, which dry by evapoc
ration of the solvent yet produce heavy films

having much of the virtue of the hot plastic
coatings.

As a result of the improvement in the coatings
it is reported that naval vessels are now able to
remain out of dry dock as long as 18 months with
no reduction in speed or increase in fuel consump-
tion due to fouling (59).

RESEARCH AND DEVELOPMENT
The earliest published works concerned with the

prevention of fouling of which we are aware are
the papers of Sir Humphry Davy which appeared
in the Philosophical Transactions of the Royal

Society of London in 1824 (31, 32). Doubtless
many reports of practical tests, such as that on the
Alarm, and the tests of bottom compositions made
at Portsmouth in 1737, existed in naval archives
prior to this date (38, 75). Davy's studies are

noteworthy, however, because he made experi-
ments, based on the best scientific knowledge of
the time, to develop the principles controllng the
fouling and corrosion of copper sheathing, and

only then tested the methods which these experi-
ments suggested on ships in service.

1 Visscher (97) gives the formula of a Navy standard coal tar-rosin antifouling
paint of 1925 as:

1,196- grs. mineral spirits
306 grs, pine oil
564 grs. coal tar
923 grs. resin

923 grs. zinc oxide
616 grs. iron oxide
410 grs. mercuric oxide
515 grs. cuprous oxide
329 grs. silca

For coal tar-rosin formulas of 1937, see Adamson (3).
2 For an account of the history of the development of plastic paints by the

Navy and a discussion of their mf'rit.Iõ, see Reference 42.
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No man of Davy's scientific stature has since
concerned himself with the fouling problem, and
for more than three-quarters of a century no one
approached the problem from the scientific angle
followed by Davy. It is interesting to note in
passing that a generation later another great

English scientist, Charles Darwin, became the
authority on barnacles and thus contributed valu-

able knowledge of the subject without apparently
becoming concerned with its practical aspects.

The development of antifouling compositions
during the 19th century appears to have been

strictly empiricaL. The publications of this period
consist of general discussions based on the experi-
ence of practical men: naval offcers, naval archi-
tects, and shipbuilders. There was some specula-
tion on how fouling is prevented, but never any
controlled experiment designed to test principles
or theories. The paints themselves were developed
privately as proprietary products. How much
systematic investigation underlay the patented or.
secret formulations is not recorded.

When paint research was first undertaken by
the Navy, in 1906, the data available consisted

largely of records of submersion tests which

compared one commercial paint with another.
Very little was known about the formulae. In
starting tests, it was necessary to try many combi-
nations of ingredients, and through a process of
substitutions, eliminations, and alterations fially

to arrive at formulae which would produce satis-
factory paints (2). Some additional information

was obtained by analyzing paints of commercial

origin which showed promise (19, 20, 99), but
because of the nature of paint ingredients the

knowledge to be gained in this way was limited.
Performance on panel test and in service re-
mained the only guide to performance, and no

means of judging the cause of failure was at hand.
The trial and error method of research gradually

led to formulations which became more and more
complicated, since each component which was
introduced into a promising formulation tended to
be carried along into subsequent modifications.

In 1939 this tendency was reversed by an experi-
ment conducted jointly by the Mare Island Navy
Yard and W. F. Whedon of the Scripps Oceano-
graphic Institution at La Jolla, in which the cur-
rently accepted hot plastic formulation wi¡s broken
down into a series of simplified mixtures of its com-
ponents (100). The object was to determine which
ingredients were really essentiaL. The outcome was
the demonstration that the mercury and Paris
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green present in the original formula added

nothing to its antifouling characteristics. The

tendency to simplification which this experiment
initiated is ilustrated by a comparison of the
composition of formula for a standard Navy

paint of 1925, given as a footnote on page 218,

which contained nine components, with the present
standard wood bottom formula, 16X, which has
only five specified ingredients.

Prompted by a desire to obtain more fundamen-
tal knowledge of how to prevent fouling, the
Navy arranged, from time to time, for biological
investigations. This work supplied valuable infor-
mation on the toxicity of potential paint ingredi-
ents to marine organisms, on the nature of the

fouling population, its ráte of growth, its seasonal
and geographical incidence, and the relation of
the service in which ships are employed to their
tendency to foul (17, 97). Similar studies were

also conducted in Germany at the Laboratorium
für Bewuchsforschung in Cuxhaven, in Turkey,

Russia, and Japan (76), and in England (39, 80).
The proposal that slimes, produced by bacteria

and diatoms on submerged surfaces, had an impor-
tant bearing on subsequent fouling aroused much
interest and led to investigations which culmi-

nated in the establishment of the Naval Biological
Laboratory at San Diego, and also initiated work
at the Woods Hole Oceanographic Institution.

While this earlier biological work provided use-
ful background knowledge that was requisite to
intellgent attack on the problem, the idea that
it would produce some unthought-of method of
circumventing fouling proved ilusory. However,

the study of slimes led indirectly to two important
results. First, the variability in the tendency of
various paint surfaces to slime, and an apparent
relation between slime formation and fouling,
focused attention on the question of what property
of the paint is responsible for its antifouling action.
Second, experiments which were made to study the
tendency of slimes to accumulate copper led to the
development of techniques for measuring the
rate at which copper or other toxics are given.off
by the paint surface. These methods, in turn,

appear to have provided the answer to the abòve

mentioned question: the antifouling action of
currently successful ship bottom paints depends

upon the rate of solution of the toxic material (61).
Armed with a defiite physical objective, the

problem of formulating antifouling coatings can
now proceed in a more rationalinanner. What
needs to be discovered is how to formulate so as
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to control correctly the discharge of toxic from

the paint surface. The problem becomes one of
applied physical chemistry rather than a game of
permutations and combinations. Like Sir Humphry
Davy, the paint technician can make experiments,
based on the best available scientific information,
to develop and employ the principles controllng
the fouling of paint surfaces. Subsequent chapters
contain an account of the first steps toward the
development of such principles.

APPENDIX: NAVY BOARD'S REPORT TO
THE ADMIRALTY ON THE FIRST

COPPERING EXPERIMENT1
31~t August 1763

Sir
His Majesty's Ship ALARM whose bottom has been

covered with Copper for an experiment of preserving it
against the Worm, and this Ship being returned from her
Voyage to the West Indies to ,Woolwich, and that We
might examine her bottom, and be informed how far the
Experiment had answered the intention ; We sent directions
to Our Offcers there, to take an immediate Survey of the
State and condition of the Copper, also an Account of the
number of Plates that might be rubbed off; and the num-
ber that should be continued on, and to distinguish such

as were in a State of decay from those which should appear
unimpaired, to examine likewise with regard to the Copper
being Clean or foul'd with Barnicles, Weeds, which usually
collect -and grew upon the bottom of Ships in long Voyages,
and in case of finding any of the Plates rubbed off, to
observe the effect the Worm had on that part. They were
then to cause all the Copper that should be remaining to
be carefully taken off and collected: And these several

Injunctions being complied with, they were strictly to
inspect the Ships bottom, and report their Observations,

as well on the Heads aforement'd as on every thing else
that might occur in the course of their examination: And
having received their report,IWe send you enclosed a Copy
thereof with a profile sketch of each side of the Ship, shew-
ing the manner in which the bottom was at first covered,
the part that remains so, and also that which was found

uncovered when the Water left her in the Dock; all which
We desire you wil please to lay before the Rt. Honble the
Lords Commissrs. of the Admiralty, for their information.

And their Lordships having directed Us on the 21~t Octo-
ber 1761, to report Our remarks upon this Experiment, We
beg you wil upon presenting the Sketches, observe that the
Copper is most deficient upon the Bows; from thence rang-
ing Aft a little beyond the Midships, and for four or five
Strakes under the surface of the Water all which parts are
most exposed to the force of the Sea. Upon discoursing the
Offcers on board the ALARM; We find the plates began to
wash off from the Bows in fiteen or sixteen Months, after
She sailed, gradually wasting in the middle, till reduced to
the substance of the finest paper, and too thin to resist
the wash of the Sea; the Edges and fastenings only remain-
ing as when first put on.

The plates upon the lower part of the bottom also in
the run of the Ship, quite Aft (except a few whose defects

1 Wiliam L. Clements Library, Ann Arbor, Mic~igan, Reprinted from Tlie
American Neptune, July 1941.

can be imposted to Workmanship), are wasted very little.
In two hundred superficial feet that were taken from

these parts and Weighed, the plates were found to have
wasted in Twenty Months only 131b 12°Z which seems to

confirm that the quick Waste of those Plates laid on the
Midships forward, can only be from the Wear occasioned

by resistance of the Water to those parts. We are further
to observe that the Copper which was remaining upon the
bottom had been on near twenty Months and had kept
perfectly clean without any means whatever having been
used to render it so. But the Copper which covered 'the
Rother was foul'd with Barnicles; and this difference We
cannot Account for unless it may be supposed, that the
Plates there being fastened with Iron Nails which was done
to vary the Experiment the rust from, thence with what

might come from the Straps of the Pintles, draining down
and spreading the surface of the Rother should have occa-
sioned it.

The Copper being every where taken off the Plank of the
bottom was very carefully examined, so likewise the Caulk-
ing, and in neither was there found the least Impair from
Worm or any other Cause. The Plank was entirely sound,
and the Seams and Butts were full of Oakam, hard and
good, except upon one Spot on the Starboard side, distin-
guished on the Sketch by a red Circle, where the Copper for
about a foot diameter being rubbed off the Plank was

covered with Barnicles as close as it was possible; and upon
inspection it was found the Worm had then made a deep
impression.

The Copper upon this Spot, We apprehend must have
been rub'd off very early, probably before the Ship went
out of the River, as in all other parts of the bottom where
the Copper had remained till gradually worn away as be-
fore described, the Worm had but slightly gribled the Sur-
face, which plainly shews that it was owing to the Copper
only that they were preserved from being in the same Con-
dition.

We were greatly surprized to percieve the Effect the
Copper had had upon the Iron where the two Metals
touch'd; but it was most remarkable at the Rother Iron
and in the fastenings of the false Keel, upon the former, the
pintles and Necks of the Braces were as coroded and Eat.-

particularly the two lower Ones, that they could not have
continued of suffcient strength tò do their Offce many
Months longer, and with respect to the false Keel it was
entirely off.

The loss of the false Keel was at first supposed to have
happened from the Ship having been on Shore, but upon
examining it, the Nails and Staples that fastened it were
found dissolved into a kind of rusty paste; which was also
the Case of every Nail that had been used in fastening on

the thick Lead to the Gripe and fore part of the Knee.

The same effect, but not to so great a degree; was ob-
servable upon all the Bolts and Iron under water, except

where brown paper (with which the bottom was Covered)

remained undecayed, and thereby separated the two
Metals; and where this Covering was perfeCt, the Iron was
preserved from Injury.

Havjng now informed their Lordships of the most mate-
rial Observations We have made upon this subject, We
shall observe upon the whole.

l~t That as long as Copper plates can be kept upon the
bottom, the Plank will be thereby entirely secured from

the Effect of the Worm.
2n.d That neither the Plank or Caulking received the
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least Injury with respect to its duration, by being covered
therewith.

3~ That Copper bottoms are not incident to foul by
Weeds, or any other Cause.

All which are Advantages very desireable to be attained,
provided Methods could be fallen upon to obviate the diff-
culties we have before pointed out; the greatest of which is,
the bad Effect that Copper has upon Iron.

It has been shewn that where brown paper continued

perfect between them, the Iron was not injured; whence

We presume, if the Heads of the Bolts and other surfaces of
Iron were covered with flannel and a very thin leaf of Lead,
they could be better secured from the corosion of the Cop-
per, and with respect to the Rother Irons, if the back and
sides of the Stern port and sides and beardings of the Rother
were also covered with thin Sheet Lead instead of Copper,
the effect that has appeared upon the Pintles and Necks of
the Braces would be kept at least a greater distance and
though We doubt it would not answer the end of entirely
securing the Rother Irons, and it might lengthen their
Service beyond the hazard of failing within a three Years
Station.

As to the diffculty about the false Keel, that may be got
over by having all the Staples made of Copper.

There is still another diffculty which is the Accident
that Copper Sheathing has been found liable to in the
Course of this Experiment, but as We imagine these have
been partly owing to the thinness of the Plates made use of,
which were only twelve Ounces to the foot, it 'appears to
Us this diffculty would be removed by adding to their
substance; which would render the Plates stiffer, not so
liable to rub off, and also consequently of greater duration,
with respect to their Wear.

We must not in Our Observations to their Lordships
upon this subject forget the Expence that attends covering
a Ships bottom with Copper; That upon the ALARM
amounted to about £650. and to increase the Plates to the
thickness that would be requisite to answer the afore-

ment~ Advantages and bring the Charge to about £945.
which is at least an Expence of four times the cost of Wood;
but when it is considered how much more durable Copper
will be than Firr Sheathing, also the worth of the old Cop-
per when returned, We are inclined to think the difference
(if any) in the end will be immaterial, the intrìnsic value of
the Copper recé back from this Experiment is £199.15.9.

And having maturely considered all the Circumstances
that attend the Sheathing Ships with Copper, and seeing

the extensive advantages it is capable of; supposing it can
be brought into Use, We are induced to recommend it to
their Lordships consideration,-whether a further tryal
may not be made of it, with the improvements We have
mentiond And in Case a Ship of 32 Guns should be wanted
on the West India Station, We would propose that the
ALARM may be again made use of for the Occasion, All
which is nevertheless submitted to their Lordships by &c~

JS. WB. HB. RO.
Philip Stephens Esqr
P.S. We have ordered a Box to be sent to their Lordships
containing several Plates in their different degrees of

Wear.
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CHAPTER 12

The Invention of Protective Devices
A large fund of information concerning the

methods proposed as an answer to the fouling
problem is to be found in the patent literature.
It is true that many patented ideas are nonsen'se,

due largely to a misunderstanding of the problem.
This is because many inventors are enthusiasts
rather than experts. Barnaby (3) states that
among 292 patents relating to shipbuilding, in
which the profession or title of the inventor was
stated, there were only 20 who were shipwrights
or naval architects-the rest being a medley of

côlonels, wool dealers, upholsterers, fruiterers,
goldsmiths, etc. Nevertheless, the patent lists
provide almost the only means of tracing the
development of many antifouling ingredients and
devices, and are interesting as a record of ideas.

The present chapter does not pretend to repre-
sent a complete search of the patent record. It is
based on three available lists of patents of ship-
bottom paints which cover British patents issued
between 1667 and 1872 (6), patents granted by
the United States between 1842 and 1922 (4), and
German patents from their beginning in 1880 to
1940 (13). A few additional patents relative to
mechanical and electrical means of preventing
fouling are also included. Antifouling patents as a
group are discussed by Barnaby (3), Mallet (6),
and Andes (2).

The first antifouling patent (2) was apparently
granted to Wiliam Beale in 1625 for a composition
which contained iron powder, cement, and an
unnamed mineral (7). According to Rabaté (11), it
is probable that this mineral was chalcocite, or
copper sulfide, while Ragg (12) suggests that it
was a copper-arsenic ore. However, most of the
early shipbottom patents were granted for "pro-
tection against the worm," the majority being
for some form of metallc sheathing.

The first metallc sheathing on the patent lists
is lead. In 1670, an Act of Parliament granted to
Howard and Watson the exclusive right to manu-
facture lead sheathing for ships (5). Some years
later, rollers for miling lead into sheets were also
patented (14). In 1728, another patent (12, 14)
was granted for a method of "rooling" copper, tin,
brass, and iron into plates. This process may have
made possible the successful experiment with
copper sheathing carried out on the Alarm (8) in
1761-1763, and the subsequent widespread use of
copper sheathing as an antifouling surface.

In the 19th century, various improvements or

metallc substitutes for copper sheathing appeared
in the patent lists. The manufacture of zinc for
sheathing was patented in 1805, (10,14), aluminum
"galvanically applied" in 1855 (15), and "coat-
ings of the protective, or lustrous metals," includ-
ing gold, silver, and nickel, in 1863 (16).1 The

following combinations of metals for sheathing

were also patented: iron plates having small por-
tions of zinc attached to them (17); sheets of
copper and lead pressed together while hot (18);
laminated zinc plates coated with tin (19); copper
coated with lead, tin, or zinc (20); and iron scales
covered with lead, having copper electrolytically
deposited on one side (21). Other patents issued
i;icluded: sheets of lead and metallic antimony
painted with an amalgam of lead, antimony, and
quicksilver, in 1831 (22); Muntz metal, a copper-
zinc alloy, in 1832 (23); "copper and tin combined
for sheathing," as early as 1817 (24); and copper
or brass, in 1864 (25).

Near the end of the century, patents were

granted for different ways of applying copper
sheathing. One German patent (26) specified a
copper coat in exchangeable sections to be set in
recesses in the hull, another (27) attached copper
foil with an adhesive layer, and in a third (28), a
thin coating of copper was applied electrolytically.

With the growing use of iron in shipbuilding
during the last half of the 19th century, various

materials were patented for insulating the metallic
sheathing from the plates of the hull. These

included wood (29), wood and felt (30), rubber
(31), and cork (32). A later patent (33) specified

zinc as an intermediate layer. During this period
an increasing number of patents were granted for
antifouling paints and compositions as well as for
sheathing; by 1870 paints formed a major part of
the antifouling patent lists.

The patent mentioned above, which was granted

to Willam Beale in 1625, was the first of the few
patents issued before 1830 for paints or composi-

tions designed to prevent fouling (7). About 1670,
a British patent was issued to Philip Howard and
Francis Watson for a composition of tar and resin,
which used a varnish of beeswax, turpentine,

~
:~;tr~
t\

i It is doubtful that nickel sheets suitable for sheathing were heing rolled in
1863. Perhaps the patentee had in mind the copper-nickel-zinc"alloy, nickel silver,
which was produced by one Henry Merry, Birmingham, England, after 1830.
(F. L. LaQue, personal communication.)
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and lacquer dissolved in grain alcohol (2, 7). A
patent was granted, in 1780, for a formulation of
molten tin mixed with a paste of zinc, zinc salts,
limewater, and black soap (34). In 1791, Wiliam
Murdock patented his compOsition of iron sulfide
roasted in air with zinc, with arsenic as the toxic

agent (2, 35).
Although few patents for antifouling paints were

issued before 1830, over 300 had been granted by
1867(14). During this period, generally unsuccess-
ful attempts were made to use nearly every avail-
able organic and inorganic substance as an anti-
foulant (6, 9). Robert Mallet's British patent of
1841 for a composition using "slightly soluble
coatings of toxic materials to prevent fouling" is
an interesting example (:36). He "preferred the
oxychloride of copper and the sulphuret of arsenic"
for the toxic, but he was unable to control the
solution rate suffciently to make it practicable (6).

The fist successful antifouling composition to

come into general use was a hot plastic, patented
by McIness in 1854 (37). The antifouling coat was
a formulation of copper sulfate in yellow soap.
This was heated and applied over a quick-drying
primer of rosin varnish and iron oxide (1). In
1863, Tarr and Wonson received an American

patent (38) for their successful paint composed of
copper oxide and tar in naphtha or benzene;

Rahtjen's shellac-type paint, using mercuric

oxide and arsenic as the toxics, was patented in
187i.

In early British patents, as listed by Mallet, no
purpose is stated for many of the formulations.

Several of them, however, included one or more
toxic ingredients, and may be presumed to be
antifouling paints. Of those which were later
patented in the United States, some were defi-
nitely specified as antifouling (39), the action

being attributed either to toxicity or to exfoliation

(40).
In early patents the most frequently specified

toxics are copper, arsenic, mercury, and their
various compounds. The copper compounds in-
cluded the oxides (41) and sulfates (37) of copper,
Brunswick Green (copper oxychloride) (42), and
verdigris (basic copper acetate) (43). Arsenic ap-

peared with copper as copper arsenate (44), copper
arsenite (45), and Paris Green (copper acetoarse-

nite (46), and in other combinations as realgar

(As2Sz) and orpiment (AszS3) (45), arsenious acid
(47), a'nd white arsenic (arsenic trioxide) (48). The

i See Adamson (1), Ragg (12) states that this paint was introduced at Bremer-
haven as early as 1860.

225

forms of mercury specified were the oxides (49),
and iodides (50), calomel (mercurous chloride)
(51), and corrosive sublimate (mercuric chloride)
(52).

Other toxics which were tried included strych-
nine or atropine, patented in 1857 (53), and oxides

of zinc (43), of antimony (54), and of lead (litharge)
(55), patented shortly thereafter. Also claimed as
toxics were: "picric acid or any picrates" (56),
carbolic acid (57), potassium cyanide (58), iodine
or bromine (59), phosphorus (60), sulfur (61), and
copperas (FeS047H20) (62). In 1871, a patent

was granted for a paint containing creosote as the
toxic (63), and in 1910, for one with metallc
silver (64).

Metals were also patented as ingredients of
paints-powdered iron as early as 1625 (7), and
molten tin in 1780 (34). In the 1860's, various

formulations specified powdered metallic zinc (65),
finely divided copper (66), iron powder (67),
quicksilver (68), and, at a later date, metallic

lead (69). Other patents included both zinc and
iron (70), copper and zinc (71), and "powdered
lead and copper added separately" (72). Some of
these compositions were probably an effort to
duplicate metallc sheathing in a paint.

In 1865, Tarr and Wonson (73) invented a
"galvanic antifouling paint" which contained an
alloy of zinc and "any metal below zinc in positive
relation" suspended in a tarry or oleaginous

medium. Henri Terrisse, a Swiss chemist, was
issued a United States patent in 1911 (74) for a
similar use of metals in paint. It was based on
mixing a finely divided alloy or amalgam of
copper and mercury in a waterproof varnish.
This voltaic element was claimed to produce

nascent chlorides by electrical decomposition of
sea water when the attaching organisms broke

through the varnish.
Among the more unusual materials claimed as

toxics were powdered oyster shells (75), a pow-
dered shellfish, Lagamus decagonalis (76), seaweed
ashes (77), and a seaweed (kelp), "used while
green and wet" (78). Patents were also granted for
use in paints of concentrated extract of tobacco

(79) and the active principle of plants of the
genera Tephrosia, Lonchocarpus, Derris, and
Deguelia (80). A patent of 1894 specified the
"resinous juice of the Japan sumac," Rhus verni-
cifera, a plant related to poison ivy (81); while
one of 1921 specified the sap or leaves of the Upa,
Alchorea cordi folia, a Javanese tree yielding an
intensely poisonous juice often used as an arrow
poison (82).
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Of greater interest was the introdu-ction of the
more useful ideas for antifouling ingredients and
devices. A metallic powder (iron) and probably
some form of copper were used in Wiliam Beale's
patent of 1625 (11, 12). Willam Murdock's

patent of 1791 (35) used arsenic. Mercury was
found as an oxide in a British patent of 1857 (49).

Patents were issued for metallc sheathing (lead)
in 1670 (5), and a metal coating (aluminum)

"applied by the action of electricity or galvanism"
in 1855 (15).

A British patent (83) had been granted for a
copper-zinc alloy in 1830, two years before Muntz
metal (also a copper-zinc alloy) was patented

(23). As early as 1842, an American patent was
granted for a composition to be applied hot,
preceding by twelve years the introduction of
McIness' widely used hot plastic paint (37, 84).
Shellac and linseed oil are specified in a patent of

1837 (55). While many early p.atents mentioned
merely copper oxide, cuprous oxide was first
specified by the Benedicts' German patent (85) of
1881. Mercuric oxide was indicated in Rahtjen's
patent of 1871 (1), and a German patent of 1924
specifically claimed the use of mercurous oxide to
replace mercuric oxide in antifouling paints (86).
Resin was patented as an ingredient in 1670 (2),
rosin in 1867 (87), and a synthetic resin, which

was formed of the condensation products of
phenols with aldehydes, in 1908 (88). In 1861 a

patent was granted for the use of magnetic or

galvanic electricity to prevent fouling (89);

another was issued for a single paint system that
claimed to be both anticorrosive and antifouling
as early as 1865 (38). The use of coal tar oil in an
antifouling paint (90) was patented in 1867.

Devices other than paint systems were also

designed to permit the use of poisons. In 1863, a

patent was granted for a reservoir placed in any
convenient part of the ship, containing a poison

combined with oily substances that was to ooze
constantly through perforated pipes along the

bottom and sides of the ship (91). Also patented
about this time were flat, open-mouthed bags to
be filed with compounds of phosphorous which

were to be dragged with ropes along the hull (92).
Stil another device used perforated pipes filled
with equal parts of sulfur, resin, and fish oil; these
were attached along the keel and sternpost of the
boat where the compound would "generate a
gas" which "destroys all animal or vegetable life
in its vicinity" (93).

In the present century, a patent was granted

for a special V-shaped reservoir to be lowered

over the bow of the ship, from which chlorine or
other gases could be released and distributed
along the hull by the ship's motion (94). Another
patent was granted for pipes distributing a toxic
solution from a main reservoir to outlets scattered
over the underwater surface of the hull (95). A
similar patent (96) proposed pipes leading to a
perforated bilge keel and to other underwater

parts of the hulL. These were to discharge air,
another gas, or any liquid lighter than water, so
that the ascending bubbles could maintain the

water about the hull in a state of turbulence. If
desired, a toxic ingredient could be added. In 1934,
a patent proposed a canvas envelope to enclose the
bottom of a ship; the water entrapped by the

envelope was withdrawn from around the ship,
treated chemically, and returned to within the
envelope (97).

Patents were also granted for nontoxic surfaces

to prevent the attachment of fouling. These

included sheathing the ship's bottom with canvas
or other fabrics (98), with felt soaked in pitch

(99), and with paper (100) soaked in copperized
ammonia.1 Patents were issued for surfaces of
cork (101), rubber (102), cement (103), and ozo-

cerite (a paraffn) (104), pulverized slate in pitch

(105) and for sheets of graphite (106) to be
cemented on the ship's bottom. Glass was patented
in many forms. A surface of pounded glass had
been patented in 1767 (107), and a "silicious
coating of ground glass, borax, and soda" in 185'5

(108). One patent specified a thin' coating of glass
to be formed directly on the iron hull (109),

another, glass plates attached to a fabric and then
cemented to the hull (110). Surfaces of enamel

(111), and of vitreous glaze (112) were also pro-
posed. One patented antifouling composition
included four sizes of ground glass among its
constituents (113).

About 1850, a gas jet which formed a carbonized
outer surface on wooden hulls was patented.2
Later patents were granted for thin veneer

sheathings of ebonite or vulcànite (114), and for a
surface of free sulfur on an adhesive coat (115).

Among the more curious nontoxic surfaces was
one formed of nail points protruding through a rub-
ber or leather sheathing to "tear free the organ-'

ism's suckers" (116). A patent was also granted for
a porous surface "to be permeated by water, on
which marine animals would be unable to form a

1 The inventor claimed that "the paper wil desquamate under the action of

sea water just as copper desquamates."
2 See Masseile (7) _ The Portuguese charred their hulls in the time of Vasco da

Gama (1469-1524). In 1720 the British built the Royal Wiliams entirely of
charred wood.
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vacuum, and so their suckers would be ineffectual"
(117). In 1886 a patent was granted for a paint
composed of a "highly oxidized oil forming an
elastic surface," on the theory that "it is generally
known that barnacles wil adhere only to a hard
or unyielding surface" (118). A composition

which, on exposure to sea water, "changed into a
hard stone-like surface, thus preventing the
fouling of the bottom" (119) was also patented.
The use of hydrazine in an antifouling paint was
patented in 1893 (120), the hydrazine being

claimed to act, "not as a poison, but as a means of
coagulating the albumen and thereby destroying
the protoplasmic masses of fouling." In 1912,

another paint patented as protection against
mussel fouling slowly released alkaline lyes when
in contact with sea water "to keep the keratin or
mussel cement from hardening" (121). A patent
was granted in 1928 for a luminous antifouling
paint (122), and in 1915, for one containing radio-

active materials (123).

Devices for removing fouling include various
systems of chains (124) or knives (125) for scrap-
ing the ships' bottoms. About 1862 patents were
issued for the following: rotating brushes which
operated continuously or intermittently along the
bottom of the ship (126), iron scrapers which

were held against the ship's bottom with cork
floats (127), and crushing rollers on guides, which
traversed from end to end of the ship (128). The
use of steam was proposed to remove fouling in
various ways: piped to scrapers pulled by ropes

and held against the ship's hull by magnets (129);
conveyed over the vessel's side through perforated
pipes, and thus applied to the ship's bottom (130);
piped to a canvas or wooden envelope. which

enclosed the ship (131).
In 1906, a patent was granted for a method of

cleaning the ship's bottom electrolytically. A chain
of zinc electrodes was held against the hull by
floats, "a strong electric current loosening the

oxide fim of the sheathing and bringing the

fouling with it" (132). In the following year,

one was issued in which electrolysis of adjacent
hull sections formed gases that loosened the foul-
ing (133).

Various other methods of using electricity to
prevent fouling were patented. A comprehensive

patent of 1863 claimed the use of electricity
"however obtained or applied" for protecting the
ship's bottom from fouling and corrosion (134).
Other patents were more specific, however. Thomas
Edison, in 1891, was granted a German patent for
an electric antifouling system having a D. C.

generator on the ship which fed multiple electric
cables with electrodes at their ends. These were
to be placed underwater near the hull and send

suffciently strong electric currents back through
the ship's hull to prevent the attachment of

organisms (135). In 1866, a patent was proposed
for using an electric battery to prevent the fouling
of iron ships, the ship being connected to one

battery pole and the water to the other (136).
A patent issued later specified a generator which

sent alternate charges of positive and negative

electricity in rapid succession from one end 'of the
hi-ll to the other (137). Another made the hull
the armature of a gigantic magnet to prevent

fouling (138). And stil another applied a direct
current intermittently to the hull to keep off

barnacles (139). A 1911 patent used a high tension
apparatus with alternating current which kept the
water surrounding the ship electrified (140). Later,
alternating current was suggested which used a
system of electrodes fied to the hull of the ship,
"a high tension discharge causing muscular fiation
of the barnacles and so preventing their attach-
ment" (141). Electrically formed deposits were
also patented as antifouling devices. In 1907, a

patent was granted to Schoneberger and Frazier

for a device which continuously electrified the
metal hull or sheathing, the resulting layer of
hydrogen and sodium hydrate protecting the vessel
even without paint (142). In 1940, Cox patented a
method for plating out calcium and magnesium
salts from sea water onto the ship's hulL. There

was some antifouling effect in this process, since
the second and subsequent layers were less adhe-
sive to each other than the first layer was to the
metal of the ship; thereby an exfoliating surface
was formed (143). Somewhat earlier a patent was
granted whereby a ship's hull, or a similar con-
ductor, was electrically coated with an adherent
layer of precipitated metal and an overlying pro-
tective nonmetallc film of simultaneously formed
phenolic condensation products (144).

The condensation product of phenols and alde-
hydes (a synthetic resin) was patented as an anti-
fouling composition in 1908. This patent claimed

an antifouling action due to the gradual splitting
up of the products of condensation into their

components of phenol and formaldehyde (88).
In the following year, a patent was granted for a
synthetic resin mixed with copper or another
toxic compound to be used as an antifouling
paint (40), and in 1916 for a synthetic resin

combined with a toxic radical (arsenic) (145).
Most of the patents described in this chapter

t
n
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have never been tested seriously. The following
chapters assess the practical importance of the
various methods which have been proposed to
prevent fouling.
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CHAPTER 13

Factors Influencing the Attachment and
Adherence of Fouling Organisms

Many suggestions for the control of fouling are
based on an appreciation of the physiology and
distribution of fouling organisms. All too often,
however, they are vague and give the engineer

little aid in designing structures or determining
whether special methods of control are necessary.
It is the purpose of this chapter to describe the

physiology of the fouling larvae so that the tend-
ency of a surface to become fouled may be appreci-
ated, to review the factors which influence the

attachment of fouling, and to assess their practical
value.

The several factors which determine the tend-
ency of a surface to foul when exposed in the

sea may be divided into two main groups: 1)
those which determine the numbers of larvae
coming into contact with the exposed surface, and
2) those which limit the ability of these larvae to
attach to the surface and grow. The physiology
of the organism determines its reaction to changes
in the environment, and must be understood in

order to evaluate the relative importance of these
factors.

The numbers of larvae coming into contact with
an exposed surface depend upon the geographical
location, the season of the year, the type of
service for which the installation is -employed, and
the texture, orientation, and color of the surface.

The tendency of the surface to form slime fims
and the degree to which the surface is wet by sea
water may also have significant influences. All
of these factors are, to a large extent, predeter-

mined by engineering considerations and fre-
quently are not subject to control or modification.
Practical prevention of fouling depends upon
modifications of the surface so that it repels or

kils the organisms which come in contact with it.
Among such surface modifications, frequently
recommended, are the application of electricity
and the use of exfoliating or toxic paints. Only the
toxic paints have given satisfactory results, and
this aspect of the control of fouling is discussed

in the following chapter.

GEOGRAPHICAL AND SEASONAL
DISTRIBUTION

The seasonal and geographical distribution of
fouling organisms has been discussed in Chapters

5 to 7. The geographical location determines

whether a structure wil be subject to intense

fouling attachment, and must be appreciated in
order to foretell whether special methods for the
control of fouling wil be necessary.

There are tremendous differences in the num-
bers of larvae of fouling organisms present in the
water in different geographical areas, and also in
any given area at different times of year. Most
of the coast of the United States is in the tem-
perate zone where marked seasonal variations in
the amount of fouling occur. It is possible, in some
places, that methods of control wil be required

during the summer months, but may be unneces-
sary in the fall or winter months because larvae
are not present in the water or are not attaching

to surfaces. It is impossible to predict the intensity
of fouling solely from general considerations of

distribution, since local variations are of consid~

erable importance. Studies of each location are,
therefore, necessary to determine whether special
methods of control are required.

Geographical and seasonal considerations are
likewise of great importance in selecting a loca-
tion for the testing of antifouling surfaces or for

investigation of the biology of fouling. It is futile
to test antifouling surfaces under conditions of

'poor fouling attachment. Tests made under thése
conditions may appear to indicate that a surface
would prevent fouling for a considerable period
of time, when, if exposed to intense fouling, the
same surface would foul immediately. Fouling
attaches throughout the year at various locations
in southern Florida and southern California, and
tests made at such places give a more accurate

picture of the effectiveness of the surface and of

the duration of its effective life.
The concept, held by many investigators, that

antifouling paints should be designed for use in
certain waters is unsound. If true, it would be
necessary to test all paints under as many con-
ditions as possible. Paints which are effective
under severe fouling conditions are effective
wherever they may be exposed. Those which are
reputed to be effective in one place but unsatis-
factory in other areas are invariably borderline

paints which foul anywhere when the intensity of
fouling becomes high. The testing station should,

b
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therefore, be located where the fouling intensity
is great throughout the year so that a significant
test of the surface may be obtained. Here, again,
the exposure of nontoxic collectors to determine
the intensity of fouling is essentiaL.

The amount of fouling which wil accumulate on
a structure wil vary depending upon its shape,

the material of which it is made, and the service

for which it is used. The tendency of different
materials to foul, and the responses of larvae to

gravity and to light and ilumination, which

depend upon the shape of the structure, are dis-
cussed below. In addition, differences in the
character and amount of fouling depend upon

the service. The difference between fouling on

ships, buoys, panels, and piles has been discussed
in earlier chapters.

MOVEMENT OFW ATER RELATIVE
TO THE SURF ACE

Among the service conditions which influence
fouling is the movement of water relative to the
surface, a factor important in ship bottom fouling.
Visscher (50) established that ships on active

duty tend to be less fouled than those which

spend much of their time stationary in port. Very
few of the ships which spent more than 90 per
cent of their time cruising were heavily fouled,

whereas most of those which cruised less than 30
per cent of the time were badly. fouled. Decom-

missioned vessels and lightships, furthermore,
frequently include in their fouling mussels, tuni-

cates, and other species which are comparatively
unimportant on more active ships in the same
geographical localities.

According to Visscher (50) and Hentschel (22),
fouling is most apt to occur behind the overlap
of the metal plates and in dents and other pro-

tected places on active ships. This was attributed
to the direct action of the water flow on the organ-
ism. Harris and Forbes (21) attribute similar
results to the effect of increased turbulence in

these places on the distribution of dissolved toxic

in the water.

Many organisms may be found fouling the
propellers of active vessels. They include algae,
barnacles, tubeworms, molluscs, and encrusting
bryozoa (3, 22). Differences in the amount and
type of fouling between the central and peripheral
regions of the propeller have been noted. Some-
times only the central portion was fouled, while the

outer ends of the blades were clean. In other

cases serpulid tubeworms grew over all the blades,
while barnacles were limited to the areas near the
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shaft. Sometimes only the bases of barnacles and
oyster shells were present on the outer parts of
the blades. One propeller was fouled by tube-
worms, all of which were oriented with their
mouths toward the axis (22).

Recent experiments have shown that fouling is
influenced by the velocity of flow of water across

the surface (26, 29, 46). Smith has studied the
effects of different velocities on the development
of fouling by two devices: graduated speed of flow
through a series of tubes, and a rotating disk. In
one experiment (46) glass tubes of different
diameters were arranged in sequence, and sea

water was then drawn through them by a pump.
The velocity of flow was a function of the diameter
and was estimated to range from 3.8 to 0.2 knots
in the different sections. Barnacles (probably

Balanus improvisus) were able to attach in cur-

rents up to about 0.5 knot; the tubeworms

(Dasychone conspersa) were successful up to about
1.0 knot. Similar results have been obtained by
LaQue (26).

Experiments with a rotating disk tested the
ability of organisms to settle out on moving sur-
faces (46). An unpainted, horizontal plywood

disk was rotated at various speeds under water.

The nominal velocity of any point was calculated
from its radius and the speed of rotation; the
actual velocity relative to the water was thought
to be somewhat less because of frictional drag and
vorticellar flow. Barnacles attached in the center
of the disk, covering an area the diameter of

which was inversely related to the speed of rota-
tion. The nominal velocity at the circumference

of the fouled area in each case was close to 1.0
knot, which was taken to be the maximum rate
permitting attachment. Considering that the

nominal velocities of the disk and tubes are both
only approximations of the true velocities, this
figure is in reasonable agreement with that deter-
mined by the flow-tubes.

The effect of movement on organisms which had
previously attached to a stationary surface was

also studied on a rotary disk (46). The disk was
divided into sectors all but one of which were
covered with waterproof cloth. It was submerged
stationary, and at intervals successive sectors

were bared to permit fouling to sette. After 16
days, all sectors had been uncovered, and the
fouling on them had been growing for respectively
6 hours, and 1, 2, 5, and 16 days. Fouling con-

sisted of barnacles, a buguloid bryozoan, and a
hydroid. The disk was then rotated at 60 r. p. m.
for 19 days. Fouling toward the periphery of the

¿
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disk was removed, growth in an intermediate zone
was stunted, while in the center growth, proceeded
normally. The radii of the zones, and therefore the
required limiting velocities, increased with the
length of exposure prior to rotation, indicating
that the older barnacles were more resistant.
Table 1 shows the limiting water velocities for
attachment and continued growth of three com-

mon forms. To remove barnacle fouling more than
16 days old, nominal velocities in excess of 4 knots
were required (46).

Smith (45) has also studied the effectiveness of a
stream of bubbles in preventing the attachment
of fouling. Compressed air was led to the keel of
a motor launch, or to the base of panels, where

bubbles were released and allowed to flow over the

TABLE 1. Maximum Water Velocities Permitting Fouling
Organisms to Remain Attached and to Grow (44)Sector I II III iv V

Stationary Attachment Period
-Days

Maximum Velocity Permitting
Continued Attachment of
Barnacles-Knots

Maximum Velocity Permitting
Normal Growth of Barnacles
-Knots

Maximum Velocity Permitting
Growth of Bugula-Knots

Maximum Velocity Permitting,
Growth of Hydroid- Knots 1. 3 1. 7 1. 3 3.0 3,0

1
¡ 162 5

2.3 3.3 3.3 ;:4.03.0

1.0 1. 7 2.71.3 2.0

~0.7 ~0.7 ~0.7 2.0

surface. Litte or no fouling attached in the areas
bathed by the rising bubbles, though control
areas were densely covered w~th barnacles. Pre-
sumably the action of the bubbles was to cause
motion of the water relative to the surface. The
amount of air required was between 0.2 and 0.6
cubic feet per minute pe,r horizontal foot of sur-
face. The large quantity of air required makes this
method of preventing fouling impractical for all
but the smallest structures.

McDougall (29) has studied attachment and
growth of fouling in variable currents of low
velocity. Glass plates were exposed in a series of,
chambers through which a tidal current flowed at
speeds regulated by the size of the up-stream

apertures. Maximum velocity in the chamber
with the largest opening was about 1.0 knot;
velocity was zero in all chambers at slack water.
Bugula and Balanus grew best and were most
numerous at the minimum velocity. Tubularia,
and the worms, Hydroides and Sabellaria, pre-
ferredmaximum velocities. Sponges (Reniera),
oysters, and tunicates (Phallusia) found the inter-
mediate conditions optimaL. Except for the oyster,
there was a surprising and close agreement be-

tween the optimum velocity for attachment and

for growth. When the current flow is intermittent,
as in the case of ships or of tidal currents, some

observations indicate that moderate currents may
be beneficial for the growth of the fouling or-
ganisms.

Hentschel (22) has recorded a number of in-
stances in which the barnacles on ships attained
their greatest sizes in the most exposed situations
-on the stem, on the edge of the bilge keel, and
on the rudder. He suggests that the difference may
be due to the availability of a more abundant food
supply in such places. It is commonly observed
that exposed headlands with strong wave action

and narrow passages carrying swift currents often
support rich populations. Such fouling forms as

Tubularia and other hydroids, mussels, bryozoa,

and ascidians grow exceptionally well in places
such as Woods Hole Passage, where tidal currents
up to 4 knots are common, and where greater

velocities occur on spring tides (47). Gutsell (19)
concluded that scallops thrive best in rapid tide
currents. Fox and Coe (13) have observed a more
rapid increase in weight of M ytilus californianus
in wave-washed sites than in calmer water.

Hutchins and Deevey (25) concluded that the
rate of increment of mussel fouling (Mytilus

edulis) on Atlantic Coast buoys, is augmented by
strong tidal currents. This rate is compared with
mean current velocities in Table 4 of Chapter 6.
The correlation is not perfect in ranking, but all
of the rates of increment greater than the Atlantic
coast average were associated with mean current
velocities greater than 1.0 knot. Tidal currents in
general average much less than this.

Considering the evidence as a whole, it appears
that relative water movement may affect fouling
in two principal ways: 1) directly, by pressure and
shear, and 2) indirectly, by augmenting supplies
of food, oxygen, and like factors. Insofar as they
are capable of withstanding the former, organisms
are able to benefit from the latter. High velocity
currents may prevent initial or continued attach-
ment, or may suppress or modify growth. It is
evident that any factors affecting firmness of
attachment wil modify the resistance to shearing,
and the measurement of critical velocities must
accordingly allow for such physical aspects of the

surface. Because ships move rapidly and con-
tinuously for long periods, all but the most
tenacious fouling tends to be removed. For such
fixed installations as buoys, on the other hand,
the relative movements most generally observed
are of low magnitudes and of such character that
the effe~t, if any, is to accelerate fouling growth.
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There is general agreement in attributing this
better growth to the increased supply of food and

oxygen, and the more effective removal of meta-
bolic wastes.

TEXTURE OF THE SURFACE
There has always been an effort to produce

paints with a smooth surface in order to keep the
frictional resistance of the ship to a minimum. It
has been postulated that barnacles wil be unable
to attach to perfectly smooth surfaces (33), and

this has been suggested as a means of preventing
fouling.

Wharton (55) has calculated that the pressure
developed by the vacuum cup on the antennae of
the cyprid barnacles is of the order of one dyne.
He postulates that the cup would be least effective
on a surface having projections less than 15 mi-
crons, but more than 0.1 micron in size, since these
would permit water to flow into the cup, thus
breaking the suction. The ultimate attachment of
the barnacle, however, is by means of a cemented
bond, and moderately rough surfaces should in-
crease the strength of this bond.

The texture of the surface does indeed affect the
amount of fouling which may attach under com-
parable conditions. Coe and Allen (6) found that
cement blocks were generally more densely popu-
lated with fouling forms than wood. Pomerat and
Weiss (38) studied the attachment of barnacles

and other fouling forms to various types of surfaces
at Miami, Florida, and found that smooth, non-

porous, non-fibrous surfaces, especially if also
hard, were relatively poor collectors of sedentary
organisms. The surface most heavily fouled was
asbestos board, with 980 barnacles on an area of
one square foot after three months' immersion.

The most heavily fouled wooden surface had 748
barnacles per square foot. Under the same condi-
tions, celluloid and methacrylate plastics col-
lected only 11 barnacles, and smooth glass only 16.
Glass panels with roughened surfaces were more
densely fouled. The results of their exposures,

given in Table 2, show that the quantity of fouling

on different types of surfaces, simultaneously ex-

posed, varies greatly. In designing experiments to
study other factors which may influen.ce attach-
ment, it is necessary to use the same type of sur-
face throughout.

The smoothness of the surface does not seem to
offer any promise for the prevention of fouling.
Though it may contribute to the success of certain
preparations, it alone is not adequate to provide
complete protection.
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TABLE 2. Effect of Composition of Surface on Fouling
All materials were applied to, or mounted on, wood unless other-

wise noted. Exposed at South Dock, Belle Isle, Miami
Beach, Florida, January 9, 1943 to April 9, 1943.

After Pomerat and Weiss (38).

Weight of Foiiling*

Composition of Wet Dry Number*
ofSiirface Grams Grams Barnacles

Plastics
Plasticel 24 12 124
Isobutyl Methacrylatet 15 7 70
Formica 7 3 11
Lucite 6 2 41
Celluloid 4 2 11

Glass
Prestlite 57 25 176
Pentecor 46 25 148
Sandblasted 24 7 ' 46
Smooth 5 2 16

Paints &r Ingredients

Asphaltum, 121 34 768
Asphaltum Varnish 68 14 256
Anticorrosive (42A) 48 11 156
Spar Varnish 45 7 304
Navy Grey 42 6 150
Paraffn 11 6 59

Woods
Gum (60 days soaked) 452 133 686
Dade Co. Pine

(60 days soaked) 395 121 748
Gum (unsoaked) 250 44 222
Madeira 174 84 358
Dade Co. Pine (unsoaked) 144 27 125
Teak 144 89 306
Greenheart 77 41 342
Soft Pine 58 12 184
Balsa 3 2 5

Metals
Steel 224 43 88
Nickel 43 11 126
Lead 31 51 396
Galvanized Iron 3 1 6
Monel 2 1 6
Zinc 1 0

Miscellaneous
As bes tos 284 66 980
Masonite l in.

(heat tempered) 138 32 594
Linoleum 80 23 193
Sole Leather 3,2 12 66
Canvas #10 5 2 7

* Corrected to an area of 144 square inches.
t Applied to glass paneL.

EFFECT OF GRAVITY
Numerous experiments have shown that many

organisms, including the larvae of fouling or-
ganisms, react in a definite way to the force of

gravity. For the fouling organisms this is shown

by the relative intensity of fouling on panels hung
in the sea at various angles.' In general, the under-
side of a horizontal surface accumulates more

fouling than surfaces exposed at any other angle.

This response was found for the larvae of the
Pacific Coast òysterOstrea lurida by Hopkins (24).
This larva swims with its dorsal or attaching sur-
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face upwards, and Hopkins concluded that they
were thus more able to attach to the underside of
an exposed surface, since they reached it in the
proper position.

Other organisms also accumulate most heavily
on the underside of exposed surfaces, as shown by
the data in Table 3 (29,37). Most of the organisms
0bserved were present in greatest numbers on the
undersides of plates which were horizontal or at an

TABLE 3. Populations of Fouling Organisms Collected on
Panels Exposed at Various Angles in the Sea

The orientation is as follows. 0° (under side horizontal plate), 45°
(under side 45° plate), 90° (vertical plate, both sides

averaged), 135° (upper side 45° plate), 180°

(upper side horizontal plate)
Numbers Attached to Plates Suspended

at Various Angles

Organism 0° 45° 90° 135° 180° Reference

Acanthodesia
ienuis 165 125 7 3 6

Electra
hastingseae 32 51 3 3 0 1

Barnacles 217 23 19 4 5 1

Bivalves 165 26 1 0 2 1

H ydroids 11 4 1 1 2 1

Balanus
eburneus 841 426 293 183 42 2

Biigula
neritina 446 298 34 9 2 2

H ydroides

hexagonus 776 204 96 30 10 2

P Iialliisia

Iiygomiana 63 28 0 0 0 2

Peropliora
virides 212 5 17 3 2

S abellaria

vulgaris 2 22 40 321 390 2

1 Pomerat & Reiner (37) at Pensacola, Florida. Expsure for 23 days. Numbers
are for an area of 60 square inches.

2 McDougall (29) at Beaufort, North Carolina. Exposed 88 days. Numbers are
for area of 48 square inches.

angle of 45°. In contrast, the distribution of the

polychaete Sabellaria vulgaris at Beaufort was just
the opposite of the other forms. McDougall (29)
states that the larvae of this species are apparently
specially adapted to survive under conditions of
heavy sedimentation. Although Table 3 indicates
that Balanus eburneus is most apt to settle on the
undersides of horizontal and 45° surfaces, Pomerat
and Reiner (37) found that this distribution was not
invariable. In many of their exposures this

barnacle was nearly equally distributed on sur-
faces at all angles. When the larvae attaching in
any brief interval were counted, approximately

equal populations were found on the top and bot-

tom of the horizontal plates. The further accumu-
lation of larvae on the bottom increased steadily,
whereas the population on the top surface in-

creased more slowly and irregularly. At Beaufort,
McDougall found that the top surface of the
horizontal panel (180°) was generally covered with

a layer of sediment, which might make it diffcult
for the cyprid larvae to attach or survive.

It can be concluded from these observations

that most organisms accumulate more heavily on

the underside of an exposed surface, perhaps be-

cause of a geotropic response. This effect, com-
bined with the response of the larvae to light,
probably accounts for the heavier animal fouling
observed on the areas of ships between the bilges.

LIGHT AND ILLUMINATION

The larvae of fouling organisms are sensitive to
light, and many of them tend to accumulate on
darker surfaces. This reaction results in a dis-
tribution of organisms similar to that produced by
gravity, since the underside of structures is also
the most shaded. The plant forms, on the other
hand, require light for photosynthesis, and ac-

cumulate on lighter colored surfaces in regions
where the ilumination is adequate for their
growth. The tunicate larvae are negatively photo-
tropic when attaching (16, 17). The larvae of
Bugula are positively phototropic when first re-
leased, but become negative prior to attachment
(31,57,58). Riley has shown that these larvae are
stimulated to attach earlier than normal in dilute
copper solutions, and they may then attach while
stil positively phototropic (39). The cyprid larvae
of barnacles are also positively phototropic at
first, and are most sensitive to green light (530-
545tLtL.) when different wave lengths are tested at
equal intensities (51). At the time of attachment
they are negative to light, and tend to move to
darker areas and settle with the head end away
from the source of ilumination (29, 49).

Under natural conditions the greatest fouling is
generally found on the least iluminated or darker
colored surfaces. McDougall (29) observed that,
when a series of boxes were iluminated through
glass plates of various sizes, the larvae of most
species tended to attach most abundantly in the
two darker chambers. The Pelecypoda and the

sponge, Reneira, however, did not accumulate

most heavily in the two darker chambers. These

observations are reproduced in Table 4.
Visscher (50) observed in experiments with un-

glazed colored tiles that the lighter colors always

developed smaller populations of fouling; in some
experiments the population was only one-third
that which devehped on darker surfaces. Results
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with glazed tiles were contradictory, which was
attributed to the reflection of light from the
surface. Edmondson and Ingram (11) found that
the white and green colors were more effective
in discouraging attachment than the darker ones,

when various paints and colored glass were ex-
posed at Hawaii. Little difference, however, is ob-
served, regardless of the color, after two or three
months' exposure.

Pomerat and Reiner (37) experimented with
black, clear, and opal glass panels at Pensacola,
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It hàs been questioned whether the effects de-
scribed above result from a true phototropic

response in which the organism is guided away
from the surface by the direction of the light, or
whether the larva is inhibited from attachment by
the general intensity of ilumination. Whitney

(60) and Schallek (41) maintain that, under normal
aquatic conditions, light is diffused and has only
a small directional component. In a diffused light,
reaching the organism with equal intensity from
all directions, no phototropism could occur. In an

TABLE 4. Numbers of Organisms Attaching in Chambers of a Light Box in Which the Ilumination Pro~ressively
Decreased from Chamber No.1 to No.6. Exposed May 10 to August 29, 1941. After McDougall (29).

Chamber Balanus Bugula Schizoporella H ydroides Sabeltaria. RenieraNumbers eburneus neritina unicornis hexagonus vitlgaris Pelecypoda iubifera1 173 426 11 958 64 461 112 154 339 4 1,016 48 216 173 248 541 13 892 68 260 184 46 570 19 1,146 64 211 235 219 837 30 1,436 64 248 156 318 696 23 2,072 144 374 20

Florida. About twice as many barnacles were

found on the black plates as on the opal or clear
plates. These experiments were extended by deter-
mining attachment on moonless nights between

9 P.M. and 3 A.M. During this period of minimum
ilumination, remarkably similar numbers were
found on the three kinds of glass. The total attach-
ment to four plates (27.2 sq. in. each) in four of
these nighttime experiments was 341 on black, 393

on opal, and 394 on clear glass.
Phelps (36) exposed panels under conditions

which partially differentiated between the effects
of gravity and of light. Some panels were sus-

pended horizontally under a covered barge, where
visual observations of the panels in situ showed
that there was more light on the bottom of the
panels than on the top. More barnacles were found
attached to the top of these paint,ed panels, and

equal numbers of larvae attached to the top and
bottom of the glass panels. These results indicate
that when the effects of light and gravity are
opposed, the organisms react primarily to light.
When the clear glass panels were hung under the
barge at night, however, more cyprids collected
on the underside than on the top. When light was
at a minimum, therefore, the organisms reacted to
gravity. Panels exposed at the side of the barge

during daylight collected more barnacles on the
bottom of both glass and painted panels. The
undersurface of these panels was also the more
shaded, and the relations to light and to gravity
are supplementary. These results are summarized
in Table 5.

attempt to study this problem Gregg exposed

black and opal glass panels which were surrounded
by borders of black, opal, or transparent glass. The
numbers of cyprid larvae attaching showed no
correlation w.ith the degree of contrast between the
collector and the background. A decrease in the
intensity of general ilumination in the area oc-

cupied by the collector was found to increase the
attachment. Gregg (18) suggested that "shading"
acts as a stimulus which brings about favorable

physiological conditions for the subsequent attach-
ment of barnacle larvae.

Weiss (53) has extended these observations by
studying the diurnal variation in attachment and
the effect of artificial ilumination at night on the
attachment. He employed glass plates coated on
the backside with a dark red paint. Greater num-
bers of larvae attached during the daylight hours
than during the previous and succeeding nights.

Artificial ilumination of the panels exposed at
night increased the numbers of barnacles attach-
ing, so that the normal diurnal variation was

nullified. This increase in numbers of attachments
was found at light intensities of 0.03 foot-candles
or more.

TABLE 5. Numbers of Cyprids Attaching per sq. cm. to the Top
and Bottom Surfaces of Horizontal Glass Panels and

of Steel Panels Painted with 15 RC, Hung
Alongside and Under a Covered Barge (36)

Alongside Barge Under Barge

Surface
Glass
Painted Steel

Top
.068
.262

Bottom
.202
.629

Top
.121
.770

Bottom
.125
,549
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The contrast between the dark collecting sur-
face and the diffuse ilumination coming from the
surrounding water may give rise to a true photo-
tropic response. In the absence of light at night,
the number of cyprids attaching may depend solely
on their chance encounters with the surface. When
the water appears more luminous than the surface,
during daylight or because of artificial ilumina-
tion, the cyprids may be attracted. to the darker
area by a true negative phototropic response, and
accumulate there in greater numbers. .

It has been suggested that the response to il-
lumination could be utilzed as a method for the
prevention of fouling. While a dark surface ac-
cumulates more fouling than a light one, it is also
true that the lighter surfaces do not prevent foul-

ing. Visscher (50) and Edmondson and Ingram
(11) showed that the lighter colors became as
densely fouled in time as the darker, though they
foul less when initially exposed. Realizing that the
color would have little effect on the numbers of
larvae attaching at night, Perry (34,35) suggested
the use of luminous paints which would glow at
night and thus prevent attachment at all times.
Young (61), however, has exposed luminous

paints in the sea and finds them ineffective. Al-
though the color theory of preventing fouling has
had great popular appeal, it has found little
practical a.pplicatioJ!, because it does not work.

THE USE OF ELECTRICITY
Various suggestions have been made for the use

of electricity in protecting steel ships from both
corrosion and fouling. Baggs (2) took out an early
patent which covered the use of electricity, how-
ever applied, for this purpose. Several more recent
patents have been allowed, the most interesting of
which is that of Cox (7). This patent claims that
the surfaces of steel ships can be made cathodic to
protect them from corrosion. Deposits form on the
surface under these conditions, and it is claimed

that, as these break off, all of the attached fouling
wil be removed.

An extensive study of the application of electric
currents to bare iron and other metals was con-
ducted at Miami by Castle (5), who observed that
fouling developed rapidly on cathodes to which
current densities of 10-300 miliamperes per square
foot were applied. Fouling was delayed on coatings
formed by current densities in excess of 300
miliamperes per square foot. The delay or preven-
tion of fouling by the high current densities was

attributed to the rapid formation and flaking Qr

;;loughing of the deposits formed on the surface.

Castle found no evidence that either a continuous
or alternating current kept the larvae away from
the electrodes or prevented their attachment. He
found no feasible method for electrocuting fouling
organisms after attachment, or for preventing their
attachment by electrical means. Direct currents
of the greatest density obtainable from storage

batteries, current from the secondary of an in-
duction coil (the so-called Harvard inductorium),
115-volt 60-cycle alternating current, and the
current from the secondary of a 5000-volt trans-
former delivering 30 miliamperes, were all in-
effective in killng barnacles when applied for
durations up to 15 minutes. The method of apply-
ing suffcient currents to form heavy deposits

which could be sloughed at intervals was con-
sidered too expensive to be practicaL.

Harkins (20) has suggested that a surface carry-
ing a negative static charge would result in a poor
bond with the barnacle cement. This was based

on the observation that the fronds of seaweeds do

not ordinarily become fouled. He has overlooked,

however, the occurrence of bryozoans, hydroids,
and some barnacles, such as Balan.us algicola, on
seaweeds. Sargassum is commonly heavily en-
crusted with growths. Certain species of algae,
further, are found growing only on other algae.
Extracts of algae have been used in antifouling
paints with consistently poor results (14, 15,40).

WETTING OF THE SURF ACE

It has been frequently observed that paraffn,

petrolatum, and various wax or grease surfaces do
not become fouled rapidly. This action has been
attributed to the hydrophobic or nonwettable

character of such surfaces, or to the fact that the

organisms can not obtain a secure footing on such
a surface (12, 42).

Scheer (43) studied the effect of adding various
wetting agents to petrolatum, and found that some
of these, particularly sulfonated aliphatic com-

pounds, improved the antifouling action of the
petrolatum even though they increased the degree
by. which the surfaces wet with water.

In a study of the prevention of fouling by waxy
or non-wetting surfaces, the Naval Research

Laboratory (32) prepared 25 compositions em-

ploying three samples of petrolatum of different
boiling points, a Stearin Pitch Lubricant,i and a
hot plastic paint vehicle,2 each mixed with various
proportions of wetting agents. Weldwood panels
were coated with these compositions and exposed

1 This contained Stearin Pitch. caustic soda. and mineral oiL.
2 This vehicle contained rosin, pine oil, cumarone-indene resin, and cereseic

amorphous wax.
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for fouling tests at Miami Beach, Florida. None of
the compositions showed any significant antifoul-
ing properties, and all were soft, sloughing from
the panels and exposing in some cases large areas
of bare wood. The experiment was discontinued

after 30 days' exposure because all of the panels
were completely fouled. Similar compositions using
a petrolatum base were exposed by investigators
of Mellon Institute (30) at Daytona Beach,

Florida, on primed steel panels. After six months'
exposure it was concluded that the compositions

have little or no effect on fouling by barnacles and
filamentous bryozoa, but did diminish the attach-

ment or adhesion of molluscs, encrusting bryozoa,
and hydroids, when compared to a nontoxic paint
control. None of the wetting agents or even penta-
chlorophenol, which is a toxic agent, improved the
performances over that given by petrolatum alone.
The physical condition of the coatings was very .
poor, with much of the compoÛtion lost after six
months' exposure, and with serious corrosion of the
steel panels being evident. Tests of petrolatum at
Kure Beach, North Carolina, by La Que (26)
demonstrated considerable suppression of fouling
when exposed from November to May. Lanolin
and some petrolatum base grease were, however,
fouled in the same time.

The evidence available indicates that the waxy
or oily surfaces may be effective in preventing the
attachment of fouling for a short period of time.
This action appears to be erratic and may be the
result of the chemical nature of some of the in-
gredients, or of the unsubstantial character of the
surface, rather than of the hydrophobic properties
of the surface.

EXFOLIATION
An exfoliating surface may be defined as one

which disintegrates by loss of particles which are
of more than molecular size (i.e., not by solution of
ingredients). Such a surface is unsubstantial and
offers the organisms an inse:ure footing. It has
frequently been suggested that any fouling or-
ganisms which attempt to attach wil be sloughed
off because of the physical disintegration of the
surface. Paints designed to resist fouling in this
way would be the underwater counterparts of the
chalking house-paints which remain clean by a
similar mechanism.

The evaluation of exfoliation as a means of pre-
venting fouling is diffcult, since, though there has
been much discussion, very few paints have been
made and tested to prove its worth. The paints
which prevent fouling and have been claimed to do
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so by exfoliation all contain some toxic ingredient
which may be the effective antifouling agent.

The theoretical explanation of the mechanism
by which an exfoliating surface might function has
been presented by Wharton (54). It is based upon
the two stages of the attachment of larval barna-
cles. The first step of attachment is the adhesion of
the antennae to the surface. This is first ac-
complished by means of a vacuum cup arrange-
ment, later supplemented by the secretion of a
cement. For some time the antennal attachment
is the only method for holding the barnacle to the
surface. In the final attachment, however, the

calcareous plates become cemented directly to the
surface. Wharton postulates that, as the barnacle
grows, some pressure may be great enough to
pull loose the antennal attachment before the

plates become firmly cemented. If the surface is
hard and has a loosely adhering surface layer, the
barnacle may thus be sloughed off. If the surface is
soft, the barnacle is able to penetrate the paint
and obtain a firm attachment to the underlying

structure, even though the surface layer adheres
loosely. If the surface is hard and has no loosely
adhering surface layer, the barnacle can maintain
its attachment to the outer surface.

This. ingenious explanation of the action of ex-
foliating paints may apply in the case of the acorn
barnacle. It is diffcult to see how a similar ex-

planation could be applied to the various other im-
portant fouling forms.

Wharton (54) has devised methods for determin-
ing whether or not a paint exfoliates. The most
ingenious of these involved placing a piece of

transparent s:otch tape on the dried paint surface.
If some of the paint or surface deposit is removed
with the tape, the paint is classified as exfoliating.
It was found that it generally takes two or three

weeks of soaking in the sea to develop the' exfoliat-
ing surface. In tests of 378 paints, 300 were found
to have exfoliating surfaces, and most of these, 282,
gave satisfactory antifouling performance. The
non-exfoliating paints were almost equally divided
between satisfactory and unsatisfactory per-
formance. All of the satisfactory paints, however,

contained toxic ingrenients, and may have been
effective for this reason (see Chapter 14).

Young and his collaborators (62) have at-
tempted to test the importance of exfoliation by
making a series of paints containing no toxic, in
which the content of the pigment, barytes, varied.
One paint contained no pigment; the pigment:

volume ratio of the others increased up to 6: 1.
This variation, with a "corresponding observable

¿
;;~
10

J\
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exfoliation and erosion," had no observable effect
on fouling. All of the pigmented paints fouled

with barnacles, tube worms, and hydroids as
completely as the pure varnish. The paints high
in pigment seemed to have some inhibitive action
on bryozoa and on "algae and scum." Paints con-
taining similar loadings of copper were much
more effective in preventing attachment of all
forms.

Castle (5), in his studies of the formation of de-
posits by means of electric currents (page 236),
demonstrated that it is possible to protect a sur-

TABLE 6. Weight Loss and Fouling of Iron Strips Coupled
to Metallic Copper Paints During 30 Days'

Immersion at Miami Beach, Florida
Loss of Weight

of Iron
mg/cm'/day

22.0
21.6
20.5
15.9
14.5
14.0
12.8
9.6
4.1

Foiiling on

Iron

3.0
2.3
2.1
1.9
1.8
1.8
1.8

none
none
none
none
none
none
none
none

Fouled, barnacles

and Tunicates
Densely fouled
Densely fouled
Densely fouled
Densely fouled
Densely fouled
Densely fouled
Densely fouled

face from. fouling by exfoliation. He found that
fouling was prevented on cathodes to which cur-
rents in excess of 1000 miliamperes per square
foot were applied. These surfaces formed deposits
several milimeters thick, and underwent massive
exfoliation. Unfortunately he made no quantita-
tive determinations of the rate. of weight loss

necessary to prevent fouling.
Generally, the corrosion of iron in sea water is

slow enough so that fouling can attach and grow
on the surface; but if iron is coupled to nobler

metals-copper, for example-the rate of corrosion
is so rapid that no fouling can find a foothold.

Presumably this protection is caused by the ex-
foliation of the rust on the surface.

In some experiments performed at Miami (48),
strips of iron were bolted over the surface of

various paints containing graded amounts of
metallic copper. The rate of corrosion of the iron
strip attached to these paints increased as the

copper content of the paint increased. The weight
losses and fouling of these iron strips are given in

Table 6.
All of the iron strips which lost more than 9.6

mg/ cm2/ day were completely free of fouling. All
of the iron strips which lost 4.1 mg/ cm2/ day or less
were densely fouled. It is apparent from this ex-
periment that the rate of weight loss (exfoliation)
to protect iron from fouling lies between the values
of 4.1 to 9.6 mg/cm2/day. A weight loss of 7.8
mg/ cm2/ day corresponds to a thickness of iron of
about 0.01 mm. or 0.4 miL. If similar rates of loss are
necessary for exfoliating paints, very thick films

would be essential to give an appreciable life. For
example, a film 146 mils in thicknes~ would be

necessary to last for one year.
Ever since Sir Humphry Davy (8, 9, 10) de-

scribed the corrosion and fouling of copper, its
action has been attributed vari~usly to exfoliation
of the corrosion products on the surface, or to the
toxicity of the copper which dissolves from the

surface. Both theories are equally reasonable, and
both have had vigorous adherents. This subject is
discussed fully in Chapter 22, but a brief review

may be useful here.
LaQue (27, 28) has shown that alloys of copper

and nickel which contain more than 30 per cent
nickel wil foul when submerged in the sea. The
surfaces which do not foul lose more than 0.045-
0.070 mg Cu/cm2/day. These figures are very
much smaller than those necessary to protect iron
from fouling. In some experiments performed at
Woods Hole, the weight losses from various alloys
of copper were determined. The fouling of dupli-
cate alloys was studied at Miami (48). The results
are summarized in Table 7.

In this experiment the Muntz and Monel metals
fouled, even though they lost weight faster than
pure copper, brass, or bronze. The weight lost

TABLE 7. Weight Losses and Fouling of Copper Alloys
After Exposure for About One Year

Weight Loss
mg/cm'/day

.035

.045

.107

.060

.023

Alloy Used

Copper
Brass
Muntz Metal
Monel Metal
Nickel Silver

Fouling
None
None
Light and variable
Completely fouled
Light and variable

from the pure copper surface was all in the form of
copper, whereas the weight lost from the others
must have contained various amounts of the alloy-
ing metals. Copper is more toxic to marine or-
ganisms than the other metals, and the effects of
toxicity and exfoliation in these exposures cannot
be separated. Since copper prevents fouling with

much less weight loss than the other metals, it
seems apparent that exfoliation alone does not ex-
plain the prevention of fouling by copper metal
and its alloys.
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The results of the tests of exfoliation indicate
that, whereas fouling can be completely prevented
by this process, it is a wasteful mechanism and
would require very thick applications in order to
afford prolonged protection. The fact that no
paints have been discovered which prevent fouling
by this mechanism alone indicates that it has not
been found very useful by the paint technologist
in the design and formulation of antifouling paints.

SLIME OR PRIMARY FILMS
A surface exposed in the sea becomes coated

within a few days with a thin gelatinous or slimy
film. These films are formed by bacteria and
diatoms, and include considerable amounts of

organic and inorganic detritus (23, 52, 56, 63-67).
Several investigators have suggested that the
presence of the slime film influences the subse-

quent attachment of macroscopic fouling forms.
Information has accumtilated which indicates that
the presence of the slime film on nontoxic surfaces
is favorable for the attachment of fouling or-
ganisms. This is discussed in Chapter 4.

The slime film was first studied in relation to the
control of fouling by Bray (4), who exposed a large
series of paints and observed that they slimed to
markedly different degrees. Those paints which
formed the heaviest slimes ultimately became the
most fouled. Several later investigators have
claimed a correlation between the amount of slime
film and the tendency of surfaces to foul (23, 56-
59), but the evidence for any such correlation is
not convincing. Adamson (1) pointed out that
different types of slimes form on different paints,
and stated that the gelatinous slimes seem to dis-

courage attachment, whereas the silty, granular
slimes permi to attachment.

ZoBell (67) studied the attachment of barnacle
larvae to glass panels and concluded that the
slime formed a beneficial substrate for their at-
tachment. He suggested that the slime might
favor fouling in a variety of ways: by enmeshing
the larvae; by discoloring glazed or bright surfaces;

by serving as a source of food; by protecting the

organisms from the toxic constituents of poisonous
paints; by increasing the alkalinity and thus favor-
ing deposition of calcareous cements; or by in-
fluencing the potential of the surface.

On. antifouling surfaces the slime has been
stated variously to favor, to interfere with, or to
have no effect on the attachment of fouling forms.
Much of the confusion has resulted from the use
of a variety of different paints having different

toxic properties. In the early invel'tigations it was
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impossible to differentiate between the contribu-
tion of the slime and the toxicity of the surface.
With the development of the leaching rate tech- .
nique as an independent measure of toxicity, it
became apparent that the slime film might con-
tribute to the effectiveness of an antifouling paint

by influencing its toxicity. This is discussed in

detail in the next chapter, which includes other

investigations of the toxicity of metallic poisons to

organisms.
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CHAPTER 14

The Prevention of Fouling with Toxics
The common antifouling paints contain copper,

mercury, or arsenic compounds in various com-
binations. It is the toxicity of these materials

which prevents fouling. Toxic action implies that
some ingredient of the paint is poisonous to the
organisms and must either repel their larvae at the
time of attachment or kil them before they can

attach permanently and grow. Many investigators
have recognized that the toxic must be free to

dissolve from the paint in order to be absorbed by
the attaching organism.

Copper sheathing was the first extensively used
antifouling surface. The first well authenticated
application of metallc copper sheathing was in
1763 (55), and this early experiment is described

in Chapter 11. It was clearly shown by Sir

Humphry Davy (16, 17) that when metallc copper
is coupled to zinc or iron it fails to prevent fouling.
When so coupled, the copper does not dissolve in
seà water, and no toxic solution is present to kil

or repel the organisms.
The first authentic record of the inclusion of a

toxic in a paint in order to prevent fouling is a

patent issued to Wiliam Beale in 1625 (5). Mallet
(34) patented an antifouling paint in 1841 in

which slightly soluble coatings of poisonous mate-
rials were applied. These paints failed because he
was unable to control the solution rate. Young
(71) clearly stated the dilemma which confronts
the formulator of an antifouling paint, which is
that an insoluble toxic will be ineffective and a

soluble toxic wil be washed away to leave an ex-
hausted surface. This dilemma has been resolved

by learning how to produce paints from which the
toxic dissolves just fast enough to prevent fouling,
yet slowly enough to last for several years.

The evaluation of the toxic theory of antifouling
action requires investigation of the following ques-

tions:

1. Are the salts of heavy metals commonly used
in antifouling paints really toxic to fouling

organisms? What concentrations are lethal?
How do they act?

2. Do these metallc salts dissolve in sea water,
and is the rate of solution from the paint

adequate to maintain a lethal concentration
at the paint surface?

3. Is the prevention of fouling by toxic anti-
fouling paints related to the loss of toxics

from the paint?

Later chapters of the book wil be devoted to
some of these questions, but a brief review of the
salient points wil be presented here so that an
evaluation of the toxic theory of antifouling action
can be made.

THE ACTION OF TOXICS ON
ORGANISMS

Several metallc salts have been reported to be
toxic to marine organisms or tb their larvae. The
concentration at which they are lethal depends

both upon the metal tested and upon the organism
used. The toxicities of various metallic salts,
tested in five different ways, are shown in Table
1. Silver, copper, and mercury are rated as highly
toxic in all of these tests. Among these three
metals, both copper and mercury have proved
very effective in antifouling paints. Silver has not
been extensively tested, probably because of its ex-
cessive cost.

These tests all rate copper as being somewhat
more effective than mercury. This experience has
not been universally confirmed when ~alts of these
metals are used in antifouling paints. Adamson
(1, 3) found that mercury was somewhat more
effective than copper, and Pyefinch and Matt (47)
foùnd mercury about twice as toxic as copper to
the free-swimming cyprid larvae. In general, how-
ever, these two metals and their salts have con-
sistently given good results in antifouling paints.

In addition to copper and mercury, salts of
zinc, iron, arsenic, and lead have been commonly
used in the formulation of paints. Among these,
zinc shows evidence of some toxicity but appears
to be only about one-fifth as toxic as copper or
mercury. The remainder of these salts are even less
toxic than zinc.

An example of the effectiveness of various
materials in antifouling paints may be taken from
an experiment performed by the Naval Research

Laboratory. Ten pigments were added to a matrix
to give the same volume loading, and the resulting
paints were exposed at Miami Beach, Florida. All
of the copper and mercury pigments were effective
for periods of ten to fifteen months. The paints
pigmented with iron powder, zinc dust, zinc oxide,
Celite, and Bentonite were more than 50 per cent
covered with fouling during the first or second

month of exposure. These results, summarized in
Table 2, are in complete agreement with the

toxicity results quoted above.
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TABLE 1. Comparative Toxicity to Madne Fouling Organisms of Various Metals in Sea Water SolutionsClarke' Riley2 Riley' Riley'
Lethal to Mussel Lethat to Survival TimeBarnacles Attachment' Bugula Bitgiila

Metal
Tested

Silver

2 days
mgjl.
0.4

5 days
mgjl.
0.2

50%
mgjl.

0.2
Compoiind

Ag2SO,

Copper Basic C¡.pric

Carbonate
CuCh
CuCitrate
CuTartrate
Metal

0.17

0.41

0.60
0.58

0.7

Mercury HgCb 1.0 0.5 0.9

0.9
8.0

5.0

Manginese KMnO,
MnSO,

Zinc Zn(NO,h
Metal

832

Iron FeSO,
Metal

5.0

Arsenic As20,
Alkaline

13

Tin SnCl2
Metal

15

Cadmium CdSO, 30

20

40

Chromium K2Cr207

Lead PbSO,
Metal

Aluminum Metal

Parker"
Fouling

on Metal

All
mg/l.

0.5

2 hr.
mg/l.

0.1

5 hr.
mg/l.

0.5 mg/l.
hours

0.4

1.0 mg/l.
ho.lrs

0.4
6 wee1?s

1.0 o . 5+ .( O. 5 3.7

o

2.0

2.0

1.0 0.5 4.0 2.0

10++ 10+ N/2

15.0 iot 22.55
0.2

10

40 10++ 4010+ N/2

6

50

10++ 10+ FN FN

10

10

1 References 13, 14. Table gives the concentration of the metal used which killed all barnacles tested in the indicated period.
2 Reference 50. Table gives the concentration which prevents the attachment of 50% and 100% of the mussels tested.
3 Reference 50. Tahle gives the concentration which kills all Bugula tested in two and five hours.
, Reference 50. Table gives the time of survival of Bugula in solutions containing 0.5 and 1.0 mg/!. Test conducted for 48 hours; N /2 ~ha\f normal at end of test;

FN =few normal at end of test.
ó Reference 43. Amount of fouling on various metals after 6 weeks' exposure in Eel PondJ Woods Hole, Mass. 0 =no fouling; 10 = 

completely fouled.

Arsenic has been used frequently in antifouling
paints but the results have generally been nega-

tive (1,2,20): Both arsenic and lead are materials

TABLE 2. Times for the Attachment of Fouling to Paints Con-
taining Various Pigments

Time in Months to Fall to a Fouling
Resistance Rating2 of

Pigment U sedl 90% 80% 50%
Cu20 11 12 13
Copper flake 14 14 15
Copper powder 13 15
HgO 12 12 15
Hg2Cb 4-8 10-13
Iron powder 1 1 1
Zinc dust 1 1 1
ZnO 1 1 2
Celite 1 1 2
Bentonite 1 1 1

1 At a pigment loading of 12% by weight in a vehicle consisting of 87% rosin,
12% methyl abietate, 1% Pliolite by weight.

2 Foulng resistance as used here and later in this chapter is measured on
8"Xl0' panels (500 sq. em. per side) and is defied as follows: A rating of 95
means that larvae have attachedJ but no forms are matured. Solitary adult or-
ganisms reduce the fouling resistance below 95% one per cent for each individual;
colonial forms are judged on the per cent surface area covered. Thus a panel on
which five barnacles are growing rates 90%. If 10% of the area is covered with
encrusting bryozoans, and five barnacles are present, the panel rates 80%, etc.

which one might expect to be effective toxics be-
cause of their action on human beings. Metallc
lead probably fails to prevent fouling because a

very insoluble deposit forms on its surface when
exposed in sea water. Arsenic (As20a) was found to
be ineffective against barnacles by Harris (20).
Wehmhoff, Jordan, and Knight (61) found arsenic
trioxide ineffective in hot plastic paints, but Paris
Green was said to be an effective toxic. Adamson
(1) states that arsenic trioxide and orpiment were
tried and gave negative results, and Paris Green
alone did not prevent fouling. Harris (20) at-
tributes the low effectiveness of Paris Green to its
small content of copper.

Copper, mercury, and zinc are also toxic to the
bacteria which form the slime film on a surface

submerged in the sea. Their toxici ty was tested on
pure cultures of .these periphytic bacteria by plac-
ing the cells in solutions. containing various

amounts of the toxic. The per cent of the strains
which were able to live when transferred after 3 to
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4 hours, and after 48 hours, to a nontoxic nutrient
broth, are shown in Figure 1. Mercury, at a con-

centration of 2 mg/l, was shown to kil all of the
types tested during 48 hours (59). After 3 to 4
hours, however, 39 per cent of the bacteria in a
solution containing 1.0 mg/l were viable (70).
Lower concentrations permitted survival of more
of the strains, but mercury concentrations as low
as 0.002 mg/l stil kiled about 10 per cent of

them in 48 hours. Copper was found to be some-

what less toxic and to act more slowly than

mercury. Concentrations of 0.006 mg/l were
lethal for some strains; others were able to survive
even in concentrations of 6.3 mg. per liter. Waks-
man, Johnstone, and Carey (57) have isolated
bacteria which are able to survive in a medium
containing as much as 100 mg. CUS04' 5H20 per
liter. Zinc was only about half as toxic as similar
concentrations of copper (70).

Differences in the relative resistance of different

organisms to the same toxics may also be demon-
strated.Weiss (62) found that barnacles were the

most resistant forms attaching to antifouling
paints at Miami Beach, Florida. Of 662 antifouling
paint surfaces studied, 652 ultimately became

fouled. The first forms to attach to these paints
were as follows:

Barnacles
Encrusting bryozoa
Hydroids
Bugula
Tunicates
Tube worms
Sponges

67% of paints
18% of paints
9% of paints
5% of paints
1 % of paints
0.1% of paints
0.1% of paints

Among the barnacles, Balanus amphitrite niveus
was found to be most resistant, followed by B.
improvisus and B. eburneus. The encrusting
bryozoan, Watersipora cucullata, was actually
more resistant to copper poisoning than were any
of the barnacles. The secondary position of en-

crusting bryozoa may be related to the fact that
the occurrence of' Watersipora cucullata is seasonal,
while barnacles are found throughout the year.

British investigators have similarly studied the

attachment of various forms, and present their
results in terms of sensitivity factors which they
use in a method of rating antifouling paints (46).
Their results are given in Table 3 of Chapter 20.
They found the hydroid TubularÙ¡, and several of
the algae, including the film-forming diatoms, more
resistant than the barnacle.

This brief review of investigations of the
toxicity of metallc poisons to common fouling

organisms indicates that copper and mercury solu-
tions are lethal, and that paints containing them
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FIGUR 1. The percentage of strains of bacteria resistant to various concen-
trations of tones. Solid symbols show per cent of strains surviving after 3 to 4
hours' exposure (70); open symbols, after 48 hours' exposure (59).

may be effective in preventing the attachment of
fouling. The same paints containing other mate-
rials are not effective. The toxicity of copper and
mercury wil be discussed in some detaiL.

The Toxicity of Copper Solutions
The effects of copper solutions on barnacles have

been studied by Clarke (13, 14) and by Pyefinch

and Mott (47). These investigations have included
all stages of development of the barnacle, from the
nauplius to the free-swimming cyprid, attached

cyprid, newly metamorphosed and adult barnacles.
Pyefinch and Mott (47) studied the toxicity of

copper solutions (made with CUS04' 5H20) to

barnacle cyprids. The results of two of their ex-
periments, given in Figure 2, show that the cyprids
remained active for about one day in concentra-

tions of 0.5 mg. copper per liter, and for longer

periods as the concentration was decreased. None
of the cyprids in solutions containing more than
0.024 mg. copper per liter were able to attach,
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FIGUR 2. Time required to stop the activity of free-swimming cyprid larvae
in copper solutions of various concentrations. Data from Pyefinch and Matt
(47, Table 2).
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TABLE 3. Survival of Barnacle Cyprids in Sea Water to Which
Various Concentrations of CuSO,' 5H20 Were Added. The

Values Have Been Estimated from Pyefinch
and Mott (47, Figure 1)

C1tSO,.5H20 50% Sit1vivalAdded Time
mg. Cull. h01trS0.9 241.0 8.42.0 6.33.9 6.07.0 2.6

though the cyprids in the control vessels, .to which
no copper was added, attached in 4 to 7 days.
Other experiments by the same authors indicated
that the loss of action was not an indication of the
death of the organism. When cyprids were trans-
ferred to fresh, nontoxic sea water after exposures
which made them inactive, they were able to
recover. Some experiments showing the time of
exposure at which only 50 per cent survived are
presented in Table 3. In interpreting the results
of these experiments, it must be remembered that
the solubility of cupric copper in sea water in
equilibrium with air is only 0.5 mg. copper per liter.
The addition of cupric sulfate reduces the pH of
the solution, thereby increasing the solubility of

TABLE 4. Effect of Different Concentrations of Cupric Citrate in
Preventing the Metamorphosis of Barnacle Cyprids (prob-

ably Balanus improvisus) Attached to Glass Slides
Concentration No. of Cyprids Number of Cyprids
mg. Culliter Exposed Which Metamorphosed

116 6 2 (moult incomplete)58 6 323 4 49.7 3 34.9 2 20.93 11 110.47 9 9o . 23 5 50.12 9 9
the copper. The amount of cupric ions in solution,
however, is probably much less than is indicated
by the amount added (d. Chapter 15).

Following the attachment of the cyprid larvae,
metamorphosis to the young barnacle occurs in a
period of a few hours. The toxicity of copper during
this interval was investigated by Clarke (13, 14),
by immersing the freshly attached cyprids, prob-
ably Balanus improvisus, in solutions of copper
citrate.! All of the cyprids were able to meta-
morphose in concentrations as high as 23 mg. of
copper per liter. Some of the cyprids meta-

morphosed even in a solution containing 116 mg.
of copper per liter, though in these cases the moult

1 Cupric citrate forms a complex ion which is very soluble in sea water. Its
solubilty is not, therefore. limited to 0.5 mg/l, as that of inorganic cupric salts.
As wi be shown later, Clarke found the toxicity of cupric citrate to be sub-
stantially the same as that of other copper salts.

was incomplete. These data are summarized in

Table 4.
Similar results were obtained by Pyefinch and

Mott, who described the results in terms of five
stages of the processes of metamorphosis. These
five stages are:

A. Cyprid just attached, body of larva project-
ing up from the substratum.

B. Body of larva lying flat on the substratum,
anterior end slightly flattened, tissues within
showing a groove anteriorly.

C. Form of barnacle apparent, cyprid shell not
yet shed.

D. The cyprid shell has been shed.
E. Calcification has begun, the boundaries of

the limy plates characteristic of the adult
gradually become more distinct.

Even concentrations of 10 mg. per liter were unable
to prevent metamorphosis to stage D. The cal-
cification of the shell was retarded in solutions

containing only 0.01 mg. per liter. Their data arE'
reproduced in Table 5.
The resistance of newly metamorphosed

barnacles to copper poisoning was also investi-

TABLE 5. Effect of Copper on the Metamorphosis
of Barnacles

Period of
Exposure
to Copper
39 hours

Copper Numbers of Barnacles
Concentration at Stages:-----

Theoretical Measured
mgll. mgll. B C D E

Control 0 0 0 15
0.01 0.003 0 0 17 01
0.05 0.029 0 0 16 01
0.1 0.092 1 1 17 0
0.5 0.463 0 1 17 0
1.0 0.898 0 0 19 0

1.0 0 0 5 0
2.5 0 0 4 0
5.0 0 1 11 0
7.5 4 0 4 0

10.0 0 0 6 0
Control 0 0 0 3

33 . 5 hours

1 Calcification begins when transferred to fresh sea' water.

gated by Clarke and by Pyefinch and Mott. Their
results, which are presented in Tables 6 and 7,
show that concentrations such as might be ex-

pected at the surface of copper paints are lethal
in a few days' time. Clarke found, for example,

that a concentration of 0.47 mg. copper per liter
kiled the young barnacles in five days. Lower

concentrations required a longer period. These re-
sults indicate that the cyprid may be able to
attach and metamorphose in toxic solutions which
would prevent the survival and growth to the adult
form.
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Even adult barnacles are sensitive to copper
poisoning. Clarke studied several compounds of
copper and found that all of them were approxi-
mately equally toxic to adult Balanus balanoides

and B. eburneus. Some of his data are included
in Table 1 of this chapter. Clarke concluded from
his experiments with adult barnacles that the rate

of action of cupric citrate is directly proportional
to its concentration. This is shown graphically in
Figure 3, which relates the reciprocal of the kiling
time to the concentration of cupric citrate. It was
found that whereas a concentration of one mg. of

copper per liter was lethal in two days, ten days
were required to produce the same effect if the
concentration was 0.2 mg. of copper per liter. In
these investigations, therefore, no single con-

centration was found which could be called the
"lethal concentration."

Riley (50) has observed that the death rate of
barnacles attached to borderline paints is greater

TABLE 6. Relation of Killing Time to Concentration of Cupric
'Citrate in Barnacles (probably Balanus improvisiis)

Which Had Just Completed Metamorphosis
Concentration Killing Time
mg. Culliter Days9.7 14.9 1-20.97 30.93 3-40.47 50.23 50.20 70.12 10

TABLE 7. Effect of Copper on Young Barnacles

A verage Condition at Condition at
Cu Concn. 12 Days 25 Days
Control Generally active
0.096 Generally active Dead
0.19 Many gaping, some sensi- Dead

ti ve to touch
0.25 Quiescent, hardly sensitive Dead

to touch

than the death rate of those attached to controls
or to less effective paints. These results suggest

that, even after attachment, the fouling organisms
can be kiled by toxIcs dissolved from the paint.

In an investigation of the causes of the lethal
action, Clarke (13, 14) found that the copper was
concentrated severalfold in the living tissues of
adult barnacles and mussels. No accumulation

was found in the shells of the barnacles. No

specific internal concentration was found which
caused the death of the organism; some died

when only 0.19 mg. of copper per gram dry weight
was contained in the soft tissue, yet other living
barnacles contained as much as 1.09 mg. per gram
dry weight. It was observed that the barnacle was
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FIGUR 3. Rate of lethal action of cupric citrate on adult barnacles.
Clarke (14).

able to excrete considerable amounts of the toxic
when replaced in normal sea water. Clarke. con-
cluded that the entrance of copper into the tissues
of the barnacle is influenced by the metabolic

reactions of the living organisms, and that the
action of copper is not so much the direct destruc-
tion of some tissue or vital material as a general

retardation of life processes.
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FIGURE 4. Survival of Hltgula turrÏla in copper solutions. Redrawn after
Riley (50).
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The resistance of larvae and adults of Bugula
to copper poisoning has been studied by Riley (50)

and by Miler (39,40). Riley's data on the survival
of larvae and adults of Bugula turda are given in
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Figure 4, and show that the adult Bugula is more
resistant to copper than the larvae or young
adults. Miler's results on the growth of Bugula
neritina are given in Figure 5, and show that the
growth of adult Bugula and the formation of
polypides are both retarded as the copper con-

centration is increased. Both of these sets of data
indicate that concentrations of 0.3 mg. of copper

per liter or less are lethal or stop the growth of
these fouling forms.

Riley found that the attachment of the larvae
of Bugula is hastened in copper solutions contain-
ing from 0.07 to 0.2 mg. per liter. The majority of
larvae in these solutions attached after 3 to 4

hours, while those in solutions containing 0.04

mgjliter or less attached several hours later.
Copper concentrations greater than 0.04 mg. per
liter or more inhibited the liberation of larvae, but
complete suppression does not occur even in con-

centrations of 0.07 to 0.2 mgjliter which ultimately
kill both the larvae and adults.

Intermittent exposures of Bugula to sub-lethal

doses of copper retards their growth, but does not
have an effect equivalent to continuous exposure.
Riley found that six or more successive exposures,

each of which was calculated to be equivalent to
one quarter the lethal treatment, were required to
kil Bugula. Miler (39) exposed Bugula to sub-

lethal concentrations of copper which depressed
the growth rate. Whim replaced in fresh sea water
the growth rate increased, but did not reach the
rate found for the controls which had not been
exposed to copper. His results are given in Figure
6. These results suggest that the Bugula are able
to excrete copper when replaced in fresh sea water.
This conclusion agrees with that of Clarke on

barnacles, and with Riley's results on the excretion
of mercury by Bugula which are given below.

The mechanism by which copper exerts its lethal
effect is not clearly elucidated by these experi-

ments. Jones (26) has reviewed the theories on the
mechanism of toxic action of metals and divides
them into two main groups; namely, 1) the metal
retards vital processes by inactivating essential

enzymes, and 2) it may act more directly by pre-
cipitating cytoplasmic proteins as metallc pro-
teinates. The mechanism of the toxic action of
copper in preventing fouling deserves further
study.

The Toxicity of Mercury Solutions
Various data on the toxicity of mercury solu-

tions were included in Table 1 and suggested that
mercury is somewhat less toxic, weight for weight,
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than copper to adult barnacles, mussels, and

Bugula. Pyefinch and Mott (47) found that mer-
cury was somewhat more toxic than copper to the
free-swimming larvae of barnacles. Some of their
data on the survival times of barnacle cyprid

larvae in mercury solutions are reproduced in

Figure 7.
Riley (50) has studied the reactions of Bugula

to mercury solutions and found that the rate of
accumulation in the tissues is proportional to the,
concentration of mercury in solution up to about
0.5 mgjl. The amount accumulated was estimated
both by an analysis of the amount removed from
solution and of the amount absorbed by the or-
ganism. The amount removed from solution was
always somewhat greater than the amount re-
covered in the tissues, which was attributed to
the excretion of mercury in a form which was not
measured by the analytical technique.

Riley used two criteria for the death of the
organisms exposed to mercury solutions. One of

TABLE 8. Mercury Present in Tissues of Bugula at Time of Death
Estimated by Complete Loss of Motion or Failure to

Recover When Transferred to Fresh Sea Water
Concentration No Recovery Loss of Motionof Hg in Hg. in Hg. in

Solution Time Tissues Time Tissues------ ------- ---------
mglg mglg

mgll. hours dry wt. Iioitrs dry wi.
1.0 1.5 0.62 2.5 0.94
0.5 2.6 0.67 3.75 0.83
0.3 4.4 0.71 7 0.84
0.1 14 0.68 24 0.74
0.05 28 0.66 36 0.86

these was the failure of the organism to recover

when transferred to fresh sea water; the other was
the complete loss of motion. The rate of accumula-
tion of mercury during the period required to
observe these two was also found to be approxi-

mately proportional to the mercury concentration
as shown by Figure 8. The total amount accumu-
lated was in both cases very nearly constant. An
average of about 0.67 mgjgram dry weight of
tissues was required to prevent recovery, and an
average of about 0.84 mgjgram dry weight was
required to cause complete loss of motion, regard-
less of the concentration of mercury in the test
solution used. Riley's results, showing the times
necessary to produce these effects, and the amounts
of mercury accumulated, are given in Table 8.

Riley concluded that: 1) the amount of toxic

present in the tissues at the time of death is con-

stant regardless of the concentration in the ex-

posure bath; 2) the rate of accumulation of mer-
n1ry is a linea,r hinçtion of the concentration of the

~o

"
co
E

~
o

o
~ 10
~
u
~ou
~
,
u
~"

o
o

247

o

0-0-0_02 4
Time for 50'" Survival i hours

. 8

FIGUR 7. Survival of free-swimming barnacle cyprid larvae in sea water
containing various amounts of mercuric chloride. Redrawn after Pyefinch &
Mott (47).

toxic solution; 3) it follows from 1 and 2 that the
rate of action of the toxic is directly proportional
to its concentration, except at high concentrations
where an avoidance reaction was observed; 4) ex-
cretion of mercury occurs both during and after
exposure. The total amount excreted, subsequent
to sub-lethal exposures, is roughly proportional to
the amount of toxic accumulated. Most of it is
excreted in combined form. It is excreted rapidly
when the tissues have absorbed more than half the
lethal dosage. Below this content it is removed

slowly.

The Toxicity of Combined Copper and
Mercury Solutions

It has been frequently suggested that mixtures
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FIGURE 8. Average rate of accumulation of mercury by Bugula duri~g the

period required for the complete loss of motion, 0, and that required to prevent
recovery in fresh sea water, .. Riley (50).
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of copper and mercury are more effective than
either used alone. Investigations of the response

of mussels and Bugula performed by Riley (50)
suggest that the toxicity of mercury and of copper
towards these forms is a strictly additive phenom-
enon proportional to the toxid ties of the two
ions. Thus, a half lethal dose of copper mixed with
a half lethal dose of mercury gives just as toxic a
solution as an appropriately stronger dose of

either copper or mercury alone. Riley's observa-
tions are given in Figure 9, in which mixtu.res

giving equivalent results are indicated. Pyefinch

and Mott (47) studied the effects of copper and
mercury mixtures on the survival of free-swimming
barnacle larvae. They concluded that the addition
of a small amount of mercury was most effective
when added to a sub-lethal copper concentration.
Hunter (24) and Barnes and Stanbury (9) de-
scribe experiments in whiCh the combined action
of copper and mercury was greater than would be
expected on a strictly additive basis. Further
studies of the toxicities of such mixtures would be
desirable.

Paints containing various combinations of cop-

per and mercury toxics in the same matrix were
exposed at Miami Beach, Florida. The results are
shown in Table 9. All of the paints of this series
were effective for periods of 13 months or more.
The various proportions of mercury and copper
had little or no effect on the duration of satisfac-
tory paint performance.

Alexander and Benemelis (4) describe more ex-
tensive results with similar paints. Various pro-
portions of mercury and copper toxics were used
to produce paints with equal pigment volumes.

The substitution of a mercury toxic for an equal
volume of copper toxic frequently produced a
much more effective paint. Substitution of copper
flake or copper powder for part of the cuprous

oxide in some formulations also produced more
effective paints, and substitution of some zinc

TABLE 9. Times for the Attachment of Fouling to Paints Con-
taining Mixtures of Copper and Mercury Compounds

Time in Months to Fall to a Fouling
Resistance Rating of

Pigments and Their
90% 80% 50%Proportions*

Cu20 84, HgO 16 6-8 13 15
Cu20 67, HgO 33 13 15 16
Cu20 33, HgO 67 13 14 15

CuP 84, HgO 16 5 6 16
CuP 67, HgO 33 12-14 15 16
CUFI 33, HgO 67 15 15 16

CUP2 84, HgO 16 15 15 16
CUP2 67, HgO 33 12-14 15
CUP2 33, HgO 67 14 15 16

Cu20 84, Hg2Cli 16 11 11 12
Cu20 67, Hg2Cl2 33 11 12 14
Cu20 33, Hg2Cli 67 16 17

CuP 84, Hg2Cli 16 14 16
CuP 67, Hg2Cli 33 14
CuF' 33, Hg2Cb 67 16

CUP2 84, Hg2Ch 16 14 16
CUP2 67, Hg2Ch 33 16
CUP2 33, Hg2Cb 67 ? 16 mo.

. The compositions of the paints are given in Table 2, which sbows the effective-
ness of the paints containing only one pigment.

1 CuF = copper flake.
, CuP = copper powder.
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TABLE 10. Percentage Survival of Organisms after Continuous Treatment with Chlorinated Sea
Water of Various Strengths and for Various Times (56)

Length uf Treatment (days)
Concentration

of Chlorine Animal 0 1 2 3 4 5 6 7 8 9 12 15

10 p.p.m. . Anemones 100 100 100 50 0 0
Mussels 100 95 65 35 10 0
Barnacles 90 20 20 0 2 0
Molgula 100 0 0 0 0 0
Bugula 100 0 0 0 0 0

2.5 p.p.il. Anemones 100 100 100 100 75 60 50 0
Mussels 95 95 85 35 20 0 0 0
Barnacles 100 50 25 5 0 0 2 0
Molgula 100 0 0 0 0 0 0 0
Bugula 100 0 0 0 0 0 0

1 p.p.m. Anemones 100 100 100 100 100 100 100 100 100
Mussels 100 100 75 65 45 35 50 15 0
Barnacles 100 90 90 50 25 0 0 2 20
Molgula 100 100 100 0 0 0 0 0 0

oxide and other nontoxic pigments similarly im-
proved antifouling performance. It is diffcult,
therefore, to decide whether their results with
mixtures of toxics really reflect a synergistic toxic
effect, or whether other properties of the paint
were primarily affected.

The advantage of mixtures of copper and mer-
cury which have been claimed so often in the past
probably can be largely attributed to the fact that
the paints were not properly formulated to be satis-
factory when only one toxic was used. Differences
in the tolerance of organisms to two toxics may

also be important. Weiss (62) found that the
bryozoan, Watersipora cucullata, is more resistant
to copper and more sensitive to mercury than the
common barnacles of the Miami region. Clearly, a
borderline paint which contains some mercury
might give better performance in these waters

than a paint which depends solely on copper for

its toxicity.

Either toxic alone wil give satisfactory long-
term performance if the paint Ìs properly formu-
lated. If, however, a paint just fails to be satis-
factory, the addition of a small amount of another
toxic-mercury added to a copper paint, for ex-
ample-may be suffcient to make the paint satis-
factory. Reformulation of the paint or increasing

the content of the original toxic would probably
have the same effect.

The Toxicity of Chlorine Solutions
Fouling is frequently troublesome in pipes and

conduits supplying sea water on shipboard or for
cooling purposes in condensers and equipment

ashore. The treatment of sea water with chlorine
is a convenient method for dealing with this
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problem. Experiments with continuous exposures

of various organisms to chlorine solutions gave the
data presented in Table 10 (56). A residual
chlorine concentratign of 10 parts per milion

effectively kiled all of the organisms tested in 5
days or less. When the concentration of chlorine
was one part per milion, anemones were able to

survive for 15 days but most of the other forms

were kiled in shorter periods. All but the most
resistant organisms are injured when exposed con-
tinuously to this concentration. It is, however,

suffciently irritating to cause shelled animals to

close up so that they can survive for several days
These experiments were conducted on the

adults, and further investigations indicated that

treatment of pipes in which the population had

not been allowed to develop was more effective.
Thus, continuous treatment of circulating sea
water pipe lines with one part per milion Chlorine

completely prevented the growth of fouling or-
ganisms at Miami, Florida (56).

The results of intermittent treatment of sea
water with chlorine at a concentration of 10 parts
per milion are suffcient to kil any organisms,

except anemones and mussels, exposed to such a
solution for only one hour per day. As the duration
of immersion in the chlorine solution is increased
and the time in fresh sea water correspondingly

decreased, the effectiveness of the treatment is

improved. The organisms which are capable of
closing up, such as mussels and anemones, are
able to survive for very long periods with inter-
mittent exposures to chlorine. These results are
described in Table 11.

In an extensive test of chlorinating sea water in
pipes, a residual chlorine concentration as small as

i
.~i

t
1\
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TABLE 11. Percentage of Survival of Fouling Organisms During and After Periodic Treatment with
Chlorinated Sea Water Containing 10 p.p.in. Residual Chlorine (56)

Period of Length of Treatment (days) Survival
Treatment 10 days
hourslday Animals 1 2 3 4 5 6 7 8 9 10 later t

0 Anemones 100 100 100 100 100 100 100 100 100 100
Mussels 100 100 100 100 100 100 100 100 100
Barnacles 100 100 8.5 85 85 85
Molgula 100 100 100 100 90
Botryllus 100 75 75 75 0
Bugula 100 100 100 50 50

Anemones 100 100 100 100 100 100 100 100 100 100 100
Mussels 100 100 100 100 95 95 95 95 95 95 95
Barnacles 100 25 25 10 10 10 10 10 10 10 0
Molgula 75 50 50 5 5 5 5 5 5 0 0
Botryllus 20 20 10 10 10 0 0 0 0
Bugula 50 0 0 0 0 0 0 0-----

2 Anemones 100 100 100 100 100 100 100 100 100 100 100
Mussels 100 100 100 100 100 100 100 100 100 100 100
Barnacles 100 65 10 10 10 10 10 10 10 10 5
Molgula 75 20 10 10 0 0 0 0 0 0 0
Botryllus _ 20 10 0 0 0 0 0 0 0
Bugula 50 0 0 0 0 0 0 0

4 Anemones 100 100 100 100 100 100 100 100 100 100 100
Mussels 100 100 100 100 100 100 100 100 100 100 100
Barnacles 100 75 50 10 10 10 7 7 7 5 5
Molgula 75 20 10 10 0 0 0 0 0 0 0
Botryllus 20 0 0 0 0 0 0 0 0 0 0
Bugula 10 0 0 0 0 0 0 0

8 Anemones 100 100 100 100 100 100 100 100 100 100 100
Mussels 100 100 100 100 100 100 100 100 100 100 100
Barnacles 65 65 50 10 0 0 0 0 0 0 0
Molgula 75 10 10 10 0 0 0 0 0 0 0
Botryllus 20 0 0 0 0 0 0 0 0 0
Bugula 10 0 0 0 0 0 0 0

24* Anemones 100 0 100* 100 100 50 0
Mussels 50 0 100* 90 50 10 2 0
Barnacles 25 0 50* 10 0 0 0
Molgula 10 0 25* 25 0 0 0
Botryllus 0 0 10* 10 0 0 0
Bugula 10 0 10* 0 0 0

. The population of this jar was renewed on the 6th day after all the dead organisms had been removed and the jar cleaned.
t The organisms were in running, unchlorinated sea water during this period of 10 days.

0.25 part per milion was effective in preventing hundredth, the lethal concentration of copper as
all fouling growth, but caused accelerated corrosion copper sulfate. Many of these toxic compounds
of steel pipe at high velocities of flow (56). were not, however, satisfactory in the paint coat-

The Effectiveness of Organic Toxics
ings tested. The investigators found that the fol-
lowing did possess appreciable antifouling proper-

Interest in orga~ic toxics has been stimulated ties:
by the recent observations that DDT, dichloro-

1. Several organic arsenicals, e.g., Diphenyl ar-diphenyl-tricWoroethane, is effective in preventing
the attachment of barnacles when it is incorpo- senious oxide, ß-Chlorovinyl arsenious oxide,

rated in a paint (18, 35, 54). These investigators
Chlorphenarsazine, 10-Ethyl, 5: lO-dihydro-

point out, however, that DDT is not effective phenarsazine.

against any of the other common fouling organ- 2. Several derivatives of thiocarhamic acid, e.g.,

isms. This sort of observation is almost universally Ferric dimethyl dithiocarbamate, Zinc phenyl

applicable to organic toxics. They are specific in dithiocarbamate.

their action, rather than general poisons as are 3. Closely related to 2, derivatives of thiourea,

the toxic heavy metals. e.g., a few thiuram sulfides, though none of
The British investigators have studied the these is outstanding.

toxicity of 91 organic compounds (21,22). Several 4. Ethyl bromoacetate (a tear gas).
were discovered which were toxic to a manne 5. Derris extract.
copepod at one thousandth, and to seaweeds at one 6. Phenyl-mercury compounds.
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Their conclusions from this study were that the

organic compound must both be toxic to copepods
at a concentration of 10-5 grams per mL. and be

only poorly soluble in naphtha. These are not the
only requirements, but they are almost a sine qua

non for success.
The toxicity observations of these investigators

TABLE 12. Toxicity of Various Organic
Poisons After Harris (21)

Organic Poison
2:4 Di-isobutyl phenol
Nitroso m-cresol

4- Ni troso o-cresol
Chlorophenarsazine ,
Tetramethyl thiuram disulfide
Di-p-dimethylamino benzophenone
Ethyl bromoacetate
~henyl mercury nitrate
p~dimethylaminophenyl isothiocyanate
Pyrethrum (stabilized)
Diphenyl arsenic acid
Pentachlorophenol (copper Pyridi~e complex)
4-nitroso 1: naphthol
Trichlorovinyl arsine
Phenyl mercury acetate
Acridine
Pentachlorophenol
p-i:imethylaminophenyl thiocyanate
Derris extract
Ferric dimethyl dithiocarbamate
Zinc phenyl dithiocarbamate
Di-o-tolyl thiourea
Tetramethyl thiuram monosulfide
Tetraethyl thiuram monosulfide
3-phenyl 5-methyl tetrahydro 1: 3: 5-thiadiazine

2- thione
2:4:6 Trichlorophenol
p-Chlor m-xylenol
Monochlor thvmol
Monochlor isõthymol
Pentachlorophenol (copper salt)
Pentachlorophenol (mer'cury salt)
Aminozoa toluene
Quinoline
Thiocyano benzthiazole
Diphenyl arsenious oxide
ßß'-dichlorovinyl arsenious oxide
p-nitroso dimethyl aniline
Benzene azo-ß-naphthol (copper complex)
4:chloro 2:6 dinitro phenol
Zinc isopropyl xanthate
Diphenyl thiourea
Dodecyl thiocyanate
Phenyl methyl nitrosamine

Toxic Conc.

( -logio)
8.2
8.2
8.2
8.0
8.0?
8.0
8.0
8.0
7.0
7.0
6.8
6.8
6.8
6.7
6.7
6.6
6.2
6.2
6.1
6.0
6.0
6.0
6.0
6.0

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
5.9
5.8
5.8
5.8
5.7
5.6
5.5
5.5
5.5
5.5?

are summarized in Table 12. In this table the
toxicity is expressed as a negative logarithm to the
base 10 of the concentration required to kil 50

per cent of the test organisms used in 24 hours.

This scale is similar to that used for the expression
of hydrogen ion concentrations as the pH. Thus, a
toxicity index of 6 means that 10-6 grams per mL.

(1.0 mgjl) were toxic in the test.
Several organic mercury compounds are rated

as higWy toxic in this list. Similar compounds have
been used by Young (72), who has found them very
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effective in preventing fouling when incorporated
in a varnish vehicle paint. During World War II,
the German Navy also tested organic mercurials,
such as methyl mercuric chloride (25). They found
that the danger with metallic organic poisons was

that they are poisonous to men as well as to marine
growths. More complex compounds, not toxic to

TABLE 12-(Continued

Organic Poison
N-N amyl benzyl cyclohexylamine
Tetraethyl thiuram disulfide
Phenothiazine
Carbazole
p-Dichlorobenzene
o-cresotic acid
Nicotine abietate
Aniline disulfide
N-methyl benzthiazole thione
Chloronaphthalene (mixed)
Salicyl anilide

. ß-Chlorovinyl arsenious oxide
lO-Ethyl 5: 10 dihydrophenarsazine
Arsenobenzene
Isopropyl phenyl carbamate
Diphenylamine
p-iodonitrobenzene
m-dinitrobenzene
o-Nitroanisole
o-hydrozy benzene azo ß.-naphthol
p-Nitrobenzyl cyanide
4:Arino 1: 2 azonaphthalene
Phenyl arsenious oxide
Selenodiphenylamine
Ni trosophenol
Phenyl arsenic acid'
p-Bromo acetanilide
2: 4: 5 Trichlorophenol
a-nitronaphthalene .
o-Nitrophenyl arsenic acid
Copper diphenyl arsenate
Methyl dimethyl dithiocarbamate
Phonoztellurine
p-Chloro acetanilide
Phenyl arsenic acid'
p-AnÏinophenyl arsenic acid
p-Amino acetanilide
Sulfanilimide
p-Dimethylamino azobenzene
Benzene azo-ß-naphthol
p-hydrozy benzene azo ß-naphthol

(copper complex)

Toxic Conc.

( -log,o)
5.5
5.4
5.4
5.4
5.4
5.4
5.4
5.3
5.3
5.3
5.2
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
4.8
4.7
4.7
4.7
4.6
4.6
4.6
4.5
4.0
4.0
4.0
4.0
4.0
4.0-
4.0-
4.0-
4.0-
4.0-
4.0-

4.0-
i Samples from different sources.

the painters, were not effective in preventing foul-
ing:

Pentachlorophenol has been used successfully
in preventing fouling in experimental pipe lines.
Its toxicity in Table 12 was 6.2 (0.63 mgjl). The
times required for 10 and 1 part per millon to kil

various marine organisms are shown ,in Table 13.
A concentration of 1 mgjl is effective in kiling
mussels, anemones, barnacles, M olgula, and Bugula
in periods of 1 to 4 days. This concentration per-
mits the growth of slime but almost completely
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Coneentratio;/.
Pentachloro-

phenate

'fABLE 13. Percentage Survival of Organisms After Continuous Treatment
with Sea Water Containing Sodium Pentachlorophenate (56)

Length of Treatment (days)

10 mg/L. Anemone
:M ussel
Barnacle
Molgula
Bugula

0 1 2 3 4 5 6 7

100 0 0 0 0 0 0 0
100 95 50 10 4 0 0 0

75 25 5 0 0 0 0 0
100 0 0 0 0 0 0 0
100 0 0 0 0 0 0 0

A nim al

1.0 mg/L. Anemone
Mussel
Barnacle
Molgula
Bugula

100
100
80

100
100

prevents the development of fouling organisms

when injected into water flowing through pipes
(56). A concentration of 0.5 part per milion was
found to permit the growth of tubeworms and

mussels, but to weaken them so that velocities
greater than 0.5 knot prevent their attachment

and growth.

THE PREVENTION OF FOULING
WITH PAINTS

This brief review of the toxicity of various ma-
terials shows that copper, mercury, and some or-
ganic compounds are poisonous in concentrations of
about one miligram per liter (one part per mil-
lion). Experiments with paints designed to prevent
fouling by the toxicity of an ingredient show that
the toxic must be dissolved from the paint by the
sea water in order to be effective. The diffculty in
making satisfactory antifouling paints has been in
devising formulations which release the toxic at a
rate suffcient to provide a lethal concentration at
the surface but stil slow enough to prevent the

rapid and complete exhaustion of the toxic re-
serve.
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Release of Toxic from Paint Films
Proof that the toxic materials of a paint film are

liberated into the water in concentrations which

exert an effect on the fouling organisms is af-

forded by both biological and chemical experi-

ments.
Pomerat and W eiss( 45) studied the ability of

antifouling paints to protect adjacent unpainted
areas from fouling. Holidays of various sizes were

left on sandblasted glass panels, the remainder of
the surface being coated with an antifouling paint.
It was found that an effective paint could com-

pletely inhibit the attachment of fouling on un-
painted circular areas up to about one centimeter
in diameter. Figure 10 shows panels which were ex-

posed for 45 days at Tahiti Beach, Florida. On two
of the paints the tubeworms, which were prevalent
fouling forms at the time, were restricted to the
center of the large unpainted circles and to the
wide region of the unpainted wedge. The panel on
the left fouled on the paint surface, and barnacles
and tubeworms have attached on the unpainted
areas. Figure 11 shows a close-up of a 10 centimeter
circle left in paint 16A, erstwhile standard wood

FIGURE 10. Protection of unpainted areas adjacent to proprietary antifouling paints after 45 days' exposure at Tahiti Beach, Florida. After Pomerat and Weiss (45).
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bottom paint of the U. S. Navy. In the small un-
painted circles, a few attached barnacles can be
found. The large circle is almost completely cov-
ered with minute attached barnacles. It wil be
noticed that these barnacles extend practically to
the edge of the paint film where, however, they are
smaller than those attached in the center of the
unpainted area. Weiss (63) described the abnormal
development of tunicates which attached adjacent
to antifouling paints. These results have been con-
firmed by Young, using metallic copper sheets

FIGuRE 11. Attachment of barnacle larvae to an unpainted area surrounded
by a toxic paint after 11 days' immersion at l\1iarni Beach, Florida. Note the
greater size of many of the barnacles In the center of the unpainted area. After
POilerat and Weiss (45).

with wedge shaped Bakelite inserts and copper
screening of various sized mesh (72). The effect
of metallic copper in preventing fouling on neigh-
boring areas of wood is ilustrated in Figure 4,
Chapter 21.

These experiments show that the fouling of un-
painted areas may be prevented, inhibited, or
modified by nearby toxic surfaces. The effect can
be explained only by the supposition that the toxics
dissolve from the paint and spread over the un-
painted areas.

The distribution of toxicity perpendicular to a
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paint surface was demonstrated in a very graphic
way by an experiment performed by Miler (39).
Bugula larvae were permitted to attach to a non-
toxic paneL. This was then placed perpendicular to
an effective cuprous oxide paint surface, and the
growth of the Bugula stalks was measured. Con-

FIGURE 12. The toxic gradient extending from a copper paint surface as shown
by the growth of Bugula., The Bug-uta figures are camera lucida drawings made
after 4 days' exposure, and are twice enlarged in comparison to the milimeter
rulings. After Miler (39).
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FIGURE 13. Gradients of toxicity of an antifouling paint. (Test 1), paint

seasoned 10 weeks and coated with slime film; (Test 2), paint seasoned 12 weeks,
slime film removed. After Miller (39).

troIs were grown under similar conditions except
that the copper paint was replaced with a non-

toxic surface. The organisms close to the paint
surface grew very little, compared to the controls,
in a period of two days. Miller's results of this ex-
periment are shown in Figures 12 and 13, which

show that the effect of toxicity is evident 21 to 41
milimeters from the paint surface. It is probable
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that this distance is greater than would be ob-
served under normal exposure conditions, where
the water is in more active circulation.

The comparative toxicity of paints has been es-
timated by various biological tests. The most di-
rect of these measures the tendency for fouling
organisms or their larvae to attach directly to the
paint surface. Tests of the toxicity of leachates

from paints, which give additional evidence that
the toxics act while in solution, have also been
made.

One of the attachment tests described by Mc-
Lean (38)' uses the edible mussel, Mytilus edulis.
Where available, this mussel can be removed in

TABLE 14. Loss of Weight and of Cuprous Oxide from a Series of
Cold Plastic Paints Containing Graded Amounts of Cuprous

Oxide during Two Months of Soaking in the Sea
Loss of CitiO Loss of Fouling

Weight Resistance!
mglcm2 %
1.30 02.84 00.97 01 . 25 60
2.32 100
2.27 100
1.17 100
2.04 100

Original
C1tiO%

1.4
2.5
5.3

10.5
15.6
21.8
28.1
40.5

mglcm2
0.016
0.112
0.150
0.384
0.712
0.589
0.665
0.932

i'glcm2jday
0.27
1.87
2.50
6.40

11.9
9.8

11.1
15.5

i At Tahiti Beach, Florida, after two months' immersion.

large quantities from rocks, piles, buoys, or other
submerged surfaces. When they are replaced in
sea water they wil re-attach toa surface by

spinning new byssus threads. McLean studied the
attachment of these organisms to various toxic
paints. He found that all of the mussels would

attach to a plain or sandblasted glass surface. None
of the mussels attached to satisfactory antifouling
paints, though they moved across them. Observa-
tions of the mussels on satisfactory paints showed
that the foot was extended and that the byssus

might be attached momentarily in order to move,
but in general the surface had a distinctly re-
pellent effect which was attributed to its toxicity.

Nelson and Kodet (41) determined the time for
the immobilzation of a diatom (Navicula ramocis-

sima) when placed in washings from a toxic paneL.
Dilution of the washings permitted continued mo-
tility for greater periods of time. The mud snail,
N assa, was found to be very sensitive to the toxic,
and was kiled even when the washings from a

panel were diluted in 7.2 liters of water.
The larvae of Bugula have been used by Miler

(39, 40) and by Riley (50) in studies of the toxic;i-
ties of various paints. This larva is a free-swim-

ming form which can be collected by placing the
gravid adult in a beaker of sea water in the lab ora-

tory. The larvae are liberated early on the follow-
ing morning with remarkable regularity, so that
experiments may be planned in advance. The larvae
were collected and either placed in a cup which was
painted on the inside and contained sea water, or

in a beaker in which a painted slide was suspended.
The number of larvae attached to the paint sur-
face was taken as an indication of the toxicity of
the surface. On nontoxic paints all of the larvae
were able to attach to the paint and to grow after

attachment. On more effective antifouling paints
fewer of the larvae attached, and those which did
attach grew at à reduced rate, if at all. These ex-
periments show clearly that a toxic paint may act
in either of two ways. It may repel the larva so
that it never becomes attached to the paint sur-

face, or, if the organism does attach, the toxic may
prevent its growth and development to the mature
state. These results can be interpreted only on the
basis of the toxic or irritant action of some paint
ingredien t.

Bray (10) investigated the toxicity of solutions
of various metallc salts in sea water and compared
these results with the toxicity of sea water leach-

ates from small painted panels. He found that the
more effective paints gave leachates which were
highly toxic to the nauplius larvae of the barnacle.

Various chemical means of measuring the loss
of toxic from paint films have been tried. Orton
(42) determined the copper and mercury content
of various paints after prolonged soaking in the

sea when the paints were just beginning to become
fouled. He found that the percentage coñtent of

copper in these paints was considerably less than

the original concentration. He correlated the fail-
ure of the paint film with the concentration of toxic
remaining in the paint at the time of failure. Ed-
mondson and Ingram (19) also observed that the
copper content of paints decreased after prolonged
soaking in the sea. It is apparent that in these ex-
periments the toxic materials were preferentially
soluble in sea water, and were leached out at a
proportionately faster rate than the other paint
materials.

The determination of the total weight lost from
a paint film during immersion in the sea permits

comparison with the data on exfoliation presented
in Chapter 13. Numerous experiments have been

performed in which panels coated with a known
weight of paint of known copper content were im-
mersed in the sea for various times. The weight
and analysis after immersion gives the loss of
weight and of cuprous oxide. Typical results are
given in Table 14, which show that the total loss
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TABLE 15. The Leaching Rates of Cold Plastic Paints Containing Graded Amounts of Cuprous Oxide (30)

Copper Leaching Rate, ¡iglcm2lday After Soaking
Cu20

Content1 0 1 mo. 2 mos. 3 mos. 4 mos. 5 mos. 6 mos. 8 mos.

0.4 1.1 1.0£ 0.6£ 1.31 0.3£ 0.6£ 6.1£ 0.61
1.23 2.9 1.2£ 0.91 1. 7£ 0.6£ 0.6£ 0.3£ 0.9£
2.23 5.0 1.3£ 0.9£ .3.1£ 0.9£ 0.9£ 1.2£
4.64 17.8 3.91 1.6£ 2.4£ 1.9£ 2.8£ 2.5£ 1.2f
9.3 25.0 7.5 4.7£ 4.4 1.9£ 3.7£ 7.1£ 3.3£

13.8 27.4 14.1 11.3 10.0 10.5 lost
19.2 40.6 19.3 11.3 8.8 8.1 10.1 8.0 8.1
24.8 51.5 27.7 12.5 9.5 12.2 12.3 9.8 9.0
30.0 55.1 28.5 13.4 9.7 10.3 13.8 14.4 13.8
36.0 57.4 30.2 11.6 10.9 12.0 14.4 14.7 14.1
50.7 47.2 44.3 21.0 14.2 15.6 20.2 18.7 17.7

i As % dry weight of the paint film. The pigment volume was maintained constant by the substitution of magnesium silcate.
£ Paint fouled when exposed the indicated time at Tahiti Beach, Florida.

of weight does not determine the fouling resistance
of these paints (31, 32). Their effectiveness is re-
lated to the rate of liberation of the copper, which
was released from the effective paints at rates of
9.8 to 15.5 microgramsjcm2jday. The weight loss
of all of the paints was 1-2 mgjcm2 during the two
month period, or 0.020-0.039 mgjcm2jday. LaQue
has shown that the fouling of copper and copper

alloys is also related to the rate of loss of copper

(33). These results are discussed in detail in Chap-
ter 21.

The rate of loss of toxics from a paint can also
be determined by measuring the amount dissolved
in sea water in which a painted panel has been

soaked for a short period of time. The method for
determining such leaching rates has been worked
out for paints containing copper (23, 29, 30, 36,
37, 59) and mercury (49, 51-53). In practically all
cases the effectiveness of the paint in preventing
fouling is directly related to the leaching rate of the
principle toxic ingredient. The method for deter-
mining leaching rates is described in Chapter 20.

The leaching rates of all paints which have been
investigated change during a period of immersion
in the sea. It is necessary, consequently, to deter-
mine the leaching rate at frequent intervals in
order to determine how it changes with time, and
how soon the value decreases below the minimum
critical value. Curves showing the changes in leach-
ing rate of several paints after immersion in the

sea are given in Chapter 16. The leaching rate de-
termination is an indication of the toxicity of the
paint film only at the time the determination is

made. It is of no value in predicting the effective-
ness of the paint at some future date.

Fouling in Relation to the Leaching Rate
Considerable data are available to show the cor-

relation between leaching rates and the fouling
resistance of the paint. Table 15 shows the leach-
ing rates of a group of eleven paints after various
periods of immersion in the sea (30). These paints
all had the same vehicle composition, but the

cuprous oxide content of the formulation varied

from about 50 per cent of the dry weight to less
than one per cent. Magnesium silicate was sub-
stituted in equal volume for the amount of cuprous
oxide removed in every case. The six paints con-
taining the greatest amounts of cuprous oxide were
effective in preventing fouling. All of these had
copper leaching rates greater than 8,ugjcm2jday.
The five paints which contained less than 10 per
cent cuprous oxide became fouled during the first
two months of exposure at Tahiti Beach, Florida,
and all of these paints had leaching rates less than
7.1 ,ugjcm2jday at the time of fouling.

Although the effciency of a paint is related to
the toxic content of the fim, an amount of copper
which is adequate in one composition may be in-
adequate in another formulation. Table 16 shows

TABLE 16. Leaching Rates of Paints in Which Various Resins Were Substituted for Rosin in the Navy Department Specifica-
tion 52 P-61 Type Paints. All of the Paints Contained 52% by Weight Cuprous Oxide in the Dry Film (30)

Copper Leaching Rate, ¡iglcm2lday After Soaking

Resin Used 0 1 mo. 2 mos. 3 mos. 4 mos. 5 mos. 6 mos. 

W. W. Rosin 30.0 18.0 16.2 13.5 14.1 16.2 15.8
Unesterified Albertol #1 33.3 20.4 17.1 13.8 16.5 18.0 18.8
Unesterified Albertol #2 32.1 11.1 10.5 9.6 10.8 9.8
Ester Gum 30.3 3.4£ 5.5£ 4.2£ 2.7£ 0.9£ 0.9£
Esterified Albertol 5.7 0.9£ 0.0£ 3.3£ 0.0£
Conmarone Indene 25.6 4.0£ 2.1£ 2. ¡r 4.2£ 1.5£

£ Paint fouled when exposed the indicated time at Tahiti Beach, Florida.
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FIGURE 14. Attachment of Bugula larvae in relation to copper leaching rate.
Filed data points represent paint surfaces coated with slime film. Clear data
points represent surfaces wiped before testing. All paints were seasoned for ten
weeks in sea water before testing. After Miler (39).

the results of an experiment on six paints, all of
which contained the same amount of cuprous
oxide. The vehicle was modified by the substitu-
tion of various resins for the rosin which was the
principal ingredient of the binder of the standard
paint. All of the paints which had leaching rates
less than 9.6 microgramsjcm2jday became fouled
when immersed at Tahiti Beach, Florida. The
paints with higher leaching rates resisted fouling
during the six months' period of exposure. It is
obvious that the cuprous oxide in paints 4,5, and 6
was not available for dissolution in sea water and
consequently did not prevent the fouling of these
paints. The mechanisms which enable a paint to
maintain an adequate leaching rate wil be dis-
cussed in Chapter 16.

Miler has studied the attachment of Bugula

larvae to paints having known leaching rates at the
time of the test (39). He found that leaching rates
less than 10 micrograms per square centimeter per
day permitted larvae to attach in large numbers,

and to grow and differentiate. Paints with leaching
rates greater than 10 ,ugjcm2jday allow only a
small percentage of the larvae to attach, and they
completely inhibit their growth. In a few cases a
large number of larvae were found attached to
paints having leaching rates between 10 and 15
,ugjcm2jday, but these did not in any case develop

into colonies. Miler also found that the leaching
rate of the paint, rather than its copper content,

was the factor which controlled the attachment of
Bugula. The relation found between the leaching
rate and attachment is shown in Figure 14.

The preceding examples describe paints in
which cuprous oxide is the principal toxic agent.
Experiments have also been conducted on metallc

copper paints "Which indicate that the minimum
adequate copper leaching rate for such paints is
the same as that for cuprous oxide paints. A typical
set of data is given in Table 17. The paints in this
series were formulated to contain graded amounts
of metallic copper. As long as the copper leaching

rate was greater than 10.9 ,ugjcm2jday, the paints

remained free of fouling at Miami Beach, Florida.
Thus, the minimum adequate leaching rate of both
cuprous oxide and metallc copper antifouling
paints appears to be about 10 ,ugjcm2jday.

The evaluation of the minimum adequate leach-
ing rate has been conducted on more than a hun-
dred different paints using cuprous oxide or metal-
lic copper as the toxic ingredient. The correlation
between the leaching rate and fouling resistance of
these paints is shown graphically in Figure 15

(27). For this correlation the average of the leach-
ing rates measured at monthly intervals between
the second and sixth month of immersion, in-
clusive, and the fouling resistance after six months
of immersion at Miami Beach, Florida, are used.

TABLE 17. Leaching Rates of Paints Containing Graded Amounts of Metallc Copper in a
Matrix Containing 50% Rosin and 50% Vinylite (VYHH)

Copper Leaching Rates, ¡.glcm2lday After SoakingCopper
C ontent1

%
90
67.5
45
31
22.5
13.5
9
4.5

o
256
190
160
134
100

67
55
46

1 mo.
19.1
19.0
21.3
21.5
15.0
4.8f
1.9f
0.7f

2 mos.

11.5
11. 7

13.6
12.7
8.2
3.3£
1.0£
O.4f

3 mos.

13.8
13.3
13.8
13.9
10.9£

4 mos.

19.6
17.4
16.4
12.5
9.2f

5 mos.

16.0
15.4
12.6
11.1
8.8£

6 mos.

24.2
20.2
12.2
16.4
5.81

J As % dry weight of the paint film. No substitution of inert materials was made for the copper removed.
J Paint fouled when exposed the indicated time at Miami Beach, Florida.
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The dividing lines for satisfactory performance are
drawn at a leaching rate of 10 ¡.gjcm2jday and a
fouling rating of 80 per cent. The distribution of
fouling resistances and leaching rates may be sum-
marized as follows:

A verage Leaching Fouling Resistance

Rate 0 1-79% 80-99% 100%
Greater than 10 None 1 18 54
Between 5 and 10 6 3 4 None
Less than 5 25 None None None

Of the seventy-three paints which gave average
leaching rates greater than 10 ¡.gjcm2jday, only
one was badly fouled; most of them (74%) were
completely free of fouling. None of the paints with
copper leaching rates less than 10 gave 100 per
cent fouling resistance for six months. A few paints
which give leaching rates between 5 and 10
¡.gj cm2 j day give fairly satisfactory performance.
Most of the paints with leaching rates less than
10, however, were completely fouled in six months.
The correlation between the leaching rate and foul-
ing resistance was satisfactory for more than 95
per cent of the paints.

Most of the paints either prevented fouling com-
pletely or failed completely. This relation might
not have been observed if the fouling tests had
been performed under less severe conditions than
are obtained at Miami Beach. Many paints which
foul completely in Florida may appear to be quite
satisfactory when exposed during the winter at
more northerly locations. In order to obtain cor-
relations as satisfactory as that given above, the
fouling tests must be conducted under intense
fouling conditions.

As mentioned previously in this chapter, the re-
sistance of different organisms to toxic action may
vary widely (46, 62). It is to be expected that
similar differences wil be found for leaching rates
adequate to prevent attachment of fouling organ-
isms. Barnes (6, 7) describes exposures which indi-
cate variation in the leaching rate-attachment cor-
relation as follows:

Critical leaching
rate

p.glcm2lday
20
10

9
4
3

Organism affected
"Brown Mats" (algal growth)
Tubularia & Ectocarpus
Balanus
Obelia
Pomotoceros

Barnes also concluded that a leaching rate of 10
¡.gjcm2jday is adequate to prevent attachment of
all animal forms, but that some algae, and par-

ticularly the microscc?pic forms, can attach to
paints with higher leaching rates. The algal growth
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FIGURE 15. The average leaching rates, between the second and sixth months
of exposure, compared to the fouling resistance, after 6 months, for several dif-
ferent copper antifouling paints. To permit presentation of all of the data some
points for 100% fouling resistance are plotted above the 100% line and for 0%
fouling resistance below the correct line. These points should be read as 100%
or 0% respectively.

termed "Brown Mats" by the British investi-
gators may be similar to the bacterial and algal
growths called "slime films," which are discussed

below.
It is apparent that the average leaching rate

used in the above correlations is applicable only if
the leaching rate of the paint tends to remain

nearly constant for the period studied. The leach-

ing rates of many paints decrease gradually during
exposure, and their average leaching rate has little
meaning. Some examples of paints showing this
type of performance are given in Table 18. Al-
though all of these paints have adequate average
leaching rates, individual determinations were less
than 10 ¡.gjcm2jday and the panels became fouled

at about the time the leaching rate fell below 10.
The average leaching rate consequently shows no

correlation with the final fouling resistance. These
results show the necessity of measuring leaching
rates at intervals during the exposure of the paint,
and the desirability of developing a formulation

which maintains a leaching rate which is uniformly
adequate.

The leaching rate method does not give valid
results when used on paints with poor film charac-
teristics. Particles of such paints may be washed
off in the water of the leaching bath, where they
apparently dissolve at an excessive rate, since
they present an increased surface area. High

leaching rates may be obtained although the paints
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TABLE 18. Results of Leaching Rate and Fouling Resistance Tests on Paints Which Do Not
Maintain a Steady State Leaching Rate

Paint Copper Leaching Rate, ¡ig/cm2/day After Soaking

Ave. F. R.
2 mos. 3 mos. 4 mos. 5 mos. 6 mos. L. R. 6 mos.

BK 9 45.0 26.1 14.4 8.9 4.51 19.8 70
BK 17 39.0 25.0 15.1. 7.4 4.5£ 18.2 60
PT 2 32.1 11.3 11.3 6.3 0.6£ 15.4 33
PT 5 16.8 8.7 12.0f 6.6f 6.21 10.1 65
PT 8 14.1 8.4 11.1 9.3£ 7.2f 10.0 75

1 Fouling resistance less than 80%.

may become fouled. It appears, therefore, that the
eroded paint contributes to the leaching rate meas-
urement, but does not contribute to the toxicity
of the surface. A series of paints which show this
behavior was formulated by modifying the Navy
formula 16A. The proportions of metallic brown
and cuprous oxide were changed, keeping the pig-
ment volume of the paint constant, as shown in
Table 19, which also shows the leaching rates and
fouling performance of the paints. All of these

formulations had such poor film characteristics
that it was impossible to handle them without

rubbing off a considerable amount of paint.
During the first four months of exposure only the

paints with low leaching rates became fouled. After
six months, however, paints 7, 8, and 9 became
badly fouled even though the apparent leaching

rates were between 25 and 30 ,ug/cm2/day. It is
believed that the marked exfoliation of the surface,
which became extreme after this time of soaking,
contributed to the copper measured in the leaching
bath, but did not contribute to the toxicity of the
surface. It is notable that this degree of exfoliation
was not adequate to prevent the fouling of thesurface. .

Weith and Turkington (65) observed that effec-
tive copper paints rapidly form a grey or green
coating of copper salts when exposed in the sea,
or in sea water maintained at 40° C. in the labora-
tory. They suggested that the presence of a layer
of relatively insoluble copper salts on the paint

surface might coagulate the proteins of the cement
and destroy its adhesion, or that the solution of the
deposit would be accelerated if the cement were
acidic, or if the carbon dioxide produced in the
metabolism of the organism resulted in a local
acidic reaction. The deposit might thus prevent
fouling without requiring continuous loss of solu-
ble copper from within the paint film. While it is
true that metallic copper and most of the effective
copper-containing paints do form such deposits,
no evidence has been found that this material is
dissolved by the attaching organisms. It seems

probable that the presence of the green surface

deposit is an indication that the paint surface is

liberating dissolved copper at a rapid rate. The
interaction of cuprous oxide and metallc copper
with sea water, and the solubilties of the salts
which are formed and which precipitate to form
the surface deposit, and its effect on the leaching
rate are described in Chapters 15 and 16.

Riley found that the ability of mercury paints

to prevent fouling is related to the leaching rate of
mercury (49, 51, 52). He concluded that mercury
should be liberated at a rate of about 2 .ug/cm2/day
in order to prevent fouling. Some results obtained
with a group of paints designed by the Naval Re-
search Laboratory for use on aircraft hulls are
shown in Table 20.

Barnes (8) found that, when the mercury is re-
leased in an inorganic form, a leaching rate of
2 .ug/cm2/day is adequate to prevent fouling. In

TABLE 19. Pigment Composition and Leaching Rates of Modifications of Formula 16A,
Containing Constant Total Volume of Pigment

Pigment Composition (lb/100 gal) Copper Leaching Rates, ¡ig/cm2/day After Soaking
Paint
No. Cu20 Metallic brown 1 mo. 2 mos. 3 mos. 4 mos. 6 mos.

1 0 725 0.6f 0.6f 0.3£ 0.0£ _f
2 50 695 6.9£ 1.8f 0.61 0.31 1.61
3 100 664 8.1 _f 0.6f 0.3f 1.6f
41 200 600 13.5 6.0f 0.9f 1.2£ 2.3f
5 400 476 24.9 19.5 7.5£ 8.4f 2.01
6 600 351 26.7 17.7 20.1 11.4 _I
7 800 226 27.6 23.4 22.8 16.5 25.0f
8 1000 153 28.2 23.7 21.6 17.7 29.3f
9 1160 0 38.4 23.4 24.6 18.3 29.9f

1 Original formula 16A. Vehicle composition: Rosin, 225; Cresol, 218; Coal tar naphtha, 270 lb/IOO gal.
1 Paint fouled when exposed at Miami Beach, Florida.
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TABLE 20. Leaching Rates of Various Paints Containing Mercury Compounds as t~e Toxic

Mercury Mercury Leaching Rates, ¡iglcm2lday After Soaking
Paint Compound
No. Used 1 mo. 2 mos. 3 mos. 4 mos. 5 mos. 6 mos.
17 HgO, CUzO 1.1f 2.7f
82 HgCl 1.8 0.9f 1.0f 2.2f 2.7f 3.4f
85 HgCl 2.0 2.7f 1.9f 2.2f 2.1f

93-4 HgO 3.0 1.6 1.0f 1.8f 1.61
87 HgCl 5.5 1.4 1.4 3.1 2.8 3.8

93-3 HgO 5.2 10.7 7.7 12.5 7.2
93-9 HgCb 20.0 7.6 3.5 2.3 1.6

Fouling resistance unsatisfactory.

some paints, however, the mercury combines to

form soaps with the matrix ingredients. These
paints are less toxic, and leaching rates of even
6 t.gjcm2jday were found inadequate to prevent
fouling.

It has been claimed that paints which contain

both cuprous oxide and a mercury compound are
more effective than those which contain either
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FIGURE 16. Fouling resistance related to the copper leaching rate of paints
with various mercury leaching rates. After Harris & Forbes (23).

toxic alone. As yet it has been impossible to deter-
mine the way in which the two leaching rates com-
bine in such paints to give a satisfactory anti-
fouling performance. It is certain, however, that
some cuprous oxide paints, which are borderline
in effectiveness can be made more effective by the
addition of fairly small quantities of mercury.

Harris and Forbes (23) found that mercury

leaching rates of 1-2 micrograms per square cen-
timeter per day impart a considerable degree of

antifouling effectiveness to paints having copper
leaching rates well below the critical value. Such
combined mercury and copper leaching rates,
however, were not adequate to prevent fouling,
as shown in Figure 16. The toxicity experiments

quoted in the previous section (50) showed that,

in solutions, the toxicity of copper and mercury
are strictly additive. Thus, a half lethal concentra-
tion of copper, combined with a half'lethal con-
centration of mercury, gives a solution which is
just lethaL. If this same relationship holds true in
paints, it would be expected that the leaching

rates would be additive proportional to their re-
spective minimal values. There are not suffcient
data available to test this hypothesis.

The~evidence shows that the successful anti-
fouling formulations -prevent the attachment or
growth of fouling forms because of the liberation
of one or more toxI: ingredients. Some of the other
mechanisms which have been proposed to explain
antifouling action may contribute in a secondary
way, but no practical means has yet been dis-
covered to prevent fouling without toxic action.

Effects of Slime Films on the
Toxicity of Paint

The slime fim which forms on a paint surface
accumulates large quantities of the toxics dis-
solved from the paint. The slime may contain as
much as a thousand times the toxic concentration
found in a saturated sea water solution. The slime
fim may improve the performance of the paint
by keeping a relatively high concentration of toxic
atthe surface, or by increasing the leaching rate of

the paint because of bacterial decomposition of the
matrix. It may decrease the effèctiveness of the
paint if the toxic is present in a combined less

poisonous form, or if the maintenance of a high
concentration at the surface decreases the rate of

dissolution of the toxic from the paint. A brief
discussion of the distribution of toxic in the slime,

and of the nature of the compounds formed, wil
aid in interpreting experiments designed to deter-
mine its effect on fouling.

The large quantities of copper found in the slime
film must be present Ìn a combined form. If a
slime fim is formed on a nontoxic panel and placed
in sea water which contains copper; the copper is
rapidly removed from solution and concentrated in
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TABLE 21. Proximate Dis.tribution of Copper in Slime Films Collected from Hot Plastic Paint (142),
Coal Tar Rosin Paint (15RC), Wood and Glass Surfaces

Nature of Surface 142 142 15RC 15RC Wood Wood Glass
Copper in Slime mgl gram 8.05 7.75 3.62 1. 80 0.133 0.084 1. 50

26.1
0.4

21.9
50.9
0.7

Water Soluble % 6.6 7.2 12.1 11.4 2.4 1.6
Ether Soluble % 0.3 0.2 0.2 0.2 1.3 0
Alcohol Soluble % 9.6 6.2 13.6 21.2 21.3 12.9
Dilute HCl Soluble % 83.5 86.2 74.1 65.0 75.0 85.5
Residue % 0 0.2 0 2.2 0 0

the slime. If such a slime :fm is placed in a con-
tainer of sea water with a toxic paint surface, no

increase in the copper in solution is observed for

several days; but the copper content of the slime

increases during this time, indicating that the ac-

cumulation of toxic by the film is a rapid and ac-
tive process (64).

The distribution of copper in various fractions
of the organic matter in the slime :fm was studied
by Waksman, Ketchum, and Davidson (58). Most
of the copper in the slime, 40 to 60 per cent, is dis-
solved out by sea water saturated with carbon

dioxide, and practically all of it is dissolved by a
dilute hydrochloric acid solution (58,60). The dis-
tribution of copper in the ether soluble, alcohol

soluble, and hydrochloric acid soluble fractions
for seven films is shown in Table 21. These results
suggest that most of the copper in these :fms is
precipitated as inorganic compounds. A small but
appreciable amount is combined with the ether
and alcohol soluble organic materials.

These results suggest that the pH wil deter-

mine the concentration of soluble copper in the
slime (d. Chapter 15). Bray (11, 12), in his studies
of the slime film, found values as low as pH 6,

. and numerous determinations by Whedon (66, 67,
68) gave values from pH 7.5 to pH 8.0. Renn (48)
determined that the CO2 produced by the slime

bacteria might decrease the pH by 0.6 units.
Such a change would increase the rate of solution
of cuprous oxide about fourfold and might, there-

fore, contribute to the effectiveness of the surface.

The amount of slime :fm which forms on a paint
surface, as well as its copper content, is influenced
by the composition of the paint. Effective copper
paints may inhibit the development of the slime,
but the slime which does form contains a high con-

centration of the toxic. Data are given in Table 22
which show the magnitude and copper content of
the slimes which formed on a series of paints con-
taining graded amounts of cuprous oxide. The

leaching rates of these paints were given in Table
15. The paints containing the greatest amounts of
cuprous oxide formed the least slime, but the con-
centration of copper in these slimes was much
greater than that in the slimes which formed on the
less toxic paints. During the first month of immer-
sion at Miami, Florida, the seven paints containing
the most copper remained free of fouling. These
paints had high leaching rates, and the slime films
which formed on them accumulated large amounts
of copper from the paint.

Phelps (44) studied the effect of the slime on the
attachment of barnacle larvae to a toxic paint. The
larvae, settling during each 24 hour period on both
a fresh panel and on a panel continuously exposed,
were recorded for 20 consecutive days. The total
number attached to the continuously exposed

panel was never significantly greater than the
number which attached to the fresh panel during
the previous 24 hours. These results, some of
which are given in Table 23, show that, whatever

TABLE 22. Magnitude and Copper Content of the Slimes Formed on Cold Plastic Paints Containing
Various Amounts of Cu20 After Two Weeks' Immersion at Woods Hole, Massachusetts

Fouling
Cit20 Dry Wt. Copper in Copper in Resistance
Paint of Slime Slime Slime Miami

Paint % ¡;glcm2 p.glcm2 %1 1 Month
C-L 0.4 2220 0.71 0.032 73
C-2 1.1 1710 0.97 0.057 60
C-3 1.8 952 0.71 0.074 64
C-4 3.6 770 0.87 0.113 89
C-5 7.1 339 0.70 0.206 100
C-6 12.1 319 1.07 0.336 100
C-7 16.7 135 1.06 0.785 100
C-8 19.7 187 1.24 0.665 100
C-9 23.9 157 1.02 0.64 100
C-1O 30.7 216 2.40 1.11 100
C-11 39.0 122 0.98 0.80 100

: Expressed as % of the total dr weight of the slime film.
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the explanation may be, the continuously exposed

panels were more resistant than fresh panels to the
attachment of cyprids. Although the concentration
of toxic in the slime fim was not measured in
Phelps' experiments, copper concentrations of 0.35
to 0.86 mg. of copper per ml., and 0.025 to 0.115

mg. of mercury per ml. of the slime on this paint
were found in other exposures at Beaufort (28).

Experiments on the attachment and growth of
Bugula larvae have confirmed and extended these
general observations (39, 40, 66, 68). These tests
were made on painted panels which were seasoned
in sea water in the laboratory for various periods to
permit the development of slimes. The panels were
then exposed to larvae of Bugula after the removal
of the slime fim from some of the panels. From
these experiments the authors concluded that the

influence of the slime fim on toxic paints was
slight, since very few larvae were able to attach
to slimed or cleaned surfaces. In most cases the

presence of the slime fim either made no difference
or else increased slightly the attachment of the
Bugula larvae to the effective paints. No growth
of Bugula occurred on any of the effective surfaces,
regardless of the presence or absence of the slime

film. The copper content of the slime fims was
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TABLE 23. Comparison of Attachment of Barnacles to Fresh
and to Slimed Antifouling Paint Panels (44)

Paint 15RC Exposed at Beaufort, N. C.
Slimed
Panels
Total

Nolcm2
2.24
2.52
1.80
1.13
0.89
0.77
0.68
0.75
0.45
0.63

Exposure
Days

2
3
4
5
6
7
8

10
15
1.9

Fresh
Panels

Nolcm21day
2.24
1.26
0.86
1.81
2.75
2.48
2.41
1.94
0.77
0.97

3.50
4.36
6.17
8.92

11 .40
13.81
15.75
16.52
17.49

Total
Nolcm2

of the slime on the paint surface may diminish the
leaching rate from the paint. Experiments by

Whedon (69) and Riley (51) indicate that the slime
does, in most cases, decrease the amount of toxic
escaping to the surrounding sea water. These ef-
fects of the slime film are discussed in Chapter 16.

The extensive investigations of slime films have
not resulted in any significant correlation between
the amount of slime or its physical properties and
the ability of the surface to prevent fouling, except
insofar as the most effective toxic paints both de-
crease the amount of slime and prevent the attach-
ment of fouling. The most important property of

TABLE 24. Attachment and Growth of Bugula Larvae to Paints Containing Graded Amounts of Cuprous
Oxide After Exposure for Four Weeks in Sea Water to Permit Development of the Slime

% Atlachment Growth (mm.)
Cit20 in Slime Slime Slime Slime Copper in

Paint Paint % Present Removed Present Removed Slime!
0 76 39 1.4 1.2

5C 7.1 62 81 0.9 0.7 1.44
7C 16.7 13 17 0.2 0.2 6.39
9C 23.9 2 8 0.2 0.2 6.40

10C 30.7 3 4 0.2 0.2 6.73
1 Expressed as % of organic matter.

also determined, and large attachments and good
growth were observed only on the paints which
produced slimes containing litte copper. When the
copper content of the slime was above 6 per cent,
very little attachment was observed. An example
of the data on which these conclusions were based

is given in Table 24. This experiment used paints
similar to those described in Table 22.

The matrix ingredients of the paints studied may
also affect the nature of the slime film which forms
on the surface. Renn (48) and Darsie (15) have
shown that the bacteria of the slime can decom-

pose rosin and other related paint ingredients.
The utilization of a paint component by the slime
bacteria may result in more rapid breakdown of
the paint fim, and can thus result in the more

rapid release of the toxic of the paint. The presence

the slime appears to be its content of the toxics
which it derives from the paint film, arid the effect
the slime may have on the leaching rate of the
pain t.
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CHAPTER 15

The Physical Chemistry of Compounds of Copper and
Mercury and Their Interactions with Sea Water

For an adequate understanding of the mech-

anism of action of antifouling paints, a knowledge
of the chemistry of paint ingredients and of their
interactions with sea water is necessary. Both the
toxic ingredients and the nontoxic matrix ingredi-
ents may react with sea water, but the toxics are
naturally of primary interest.

Considerable biological evidence now exists, as
described in Chapter 14, to show that toxics exert
their antifouling action in the dissolved state, and
that antifouling effectiveness is closely correlated

with rate of solution of toxic. The most important
problems in the chemistry of the toxic ingredients
are, therefore, concerned with solubilities and
processes of dissolution.

Nearly all of the antifouling toxics in current
use are compounds of copper or mercury, and,
among these, cuprous oxide and metallc copper
are used most widely. The purpose of this chapter
is, first, to summarize what is known of the re-
actions and solubilties in sea water of copper and
mercury compounds; and, second, to examine in
detail the processes involved in the dissolution of
cuprous oxide. The data are taken in part from

work at the Woods Hole Oceanographic Institu-
tion and in part from the previous literature. De-
tails of thermodynamic calculations are given in
an appendix. i

COPPER COMPOUNDS
In summarizing the physical chemistry of cop-

per, several compounds, as well as metallic copper,
are treated in some detaiL. These are cuprous

oxide, which is the most widely used antifouling
toxic; cuprous chloride, also occasionally used as a
toxic; cupric oxide; and basic cupric carbonate,

a mixed salt which is a frequent end-product in the
reactions of cuprous oxide or copper metal with sea
water in the presence of air. Qualitative informa-
tion on the solubilities of a number of other com-
pounds is also included, and certain other equi-
libria involving copper ions are discussed.

Solubilities, equilibrium constants, and free en-
ergy changes are calculated both indirectly from

1 The calculated data differ somewhat from those given in the original Reports
to the Bureau of Ships. The discrepancies are due to revisions in the evaluation of
data from the literature, and do not alter the general description of these systems,
nor any conclusions previously drawn.

data in the literature and from experimental meas-
urements. All calculations are for a temperature
of 25°C. Symbols in brackets ( J refer to concen-
trations, and in parentheses ( ) to thermodynamic
activities, both in moles per liter.

Metallc Copper

When metallc copper is immersed in a solution
containing cuprous ion, Cu+, and cupric ion, Cu++,

in the absence of oxygen, the following equilibrium
is established at the surface of the metal:

Cu+Cu++=2Cu+

The equilibrium constant of this reaction is

(Cu+)2j(Cu++)=O.84XlO-6. (1)
This means that for all concentrations greater than
about 10-6 moles per liter (about 0.1 microgram
copper per cc.)--.e., all except extremely dilute

solutions-cupric copper ion wil be in excess of

cuprous copper ion when in equilibrium with cop-
per metal.

In solutions containing chloride ion, however, as
wil be shown in the next section, the total dis-
solved cuprous copper may exceed the cupric,
owing to complex formation. Furthermore, if oxy-
gen or air is present, the cuprous copper wil be
oxidized to cupric, thereby displacing the equi-

librium and permitting more metallc copper to

dissolve.
In the absence of oxygen, metallic copper does

not dissolve or corrode in sea water unless copper
ions are already present. Corrosion once started in
the presence of oxygen may continue in its ab-
sence by means of copper ion concentration cells, if
conditions should favor the establishment of this
mechanism.

Cuprous Oxide

Equilibrium between cuprous oxide and sea
water can be established only in the absence of

oxygen, since otherwise the cuprous copper in solu-
tion is rapidly oxidized.

The solubilty of cuprous oxide in oxygen-free

sea water has been calculated from thermodynamic
data in the literature, and has been measured
under a variety of conditions (6, 7, 9, 14). The
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agreement of these results is close and shows that
the calculations are substantially correct.

According to the calculations, if cuprous oxide
dissolves in water in the absence of air to form
cuprous ion, as follows:

Cu20+H20=2Cu++20H-

then the concentration of cuprous ion is propor-
tional to the hydrogen ion activity, and is

CU+=0.18(H+).

At the average pH of sea water, 8.1, the hydro-
gen ion activity is 8.0 X 10-9 moles per liter, and

the maximum concentration of cuprous ion in
equilbrium with cuprous oxide is 1.5 X 10-9 moles
per liter.

The actual solubility of cuprous copper in sea
water is far greater than this, however, because

the cuprous ion associates with chloride ion to form
the complexes CuCI2- and CuCla--. At the chloride
concentration of normal sea water,! 0.48 mole per
liter, the ratio of chloride complexes to free cuprous
ion is about 60,000, and the solubility is accord-
ingly increased by this factor.

The total solubility of cuprous copper in sea
water is, according to the calculation, propor-

tional to the hydrogen ion activity, and is

(CUI) = 1.06 X 104 (H+).

At a pH of 8.1, the maximum concentration of
cuprous copper in equilibrium with cuprous oxide

is 0.84 X 10-4 moles per liter, or 5.4 ¡ig. of copper per
cc.

This calculated solubility of cuprous oxide in sea
water may now be compared with experimental
measurements.

In the Woods Hole investigations, the solubility
in oxygen-free sea water has been studied under a
variety of conditions:

(a) Preliminary experiments (9) without con-
trol of pH (in which the sea water. became alkaline
when carbon dioxide was removed along with
oxygen) .

(b) Experiments (14) in which the pH was
adjusted in carbonate-free sea water by acid and
alkali, and also in sea water with its normal car-
bonate buffer by controllng the partial pressure of

carbon dioxide in the absence of oxygen.

(c) Experiments (6, 7) in which elaborate care
was taken to exclude oxygen.

i The concentration of chloride ion in sea water varies; the figure of 0.48 M is
based on a recommendation by A. C. Redfeld to the Bureau of Ships, U. S. Navy
Department, of a standard concentration for studies of the behavior of antifouling
paints.
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(d) Experiments (6, 7) in the presence of basic
cupric carbonate and of rosin. (The cupric copper
dissolved from the carbonate was of course sub-
tracted from the analytical values.)

(e) Experiments (6, 7) in which a surface coated
with an antifouling paint (Bakelite Corporation

No. AF-6, containing rosin, Vinylite resin, and
Celite) was employed as the saturating body.

The results of these experiments are all given in
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FIGUR i. Solubilty of cuprous oxide in oxygen-free sea water plotted against
the pH (at 25. C.); O,series (a); 0, series (b), carbonates absent, ø, carbonates
present;...c, series (c); 4. series (d). B.C.C.; £.. series (d), rosin; ., series (e).

Figure 1, in which the logarithm of the solubilty
of copper (in ¡ig. per cc.) is plotted against the pH.
The resulting straight line coincides very closely

with the calculated solubility, equation (3), which
cannot be distinguished from the experimental

line on the scale shown. In view of the roundabout
derivation of the calculated values (see Appendix),
and the uncertainty in estimating the activity co~

effcients, the closeness of this agreement must be
considered fortuitous, but it shows, certainly, that

the dissolved cuprous copper does eXist largely as
chloride complexes. The experimental values may
be taken as the most reliable figures now available,
and may be expressed by the equation

rcuI) = 1.08 X 104 (H+)

or

lagio (CuI)=4.03-pH. (4)

The solubility of cuprous oxide in air-free sea
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water at pH 8.1 is 0.86 X 10-4 moles per liter,or
5.4 Mg. of copper per cc.

The following additional conclusions may be
drawn from these data:

1. The solubilty is proportional to the hydrogen
ion concentration, as predicted by equation (3).

2. The solubility is the same whether the car-
bonate-bicarbonate buffer components of sea water
are present or absent. However, the carbonates do
influence the solubility of cupric copper, as wil be
shown below.

3. The solubility is not affected by presence of

rosin or basic cupric carbonate.
4. The solubilty is the same for cuprous oxide

compounded in a paint as in the pure state.1
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FIGURE 2. Solubilty of B.C.C., plotted against the pH at which the
precipitate was formed and equilibrated.

Cuprous Chloride

The solubility of cuprous chloride in oxygen-free
sea water can be readily calculated from the
thermodynamic data referred to in the previous
section, and is found to be 0.051 mole per liter,
or 3,100 Mg. copper per cc. There are as yet no

reliable experimental measurements with which
thi;; figure may be compared. However, it is clear
that the solubility of cuprous chloride should be

several hundred times that of cuprous oxide (13).

Cupric Oxide and Hydroxide

The solubility of cupric oxide and hydroxide in
sea water at pH 8.1 can be calculated from
thermodynamic data to be 1.4 X 10-7 and 2.1 X 10-7
moles per liter, respectively. These values corre-

1 A high ratio of paint area to solution volume is necessary to achieve satura-
tion; d. Chapter 16.

spond to concentrations of 0.0009 and 0.013 ¡ig.
copper per cc., which are below the limit of detec-
tion by ordinary analytical methods. The Woods
Hole investigations have shown no measurable
solubility of cupric oxide in sea water (13).

Basic Cupric Carbonate
The solubility of cupric carbonate in sea water

can be calculated from thermodynamic data to be
3.9 X 10-4 moles per liter, or 25 ¡ig. copper per cc.

The solubility of the basic cupric carbonate which
is actually formed in sea water is much lower than
this.

When either cuprous oxide or metallic copper
dissolves in sea water, in the presence of an ade-
quate supply of oxygen, the end-product of the
reaction is a bluish-green precipitate consisting of
cupric carbonate, hydroxide, and chloride in some-
what variable proportions. The analyses of several
investigators who have studied this type of prod-
uct are summarized in Table 1.

TABLE 1. Analyses of the End-Product of the Reaction of
Copper (or Cuprous Oxide) with Sea Water

Cu, % C02, % Cl, % Investigators
67 11 4 Sexton (37)

50-55 7-12 3-6 Bengough and May (1)
51-58 11 3 Woods Hole (42)
51 2 Woods Hole (42)

Source
Copper
Copper
Copper
Cuprous Oxide

Bengough and May (1) considered their prod-
ucts to be mixtures of basic cupric carbonate and
atacamite (cupric oxychloride, CU4(OH)6Cb. H20).
On this basis, their analyses and those from Woods
Hole indicate that the proportion of oxychloride

is small (less than 20 per cent). "Basic cupric
carbonate" is an approximate description of the
composition, and the initials "B.C. C." have been

used to describe the characteristic product which
is formed in normal sea water.

Just as the composition of this precipitate shows
variations, so also does its solubility in sea water.
A large number of experimental determinations at
Woods Hole has given values lying between 0.3
and 0.7 ¡ig. copper per cc. (9, 13). Harvey (17)
quotes a value of 0.18 ¡ig./cc.

Both the composition and the solubility refer
only to normal sea water, whose pH is near 8.1.
The solubilities of corrosion products of copper
formed under other conditions of pH, and equil-
brated with sea water at the corresponding pH

values, are plotted against the pH in Figure 2. This
complicated function indicates that different solid
phases are precipitated under different conditions.
Since there is practically no carbonate ion in sea
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water (30) acid to pH 7.5, the portion of the curve
at lower pH values probably does not represent
the solubility of a carbonate at all. It agrees ap-
proximately with the calculated .solubility of
cupric oxide. No data for the compositions of

products formed under these conditions have been
reported.

The fact that cupric copper attains a concentra-

tion of about 0.5 ¡ig. per cc. in normal sea water,
whereas a cupric ion activity of one-thirtieth this
value should result in precipitation of hydroxide,
calls for some comment. Cupric copper may exist
as a complex ion; calculations rule out ammonia
complexes, but chloride complexes may be pos-
sible, even though their effect in increasing solubil-
ity be far less than in the case of cuprous copper.
Certain other solubilty products involving di-
valent ions in sea water are also considerably larger
than values estimated on the basis of activity co-
effcien ts measured in simple systems (40).

On the other hand, sea water equilibrated with
B.C.C. may be supersaturated with respect to
hydroxide. The solubility of B.C.C. decreases after
aging under sea water. One sample aged for a year
was found to have a solubility of less than 0.1 ¡ig.
copper per cc. It contained 58 per cent of Cu and
14 per cent of Cl-close to the values for atacamite
(57 per cent Cu and 16 per cent CL). This suggests a
slow conversion to a less soluble precipitate which
may be the oxychloride. Rooksby and Chirnside
(35) have identified atacamite by X-ray spectros-
copy in the corrosion products of copper after

three weeks' immersion in sea water.

Solubilities of Other Compounds
The solubilities of several other copper com-

pounds in sea water have been roughly estimated
(5). Expressed as ¡ig. per cc., they are as follows:
cuprous iodide, 15; cuprous sulfide, 4; cupric
phosphide, 117; cupric derivative of acetyl ace-
tone, 31; cupric derivative of n-caproic acid, 300.

Equilibria with Citrate
In the presence of citrate ion, the solubility of

cupric copper in sea water is enormously increased,
owing to the formation of a very stable complex

ion. Sodium cupric citrate (a crystalline salt whose
copper content corresponds to the formula
N aCuC6H607) has a solubility in sea water of at
least 176,000 ¡.g. copper per cc. (7, 13). It is a

convenient material for biological studies which
may require copper concentrations exceeding the
solubility of B.C.C.
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Equilibria with Mercury, Zinc, and Iron
In the use of copper or cuprous oxide as an anti-

fouling toxic, the question may arise as to whether
certain reactions occur with other metals or com-
pounds present in the system. These include

mercuric oxide, often used as an additional toxic;
metallc zinc, used as a pigment in some paints;

and metallc iron, as the substrate. Thermody-

namic calculations predict that certain reactions
wil tend spontaneously to take place, as follows:

1. Cuprous oxide wil tend to react with mer-

curic oxide to form metallc mercury and cupric
oxide. Thus, both toxics are converted to less
soluble forms (see below for solubilities of mercury
compoundsl) .

2. Zinc wil tend to react with cuprous oxide,

with cupric ion in equilbrium with B.C.C., and
even with cupric oxide, to form zinc hydroxide

and metalliè copper.
3. Iron wil tend to react with cuprous oxide,

with cupric ion in equilbrium with B.C.C., and
even with cupric oxide, to form ferrous or ferric
hydroxide and metallc copper.

Equilibria with Bacterial Slimes
Antifouling paints, like many other surfaces,

often develop slimy coatings when immersed in
sea water. This slime results from bacterial action
and contains, among other things, salts of poly-
uronic acids.

Sodium alginate (a polymannuronic acid), which
has been investigated as a simplified model of the
more complex bacterial slime, forms compounds of
copper which are suffciently stable so that cupric
ions are taken up even fIom quite dilute solutions.
For example, a sodium alginate solution, equili-
brated with a saturated solution of B.C.C. (enclosed
in a cellophane bag to avoid mixing the viscous

alginate with B.C.C. precipitate), combined with
about 2 mg. copper per gram of alginate. Under
similar conditions, bacterial slimes grown in sea
water were able to combine with nearly 100 mg.

copper per gram of organic matter in the slime
(10). Other experiments which demonstrate the
combination of copper with organic matter in sea
water are quoted by Harvey (17).

Slime films formed on surfaces of antifouling
paints also contain large amounts of copper, in
agreement with the above result. It is diffcult,
however, to distinguish between copper combined

i In the preparation of certain hot plastic paints, containing both cuprous
oxide and mercuric oxide. the formation of metallc mercury at elevated tempera-
tUres has been observed (26).
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with the organic matter and copper present as

occluded B.C.C. precipitate or even particles of
eroded paint. In any case, it seems likely that any
combined copper wil have a far lower solubilty
than B.C.C., and that the amounts bound wil be
small compared with the total dissolved from the.
paint during the period of film growth. Hence

the film should playa minor role in the dissolution
process, provided that it offers no resistance to the
diffusion of reactants to and reaction product~

away from the toxic surface.

Discussion and Summary

The solubilities of the most important com-
pounds of copper, in sea water of normal chlorinity
(17.0 parts per thousand, or 0.48 M) and normal

TABLE 2. Solubilities of Copper Compounds in
Sea Water at pH 8.1

S oliibility

Compoiind Soiirce
Moles ¡ig. Cii per ml.
per 1.

Cupric ci trate :;176,000 Experimental
Cuprous chloride' 0.051 3,100 Calculated
Cuprous oxide' 8.6X1O-6 5.4 Experimental
B.C.C. 8 X 10-- 0.5 Experimental
Aged B.C.C.b .:10-6 ':0.1 Experimental
Compounds with

slimes low Experimental
Cupric hydroxide 2.1Xl0-i 0.013 Calculated
Cupric oxide 1.4Xl0-8 o . 0009 Calculated

8 In oxygen-free sea water.
b Aged in sea water for one year.

pH (8.1) are given in Table 2. They cover a very
wide range.

It is of interest that both cuprous oxide and
B.C.C. have solubilities in. the range where dis-
solved copper is toxic to adult barnacles within a
reasonable time (2, 33), though that of B.C.C. is
only barely above the toxic threshold (d. Chapter
14). The extremely low solubilities of cupric oxide
and hydroxide may be correlated with their in-
effectiveness as antifouling toxics, whereas the
high solubilities of cupric citrate and cuprous
chloride suggest that either of these compounds
might be an effective toxic but might dissolve so
rapidly as to be wasted unless the rate is suitably
controlled by the structure and composition of the
paint in which it is compounded,: The problems

involved in such control are discüssed in Chapter
16.

MERCURY COMPOUNDS

Certain compounds of mercury have found wide
use as antifouling toxics. Among these are mer-

curous chloride, mercuric oxide, mercuric chloride,
and mercurous sulfide. Less is known of the
chemistry of their interactions with sea water than
in the case of the more common copper compounds,
but the following information has been reported.

Mercurous Chloride (13, 14)
Mercurous chloride is decomp9sed in the pres-

ence of other chlorides, and therefore presumably
in sea water, with the formation of mercuric

chloride and metallc mercury. The concentration
of mercuric mercury in equilibrium with sea water
is calculated to be 0.3 ¡ig. mercury per cc. The
amounts dissolved as determined experimentally
are of this order of magnitude, but depend upon
the amount of solid phase present in a complicated
manner which requires further study. Mercurous
chloride has a measurable solubility in toluene
(about 0.2 ¡ig. mercury per cc.), and hence prob-
ably in many paint vehicles.

Mercuric Oxide (13, 14)
The solubility of mercuric oxide has been meas-

ured only at a pH considerably alkaline to that of
normal sea water. At pH 9.7 it is about 400 ¡ig.
mercury per cc. The solubility at pH 8.1 has been
calculated from thermodynamic data as 78,000

¡ig. mercury per cc. This enormous solubility is
associated with the formation of the weak salt
HgCb.

Mercuric Chloride (13, 14)
The solubilty of mercuric chloride in sea water

is also enormous, being approximately 200,000 ¡ig.
mercury per cc. Because of its nonpolar chàracter,
it also dissolves readily in organic solvents, in-

cluding paint diluents. Its solubility in toluene is
about 3,200 ¡ig. mercury per cc. i

Mercurous Sulfide (34)
The solubility of mei;cui:ous sulfide has been

estimated as 1 ¡ig. mercury per cc.

Discussion
Mercurous chloride and sulfide have solubilities

of the same magnitude as cuprous oxide; the
saturated solutions are toxic but do not greatly
exceed the toxic threshold (2, 33). Mercuric oxide
and chloride are so highly soluble that, in order to
use them economically as antifouling toxics, their
solution rates would have to be carefully controlled
by proper specifications of the composition of the
paint.
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PROCESSES OF DISSOLUTION AND
OXIDATION OF COPPER AND

CUPROUS OXIDE
The previous sections have dealt with equilib-

rium solubilities of various toxic compounds.

These data are not suffcient, however, for in-
terpreting antifouling action of paints compounded
with these materials. It is the rate of solution of
toxic which is correlated with antifouling effective-
ness, and the chemical problems involved are con-
cerned with kinetics rather than with equilibria.

It wil facilitate interpretation of the more com-
plicated behavior of paint mixtures, which is
described in Chapter 16, to discuss the two most
widely used toxics, copper metal and cuprous

oxide, and to describe the sequence of reactions

which occur when these substances react with sea
water, and kinetic studies of the factors which in-
fluence reaction rates.

Thermodynamic Calculations
It is possible to predict from thermodynamics

that certain reactions involving copper compounds
and sea water should tend to take place and go

very far toward completion. The following con-

clusions may be reached:
(1) The oxidation of cuprous ion to cupric ion

by atmospheric oxygen should be very nearly com-
plete. In aerated sea water, if this reaction were

reversible, the equilbrium ratio of cupric to
cuprous ion would be 1010. The ratio of cupric to
cuprous copper in solution would be somewhat
smaller, because of cuprous chloride complex

formation, but would be at least 105.
(2) Copper metal should tend to react in sea

water with cupric ion at the concentration cor-

responding to the solubility of B.C.C. to form
solid cuprous oxide (provided there is insuffcient
oxygen for further oxidation).

(3) Cuprous oxide should tend to react in sea
water with oxygen to form solid B.C.C.

(4) Copper metal should tend to react in sea
water with oxygen to form solid B.C.C.

The details of the calculations are given in the
Appendix.

The Sequence of Reactions
Experiments have shown that all the above

reactions do take place. As a result, when either
copper. metal or cuprous oxide reacts with sea
water in the presence of oxygen, the product is

B.C.C. The sequence of reactions is shown in
Figure 3, which represents the course of dissolution
of both of these toxics. .

269

The dissolution of copper metal in chloride solu-
tions is an electrolytic reaction which is considered
to involve the acceptance of electrons by oxygen
molecules at cathodic areas on the surface (15).
The details of the complicated process, which is

influenced by the accumulation of cuprous oxide,
cuprous chloride, and/or cupric salts .on the sur-
face of the metal, are not understood.

The dissolution of cuprous oxide, as shown in
the next section, involves the reaction of both
hydrogen and chloride ions with the solid surface.

(SOlubilly in 02-Fr.e Sea Woler 5.4J1g/cc)( A ,
CU20 H+, CI-, CuCI2- ~ CuCI3=

Cu
O2

.1;
¡u

'" Cu+ ~ Cu++

I OH~ HCO,
Basic Cupric Carbonate

(Solubility in Sea Waler O.5J1g/cc)

FIGURE 3. Sequence of Reactions in the Dissolution of Copper

and Cuprous Oxide. .

In each case, the solid toxic dissolves and is then
partly reprecipitated as B.C.C. When the reaction
proceeds in a limited volume, the precipitated
B.C.C. accumulates. When the reaction proceeds
in a large volume, as, for example, at the surface
of a paint in the open sea, B.C.C. is or is not
formed, depending presumably on whether its
solubility is exceeded in the neighborhood of the.
surface. Under certain conditions the reprecipita-
tion occurs on the surface itself, resulting in the
formation of a green deposit, as described in
Chapter 16.

Kinetics of Dissolution of Cuprous Oxide
For studying the rate of a heterogeneous reac-

tion occurring at the surface of a solid, it is neces-
sary to work with a surface of known, or at least
constant, area. For cuprous oxide, this is most con-
veniently achieved by coating a panel with a mix-
ture of the finely divided oxide and a small amount
of a binder which is both inert and strong. It may
be assumed that the rate of solution of copper
from such a surface is proportional to the total

\
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area of exposed cuprous oxide surface represented
by particles projecting from the binder.

In the experiments described here (6, 11, 12,
14), a mixture of 90 per cent cuprous oxide and
10 per cent Vinylite, applied in a volatile solvent,
was used. The strength and insolubility of this
matrix permit high rates of agitation without
erosion, and the large area of exposed toxic enables
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FIGURE 4. Effect of agitation on the rate of solution of cuprous oxide.

several successive experiments to be performed
and compared without sensible change of the area
through dissolving away of the particles. No at-
tempt was made to estimate absolute areas. All
measurements of solution rates are relative, re-
ferred to the rate in sea water under standard

conditions, and are expressed as ¡ig. copper per

sq. cm. per day, the units adopted for the leaching
rate.

The leaching rate of this paint, whose surface is
nearly covered with cuprous oxide particles (8),
and is therefore presumably qualitatively similar
to a hypothetical surface of pure cuprous oxide,

is about 250 ¡ig. per sq. cm. per day in sea water
under standard conditions-twenty-five times the
minimum effective leaching rate as given in
Chapter 14.

The over-all reaction of thè dissolution of
cuprous oxide to form the complex _CuCI2-(see

Fig. 3) may be written

lCU20+H++2Cl-= CuCh-+lH20. (5)

For elucidating the mechanism of this reaction,
studies of the effects of hydrogen and chloride ions
on the reaction rate are clearly of importance.

Such studies have been carried out in synthetic
buffer solutions rather than in sea water, which is
a complicated mixture of electrolytes. However,
the effects of agitation and temperature on the
rate of reaction have been studied in natural sea
water.

Agitation: The rate of dissolution of cuprous

oxide in sea water increases with agitation (4). The
behavior of two paints is shown in Figure 4. For
paint BK-l, which has a high proportion of
cuprous oxide and consequently a large surface
area of exposed particles, the rate of dissolution
has apparently not attained a maximum value
under the most violent conditions of agitation em-
ployed although it appears to be approaching a
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FIGURE 5. Effect of temperature on the rate of solution of cuprous oxide.

maximum. Paint BK-3, which has a smaller area
of cuprous oxide exposed, has apparently attained

a maximum rate. In terms of the simple Nernst
theory of reactions at solid surfaces (41), this
behavior means that at the maximum agitation
employed, the rate of dissolution from BK-3 is
entirely, and that of BK-llargely determined by
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reactions taking place at the surface; and that it is 3.5

only secondarily dependent upon rates of diffusion
of reactants toward or products away from the
surface. The maximum agitation in these experi-
ments was produced by a reciprocating motion, at
a frequency of 120 cycles per minute, of a 3-inch
by 4-inch panel through a stroke of 1.2 cm. in a
direction perpendicular to its own plane, in 1,500

cc.' of water.
Temperature: At high agitation, the solution

rate increases by a factor of 4 between O°C. and
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FIGURE 6. Logarithm of the rate of solution reduced to constant pH,
plotted against the reciprocal absolute temperature.

36.SoC. (Fig. 5). Increasing the temperature of'
sea water in equilbrium with the atmosphere

raises the pH, however, by expulsion of carbon
dioxide, so that this does not represent the effect
of temperature alone. When corrected to constant
pH (assuming that the rate of solution is propor-
tional to hydrogen ion concentration), the rates
show an increase by a factor of 10 over the range
studied. The logarithm of the solution rate, re-
duced to constant pH, is a linear function of the
reciprocal absolute temperature (Fig. 6). From
the slope, an activation energy of 12,000 calories

per mole is calculated, representing the energy
barrier of the rate-determining process in the dis-
solution of cuprous oxide.

Hydrogen Ion Concentration: The solution rates
of cuprous oxide in borate buffers containing 0.1
molar boric acid and 0.48 molar sodium chloride
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FIGUR 7. Effect of pH on the rate of solution of cuprous oxide.

pH

(i.e., the same chloride concentration ~s sea water)
are plotted logarithmically againstl the pH in
Figure 7. The resulting straight line has a slope
of -0.94, which indicates that the rate of solution
of cuprous oxide is proportional to the 0.94 power
of the hydrogen ion concentration. This is prob-
ably not a significant deviation from an exponent
of 1.0. Thus the rate is approximately proportional
to the first power of the hydrogen ion concentra-
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FIGURE 8. Effect of chloridé concentration on the rate of solution
of cuprous oxide.
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tion, as would be expected if the rate-determining
step involves attack by one hydrogen ion, equa-
tion (5).

Chloride Ion Concentration: The chloride ion
concentration may be varied at constant ionic
strength by replacing sodium chloride, mole for
mole, by sodium nitrate, the pH being held con-
stant by borate buffer. The significance of the
ionic strength is explained in the paragraph below.
Under these conditions, the corrected solution rate
of cuprous oxide is a linear function of the square
of the chloride concentration (Fig. 8). This would
be expected if the rate-determining step involves
attack by two chloride ions, equation (5). The in-
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FIGUR 9. Influence of ionic strength on the rate of solution of cuprous oxide.

tercept at zero chloride corresponds to the slight

dissolution which takes place in sodium nitrate- .
borate buffer solution in the absence of chloride.

Ionic Strength: The ionic strength of a solution of
electrolytes is defined as half the sum of the con-
centrations of the individual ions, each multiplied
by the square of its valence. Rates of ionic reac-
tions show a marked dependence on the ionic
strength; this is due to the interaction of electrical
charges and not to any specific chemical factors.
It is for this reason that the ionic strength was kept
constant in determining the effect of chloride ion
concentration.

The effect of varying the ionic strength is
shown in Figure 9, where the ordinate is the ratio
of the solution rate in a chloride-borate buffer of

a given ionic strength to that in a solution with

the same chloride concentration and an ionic
strength of 0.51. The leaching rate at constant
chloride concentration decreases with increasing

ionic strength up to about 0.5, and thereafter
changes relatively little. When sea water is diluted
with distiled water, both the chloride concentra-

tion and the ionic strength are diminished, and the
resultant effect is such that the rate of solution of

cuprous oxide is approximately proportional to the
first power, instead of the square, of the chloride in
the mixture (28).

The rate of solution in sea water, and in diluted
sea water, is slightly less than in a synthetic

chloride-borate-nitrate solution of the same
chloride concentration and ionic strength; the
ratio of the two values is about 0.8. This difference
is small enough so that it may be concluded tnat
the synthetic buffers represent an adequate

system for investigating the effects of hydrogen
and chloride ion concentrations and ionic strength,
and that the results are applicable to sea water as

welL.
Mechanism of Dissolution of Cuprous Oxide:

Since the rate of solution is proportional to the

first power of the hydrogen ion concentration and
the second power of the chloride ion concentra-
tion, it may be concluded that the process repre-
sented by equation (5) actually is the rate-deter-
mining step of the reaction. The influence of ionic
strength is in agreement with this mechanism. The
rate of a reaction which involves the combination
of ions of opposite sign always decreases with in-
creasing ionic strength, in dilute solutions (21, 36).

It is impossible to make a quantitative comparison
of the data of Figure 9 with the theories of ionic
reactions, because no confident extrapolation to
zero ionic strength can be made. Qualitatively,
however, the results are entirely in agreement

with equation (5).
Hence, the rate-determining step of the dis-

solution of cuprous oxide in sea water is concluded
to be a simultaneous attack on the solid by one

hydrogen and two chloride ions. It is possible that
one hydrogen and one chloride ion approach, re-
spectively, an oxygen and a copper atom adjacent
on the cuprous oxide surface, and the collsion of a
second chloride ion results in detaching the com-
plex.

The Pseudosaturation Effect: When dissolution
of cuprous oxide takes place in a small volume of
sea water, the sequence of reactions shown in

Figure 3 does not continue indefinitely at the
initial rate; the dissolution slows down to a much
slower rate after the copper concentration has

risen to a value between 1 and 2 ¡ig. per cc. The
nature of this "pseudosaturation effect" is not yet
understood. At pseudo saturation, the system is
not truly saturated with respect to cuprous oxide

(which has a solubilty of 5.4 jtg. per cc. in the
absence of air); nor is the concentration of any

of the reactants in Figure 3 (chloride, hydrogen

ion, Dxygen, and carbonate) perceptibly di-
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minished. Change in agitation appears to have no
effect on it except to alter the time scale (Fig. 10).
Furthermore, changing the proportion of the area
of exposed surface to the volume of the sea water
simply alters the time scale. In an experiment

with many different combinations of areas and
volumes (20), the concentrations of leached copper
plotted against the quantity (areaXtime)/volume
all fell on the same curve (Fig. 11). The pseudo-
saturation effect is of no practical importance ex-
cept that it must be avoided in leaching tests by

selecting time intervals along the initial linear
portion of the time-concentration curve.

The studies described in this chapter have given
some information on the chemical reactions which
take place between antifouling toxics and sea
water, and on the solubilities and rates of solution
in sea water of certain compounds of copper and
mercury. This information is necessary, though not
suffcient, for understanding the action of success-
ful antifouling paints.

The various compounds of copper and mercury
which have been used as toxics in antifouling
paints cover an extremely wide range of solubil-
ities in sea water. The most common successful
toxic, cuprous oxide, has a solubility in the ab-

sence of oxygen of about 5 ¡ig. copper per cc.,
which is about ten times the minimum lethal con-
centration as given in Chapter 14. In the presence

c
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FIGURE 10. Influence of agitation on the pseudosaturation effect (Paint BK-5).

of oxygen, the dissolved copper is reprecipitated as
a cupric salt whose solubility is just about at the
minimum lethal leveL.

An effective copper toxic must have not only a
solubility above the lethal minimum, but also a
rate of solution above the value of 10 ¡ig./cm.2/day
which has been found minimal for antifouling
action. The rate of solution of cuprous oxide is
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FIGURE 11. The pseudosaturation effect: concentration of leached
copper as a function of (areaXtime)jvolume.

many times this value-of the order of several
hundred ¡ig./cm.2/day. It is profoundly affected
by alterations in temperature, salinity, and pH of
the solvent, but in practice the effects of changes

in these variables should lie within a reasonable

factor of safety.

Theleaching rate of a toxic from the surface of
an antifouling paint wil depend not only on the
rate of solution of the pure toxic, but also on how
it is compounded in the paint. The relation be-
tween leaching rate and paint composition is the
subject of the following chapter.

APPENDIX: DETAILS OF CALCULATIONS
Copper Compounds (3, 15, 22)

Metallic Copper. The equilibrium constant, equation (1),
is quoted by MacInnes (26) from the measurements of

Heinerth (18).
Cuprous Oxide. The solubility product (Cé) (OH-) is

given by Latimer (22) as 1.2 X 10-15. Taking the ion product
(22) (H+)(OH-) as LOX 10-14, we have (Cé) =0.12 (H+).

The activity coeffcient of cuprous ion in sea water can be
estimated from the ionic strength, which is calculated from
the analytical data for the various ions present. Lyman and
Fleming (24) give the ionic strength of sea water corre-
sponding to a chloride ion concentration1 of 0.48 M. as 0.63.
A reasonable value for the activity coeffcient (23) of a
univalent ion in this medium is 0.67. Accordingly2 the con-
centration of cuprous ion is 0.18 (H+), as stated in equation
(2).

1 See footnote on p. 265.
2 Strictly speaking, the activity coeffcient of a single ionic species has no

physical meaningj this treatment implies certain conventions regarding the

defition of pH, which are discussed in Reference 26, pp. 271 ff.
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The enhanced solubility by chloride complex formation
is now calculated from the association constants of the ions
CuCb- and CuCis--. The solubility product (Cu+)(Ci-) is
quoted by Latimer as 1.85 X 10-7. Noyes and Ming Chow
(31) give the equilibrium constant for the reaction
CuCl(s)+CI-=CuCb- as (CuCb-)j(Cl-) =0.066. Com-
bining, this with the solubility product (Cé) (CI-), we have
(CuCb-)j(Cé)(CI-)2=3.4X105. The corresponding equi-
librium constant of the complex ion CuCIs-- was deter-
mined (29) by v. Náray-Szabó and Szabó:

(CuCla--)j(Cu+) (Cl-)s= 6.9X 105.

In order to determine the saturation concentrations of

the complexes in sea water, the activities must be replaced
by concentrations and activity coeffcients in these equa-
tions. Since the principal cation is sodium, this is equiva-
lent to writing (27)

(CuCh-lJ2 Na(CuCI,i
-3.5XlO"

(CU+J(CI-2lf CuClP NaCI

and

(CuCla--JP Na2(CuCls)
-6.9XlO"

i (Cu+J(Cl-j3 P cuClf4 NaCI

where thef's are the mean activity coeffcients of the elec-
trolytes indicated. We shall assume f = 0.67 in all cases, as
for cuprous ion (see above). Then, taking (CI-) =0.48, we
obtain

(CuCh-lj(Cu+) =0.36X 10"

(CuCls--lj(CU+l = 0.23X 10"

(CuIJ= (CuCh-l+(CuCla--J =0.59X10" (CU+J.

This value combined with equation (2) yields

¡CuI)=1.06X104 (H+), as stated in equation (3).

It is worth noting here that the effect of ammonia com-
plexes in enhancing of solubility of cuprous copper, al-
though considerable, should be negligible in sea water com-
pared with that of the chloride complexes. .

The association constants for the complexes Cu(NHs)+
and Cu(NHs)2+ were determined by Stackelberg and
Freyhold (39).

(Cu(NHs)+)j(CU+) (NHs) =0.86XlO&

(Cu(NHsh+)j(CU+) (NHs)2 = O. 74X 1011.

In sea water, the concentration of ammonia is normally
(32) well below 10-5 moles per liter. Taking this figure as a

maximum, we have

(Cu(NHa)+)j(CU+) = 8.6

(Cu(NHah+)j(CU+) = 7.4.

The existence of cuprous ammonia complexes in about
ten times the concentration of cuprous ion is negligible
compared with the existence of chloride complexes in about
105 times the concentration of cuprous ion.

Cuprous Chloride. The solubility product of cuprous
chloride quoted, together with an assumed mean activity
coeffcient of 0.67 and a chloride concentration of 0.48 M,

yields for the concentration of Cu+ in equilibrium with
solid cuprous chloride in sea water the value 8,6Xl0-7 M.
To obtain the total concentration of (CUI), in the form of
chloride complexes, we must multiply by the same factor of
0.59 X 105 used in the cuprous oxide equilibrium. The result

is a concentration of 5.1 X 10-2 moles per liter.
Cupric Oxide and Hydroxide. The free energy of the

reaction CuO+H20=Cu(OH)2 is given by Latimer (22)
as 1,590 caL., and the solubility product (Cu++)(OH-)2 in
equilibrium with cupric hydroxide is 5.6 X 10-2°. From

these data, the solubility product (Cu++) (OH-)2 in

equilibrium with CuO can be calculated to be 0.37 X 10-2°,
Taking (H+) (OH-) as 1.0 X 10-14, we have (Cu++) = 5.6
X lOB (H+) 

2 for the solubility of the hydroxide, and

(Cu++)=0.37XlOB (H+)2 for the solubility of the oxide.
A reasonable value for the activity coeffcient of a divalent
ion in a medium of the ionic strength of sea water is 0.17.
Using this value (ì3), we obtain for the concentration of

cupric ion (Cu++) =33X 10B (H+) 
2 and (Cu++) =2.2

Xl0S(H+)2, respectively. At a pH of 8.1, this is 2.1 X 10-7
moles per liter for the hydroxide, and 1.4 X 10-s moles per

liter for the oxide,
The experiments of McDowell and Johnston (25) on the

solubility of cupric oxide in distiled water gave a con-
siderably higher value, namely, 2.9Xl0-5 moles per liter.
However, the pH of solution was not measured, and it may
have been slightly acidic, A pH of 6.4 would have ac-
counted for the observed solubilty, according to the above
equation.

Ammonia complexes should play an even smaller part
in increasing the solubility in sea water of cupric copper,

than of cuprous. Stackelberg and Freyhold (39) give for
the association constants of the first two cupric complexes:

(Cu(NHa)++) j( Cu++) (NHa) = 0.2 X 1 O.

(Cu(NHa)2++)j(CU++) (NHa)2 = 0.95 X 108.

Taking the concentration of ammonia in sea water as 10-5
moles per liter, as before, we have

(Cu(NHa)++)j(Cu++) = 0.2

(Cu(NHsh++)j(Cu++) =0.01.
The ammonia complexes are thus capable of increasing the
solubility of cupric copper in sea water only about 20 per
cent. The effect of chloride complexes of cupric ion, if at
all appreciable in sea water, is undoubtedly (39) far smaller
than that observed for cuprous ion, with its associated
60,000-fold enhancement of solubility.

Cupric Carbonate. Kelley and Anderson (19) doubt if
solubility measurements have been made on any material
known definitely to have the composition of cupric car-
bonate, CuCOs, but assuming that the material used by
Haehnel (16) had this composition, they have calculated the
solubility product (Cu++) (COs--) =2.36XlO-io. The con-
centration of carbonate ion in sea water at pH 8.2 is given
by Moberg et al. (30) as 0.24Xl0-s moles per liter, with
the surprisingly low activity coeffcient of 0.015, making
the activity (COa--) =0.36= 10-5. This figure, with the
solubility product above, and the value of 0.17 for the
activity coeffcient of copper ion, as used before, gives for

the concentration of copper in equilibrium with copper car-

bonate in sea water (Cu++)=3.9XlO-4 moles per liter, or
25 fJg. copper per cc. This does not, of course, apply to
B.C.C.
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Mercury, Zinc, and Iron. The free energies used in the
calculations are taken from Latimer (22), as follows:

Cu20

CuO

HgO

Zn(OHh

Fe(OH)2

Fe(OH)s

35,150 caL.

30,400

13,940

-132,000
-115,700

-166,300.

From these values, together with the experimentally deter-
mined concentration of Cu++ in equilibrium with B.C.C.,
and the normal pH of sea water, it is found that each of the
following reactions is accompanied by a large decrease in
free energy:

CU20+HgO=2CuO+Hg
Zn+Cu20+H20= Zn(OHh+2Cu

Zn+Cu+++20H-(B.C.C. in sea water)
=Zn(OH)2+CU

Zn+CuO+H20=Zn(OHh+Cu
Fe+Cu20+H20= Fe(OH)2+2Cu

Fe+Cu+++20H-(B.C.C. in sea water)
=Fe(OH)2+CU

Fe+CuO+H20= Fe(OHh+Cu.

Accordingly these reactions wil tend to take place spon-
taneously.

Mercury Compounds
Mercurous Chloride. The equilibrium constant for the

reaction Hg+Hg++=Hg2++ is given by Latimer as 81,
and the solubility product of Hg2Cb, (Hg2++) (CI-)2, as

1.1 X 10-18. The dissociation constant of the weak salt
HgCb is given by Sheril (38) as 10-14. From these data,
neglecting activity coeffcients, the concentration of dis-
solved mercuric mercury in equilibrium with mercurous

chloride and metallic mercury is calculated to be 1.4 X 10-6
moles per liter, or 0.3 ¡.g. per cc.

Mercuric Oxide. The solubility product (Hg++)(OH-)2
in equilibrium with HgO is given by Latimer (22) as
2.7XI0-26. At pH 8.1, therefore, neglecting activity co-
effcients, the concentration of mercuric ion should be
1. 7 X 10-14. Taking the dissociation constant of HgCb to
be 10-14, and the chloride concentration of sea water 0.48

M, we obtain for the concentration of dissolved mercury
0.39 mole per liter, or 78,000 ¡.g. per cc.

Processes of Dissolution and Oxidation
The over-all reaction for'the oxidation of cuprous copper

by oxygen may be represented by the equation:

CU++l02+H+= Cu+++lH20.

The oxidation-reduction potential Cu+, Cu++ is given by

MacInnes as -0.159 volt. The potential of the oxygen
electrode, corresponding to the reaction 40H- = O2+ 2H20
+4e, is given by Latimer as -0.401 volt. From these

data, taking the ionization constant of water as 10-14,

the following equilibrium constant is derived:

(Cu++)j(Cu+)(H+)(P02)1/4= 1018.1

where P02 is the partial pressure of oxygen in atmospheres.
At a pH of 8.1, and at the atmospheric partial pressure of
oxygen of 0.21, this yields for the equilbrium ratio of
Cu++jCu+ in aerated sea water the value 0.68XI010.

The free energy of the reaction Cu+Cu++ (RC.C., in
sea water)+20H- (sea water)=Cu20+H20 is calculated
from the data already quoted to be -9,000 caL.

The free energy of the reaction JlCu20+~02(atm.)
+2H+ (sea water)+carbonate and hydroxide (sea water)
=B.C.C.+H20 is calculated to be -8,600 caL.

The free energy of the reaction Cu+JI02(atm.)+2H+
(sea water) + carbonate and hydroxide (sea water=B.C.C.
+ H20 is calculated to be - 26,000 caL.

Accordingly, these three reactions wil tend to take place

spontaneously.
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CHAPTER 16

Mechanism of Release of Toxics from Paints
There is considerable evidence that the anti-

fouling action of paints is determined by the rate
at which copper or other toxics are liberated from
their surface into sea water. This evidence has

been reviewed in Chapter 14. The rate of release,
or leaching rate, depends not only upon the
solubility and rate of dissolution of the toxic, dis-
cussed in the preceding chapter, but also upon
how it is compounded in the paint.

The purpose of this chapter is to review the
leaching behavior of antifouling paints, and to dis-
cuss the mechanism which may permit a paint to
maintain the leaching rate at an effective level
without exhausting too rapidly the store of toxic.

The leaching rates of paints change with the
time of immersion in the sea. As long as the copper
is released at a rate greater than 10 ,ug.lcm.2/day,
fouling is prevented. Some paints maintain an
adequate leaching rate for a considerable period of
time, whereas the leaching rates of others fall to
inadequate values in a relatively short period.

The leaching rates of certain successful paints
decrease steadily from an initial high value. Such
a paint may have an adequate leaching rate for
many months, and is conveniently characterized
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FIGURE 1. Change of leaching rate with time of immersion in the sea, for two
paints whose leaching rates are initially widely divergent but nearly the same
after a short period of soaking.

by the time at which the leaching rate falls below
the critical value. Certain other effective paints

have leaching rates which, after the first few
weeks' immersion, remain nearly constant for
many months, and then finally drop to inadequate
values. Such a paint can be characterized not only
by the time at which the leaching rate fàlls below
the critical value, but also by the leaching rate
level which is.maintained for the greater part of its
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FIGU1 2. Leaching rates of paints which show rapid exhaustion of toxic in sea
water, plotted against the time of immersion in the sea. The initial leaching rate
for the paint represented by Curve A is 143/Lg./cm.'day.
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life. This level is called the "steady-state leaching
rate."

The various types of behavior of antifouling
paints can be ilustrated by curves showing
changes in leaching rate after immersion in the
sea.

Figure 1 shows that two paints which have very
different initial leaching rates may leach at nearly
identical rates after a short period of soaking in
the sea. One of the paints (Curve A) has a high
initial rate, which decreases during the first month
of soaking to a value of about 20 ,ug./cm.2/day and
then fluctuates about this value for the remaining
five months of exposure. The other (Curve B) has
a low initial rate, which increases during the first
two weeks of eJiposure to a value of about 25

,ug./cm.2/day and then falls gradually during the
remaining exposure period. The initial leaching
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rates of these paints give no indication of their
abilty to maintain an adequate leaching rate

during a long period of exposure.

Another type of behavior is ilustrated in Figure
2. The leaching rates fall sharply soon after im-
mersion and reach inadequate values within two
months. Such behavior may result from an in-
adequate supply of toxic in the paint film, which

100
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FIGURE 3. Leaching rates of paints containing various amounts of cuprous
oxide, in two different matrices, plotted against the time of immersion in th~ sea.
Figures refer to the cuprous oxide content as per cent dry weight of the paint filrr.

becomes exhausted within a short interval, or to
properties of the film which do not permit the con-
tinued release of the toxic Curve A shows the
leaching rates of a metallc copper paint which
had the high initial leaching rate of 143 ,ug./cm.2-

/day. The total amount of copper initially present
in the film amounted to only 3,228 ,ug./cm.2 Of this,
1,292 ,ug./cm.2, or 40 per cent, was lost during the

first month of immersion in the sea. It is not sur-
prising, therefore, that the leaching rate decreased
to an inadequate value by the second month of

immersion. Curve B shows the leaching rates of a
cuprous oxide paint which became inadequate

during the first month of soaking although most
of the toxic stil remained within the paint film.

Some' paints never have adequate leaching rates,
and foul when first immersed.

6

The ability of a paint to maintain an adequate
uniform leaching rate for a substantial period de-
pends primarily upon the character of the matrix,
which determines the mechanism controlling the
release of the toxic. This, in turn, .defines the gen-

eral character of the leaching rate curves, partic-
ularly the way leaching changes with time. For
any given matrix, the amount of toxic incorpo-
rated in the fim determines the actual rate at

which copper wil be liberated at any given time.
Figure 3 shows the results obtained with two
series of paints made with different matrices to
which varying amounts of cuprous oxide were
added.

In the series of Figure 3a, the matrix was

Vinylite. The leaching rates of a11 the formulations
were initially high, but fell steadily during pro-
longed sea exposure. The time elapsing before the
leaching rate fell below 10 ,ug./cm.2/day decreased
regularly as the percentage of copper in the paint
became smaller, being six months for the paint
containing 90 per cent cuprous oxide, compared to
two weeks for the paint containing 60 per cent.

In the series of Figure 3b, the matrix was a cold
plastic. The leaching rates of all the paints were
initially high, but fell during the first two months
of soaking and attained fairly steady values which
were maintained for the duration of the experi-
ment. The steady-state values for the paints con-
taining 20 per cent ànd 40 per cent cuprous oxide

were adequate; for those containing 15 per cent
and 2.5 per cent cuprous oxide, inadequate.

The leaching behavior of paints is readily
divided into initial leaching rates and steady-state
leaching rates. The initial leaching rate represents
one property of a paint system. The change of

leaching rate with time during immersion is

another characteristic which bears no obvious re-
lation to the initial value. If the leaching rate falls

steadily throughout immersion, the time at which
it drops below the critical value characterizes the
useful life of the paint. Finally, if a steady-state
leaching rate is attained after a period of soaking,

its value is of primary importance in practical

performance.
The initial leaching rate depends solely upon

the nature of the surface of the fresh paint, which
has transitory properties of little value in deter-
mining the effectiveness of the paint in preventing
fouling. The steady-state leaching rate depends
upon the release of toxic from the interior of the
paint film. The most important aspect of the leach-
ing behavior of paints is the mechanism which
makes the deeper stores of toxic in the paint avail-
able to the solvent action of sea water.

6



. MECHANISM OF RELEASE OF TOXICS FROM PAINTS

INITIAL LEACHING RATES
A surface freshly coated with antifouling paint

is covered with irregularities where the particles
of toxic project from the solidified matrix. Depend-
ing upon the degree of dispersion of the pigment,
the protruding toxic may be in the form of in-
dividual toxic particles, or of aggregates which are
considerably larger.

Since paint vehicles wet the pigments suspended
in them, it might be expected that each projecting
toxic particle would be covered by a very thin
layer of matrix. Actually, most antifouling paints
begin to leach immediately, or at least within a
few minutes, after immersion in sea water, so that
any such skin of matrix must ordinarily be too
thin to interfere with the dissolution of the toxic,

or is rapidly removed after immersion. It is only
in the case of certain compositions, particularly

those applied as melts rather than with solvents,

that a matrix skin delays the dissolution of toxic
particles. This behavior wil be discussed in more
detail below.

In the typical antifouling paint, leaching begins

at once when the fresh surface is immersed in sea
water, and the protruding toxic particles begin to
dissolve. The initial leaching rate at this moment
depends on two factors: (A) the intrinsic rate of
solution of the toxic at the prevailing temperature,
salinity, and pH; and (B) the area of toxic exposed.
These two factors wil be discussed separately. Al-
though the treatment is applicable for any toxic,
it is given here specifically for cuprous oxide, and
the experimental data refer to cuprous oxide

paints.

The Intrinsic Rate of Solution
The dependence of the rate of solution of cuprous

oxide upon different physical and chemical vari-
ables has already been described in Chapter 15.

It is useful to review these data briefly.
1. The rate of solution is proportional to the

hydrogen ion concentration.
2. The rate of solution is proportional to the

square of the chloride ion concentration (at con-
. 
stant ionic strength).

3. As the ionic strength is increased, at constant
chloride concentration, the rate of solution at first
decreases, and then changes relatively little.

(These first thrée variables need not be con-
sidered when the solvent is normal sea water, since
the pH, chlorinity, and ionic strength are fied.)

4. The rate of solution increases with tempera-

ture, following the Arrhenius equation. In the
neighborhood of 20°C. the increase amounts to
three per cent per degree.
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5. Relative values of the rate of solution can be
measured only if the agitation of the solvent past
the surface is high enough so that diffusion has a
negligible effect in limiting the rate of solution.

The Area of Exposed Toxic

The above discussion of the rate of solution of
cuprous oxide concerns relative values only. The
absolute value of the intrinsic rate of solution, or
rate per unit area of exposed toxic, is practically
impossible to measure, because that area cannot

be accurately determined, or even estimated. The
measured leaching rate is calculated on the basis
of the geometrical area of the paint surface con-

sidered as a plane. It may be in general either

greater or less than the intrinsic rate of solution,
depending on whether the actual area of toxic is
greater or less than the geometrical surface area.

The actual area may be greater because of pro-
truding particles and surface irregularities, or less
because part of the surface is covered by matrix.

The rate of dissolution of toxic into a given
volume of solvent is proportional to the geo-
metrical area of the paint (Chapter 15, Figure 11).

It is natural to assume that, similarly, on a micro-
scopic scale, the measured leaching rate is propor~
tiona! to the actual area of toxic exposed. If this

is true, we should expect the relation

aL=k-
A

(1)

where L is the measured leaching rate, k the in-
trinsic rate of solution (i.e., the leaching rate of a
plane surface of pure cuprous oxide), a the actual
area of toxic exposed, and A the geometrical area
of the surface considered as a plane.

The concept of exposed toxic particles projecting
from a matrix surface is ilustrated in Figure 4.

MATRIX
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FWURE 4. ilustration of the concept of surface-exposed toxic. The black circles
represent toxic particles exposed on the surface and immediately available for

. dissolu tion.

The surface-exposed area, a, is the sum of the in-
dividual exposed areas, some large, some small,
depending on the extent of protrusion. In practice,
of course, the cuprous oxide particles have ir-
regular shapes aiid vary in size, instead of being
uniform spheres as shown.

In soluble matrix paints it has been found that
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the smaller the cuprous oxide particles, the greater
the initial leaching rate. The steady state leaching
rate, however, was independent of particle size
within the limits studied (2):

The fundamental assumption expressed by
equation (1) is the basis upon which a large body
of data on initial and steady-state leaching rates

has been interpreted. There is no experimental

evidence which conflicts with this assumption.
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FIGIT 5. Leaching rates in normal sea water of an antifouling paint after
extraction of surface exposed toxic in normal and in acidified sea water. The paint
contained 40 per cent cuprous oxide in a rosin Vinylite matrix.

The Initial Amount of Exposed Toxic
If. the particles were uniform spheres, the maxi-

mum amount of toxic which could be exposed on a
freshly-painted surface would be represented by
hexagonal close packing of a single layer of spheres.
The mass per unit area of such a layer is 1.21 rp,
where r is the particle radius and p the density.
For electrolytically prepared cuprous oxide, r is
roughly 1 micron,i and p is about 6 g.lcc. The
maximum initial amount of surface-exposed toxic
might therefore be expected to be of the order of
700 ,ug.lcm.2

The amount of surface-exposed toxic can be
determined exper.imentally by extraction under
conditions where the matrix is not attacked,

i The particle sizes in commercial cuprous oxide vary widely from one sample to
another another, and there is also a distribution of sizes in anyone sample. Electro-
lytically prepared cuprous oxide ordinarily has a smaller average size, and also less
size heterogeneity, than does pyrocheßUcal cuprous oxide. The size distributions
and specific surface areas of representative samples of electrolytic cuprous oxide
have been estimated from photomicrographs by the Mare Island investigators
(27). The particle radius which, for a hypothetical homogeneous sample woulij
give the same specific surface area vari~d frpff 1 tQ 2 mjcro1!s, ' .....

provided there are no contacts between surface

particles and those lying beneath them (3, 10, 13).
In the case of an insoluble, inerodible matrix! the

extraction may be carried out either in ordinary
sea water or in acidified sea water, which hastens
the process. Measurements of the leaching rate
under standard conditions at intervals during the
extraction show a gradual decrease, indicating that
the total area of exposed toxic diminishes, as would
be expected. An example of this procedure is
shown in Figure 5 for a paint containing 40 per
cent of cuprous oxide, 30 per cent of Vinylite, and
30 per cent of rosin extracted both in normal sea

water and in sea water acidified to pH 3.9 with
citric acid. The results of the two solvents are in
good agreement. The leaching rate approaches
zero when 57 ,ug./cm.2 of cuprous oxide have been
extracted; this represents the amount initially ex-
posed on the surface. In the case of a matrix which
is soluble in normal sea water, it is necessary to
extract the toxic with another solvent; acidified
sea water is often satisfactory. As described in a
subsequent section, the amount of surface-exposed
cuprous oxide on a cold plastic paint containing _
40 per cent of toxic by weight has been determined
in this way to be 240 ,ug./cm.2 (Figure 13).

It is reasonable that both these experimental

values should be considerably smaller than the
estimated maximum corresponding to a closely-
packed surface. The fact that they are not identi-
cal, even though the two paints contained the
same proportion of cuprous oxide, indicates that
the concentration of toxic at the surface of a fresh
paint film may be different from its concentration
in the film interior-a well-known phenomenon in
paint technology. In some cases the pigment may
tend to accumulate at the surface, so that the
initial amount of exposed toxic approaches that of
a closely-packed surface even for a paint in which
the toxic loading is not particularly high. In others,
the matrix or one of its components may tend to
accumulate at the surface. These abnormal sur-
face concentrations would naturally cause the
initial leaching rate to be abnormally high or low,
respecti vel y .

Depression of the Initial Leaching
Rate by a Surface Skin of Matrix

The leaching rates of some paints are initially
abnormally low and rise after immersion for a few
hours or days in sea water. This phenomenon is
ascribed to the accumulation of a thin skin of

matrix (or one of its components) over some or all
of the toxic particles at the surface.
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The likelihood of the presence of a matrix skin
on a freshly painted surface was discussed by

Ragg (29) in 1925. Unlike many previous authors,
he was convinced that the. skin was ordinarily re-
moved soon after immersion. He showed that a
panel coated with a paint compounded of varnish
and cuprous thiocyanate did not release toxic into
sea water, but that by exposure to agitated or

flowing sea water the surface was unsealed and the
toxic was permitted to dissolve.

In recent investigations, the effects of a surface

skin, or a low surface concentration of toxic, have
been noted particularly in the case of hot plastic
paints. Here the skin is believed to be formed dur-

TABLE 1. Leaching Rates* of Hot Plastic Paints

Leaching Rate after Immersion in the Sea
Treatment
of Surface

None
Buffed
None
Buffed

o wk. 1 wk. 2 wks. 1 mo. 2 mos.

1. 7 9.2 13.4 17.5
33.9 14.3 10.3
2.8 20.9 16.1 9.4

48.3 19.3 12.9 12.3

* /Lg./cm.2/day

ing the solidification of the melt. It can be removed
by sandpapering or buffng, with consequent rise
in the initial leaching rate. Examples of low initial
leaching rates of hot plastic paints and the effect
of buffng are given in Table 1, which shows alsJ

that the normal leaching rate is regained rather
slowly by soaking in sea water. The abnormally
low initial leaching rate can be raised if the paint
is applied dissolved in a solvent instead of a melt
(without otherwise changing its composition).

That the surface skin on fresh coatings of hot
plastic paints is composed largely of the paraffn
which such paints contain is indicated by visual
examination and also by the wetting behavior of
the surface. The contact angle between water and
air at the paint surface (15) is about 1010, close to

that of paraffn (1), 1050. As a hot plastic paint is

soaked for several days in sea water, the contact
angle falls to about 150, representing a marked
improvement in the degree of wetting of the sur-
face (15).

In other cases, the surface skin of matrix seems
to be removed much more rapidly by sea water, so
that its presence is inferred only from an abnor-
mally low leaching rate for the first hour or so after
immersion. For example, Table 2 gives leaching
rates for paint 16X (containing cuprous oxide,

Celite, rosin, and Hercolyri) calculated for the
first and second hours of immersion. The leaching
rate is low at first, and almost doubles after one
hour's immersion. This behavior is characteristic
of paint 16X (as well as some cold plastics), sug-
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r l 1 LE 2. Leaching Rates * of Paint 16X
Cuprous Oxide Period

Sample Panel No. 0-1 hr.87 A 3287 B 2488 A 3288 B 30
* /Lg./cm.2/day

Period
1-2 hr.

80
62
46
SO

gesting that the Hercolyn-rosin mixture forms a
thin skin which is removed very soon after im-
mersion in sea water.

Signifcance of the Initial Leaching Rate
The leaching rate of a freshly exposed cuprous

oxide paint can be either abnormally high or ab-
normally low. If there is accumulation of toxic in
the surface, the initial leaching rate wil be high
and wil drop after the surface excess has dis-
solved. This is the interpretation of Curve A in
Figure 1 . If there is a surface skin of matrix, or an
abnormally low surface concentration of toxic, the
initial leaching rate wil be low and wil rise after
the skin has been removed, until a steady-state
rate is established. This is the interpretation of
Curve B in Figure 1.

When there is no toxic available for dissolution
except that originally exposed on the surface, the
behavior shown in Figure 2 is found. In general,
this may result either from a matrix which is in-
soluble, impermeable, and inerodible, or from an
extremely thin paint film in which there is only
one layer of toxic particles so that all of the toxic
present is exposed at the surface.

The transitory nature of the initial leaching rate
may be emphasized by noting the ratio of the
mass of surface-exposed toxic to the initial leaching
rate. This ratio gives the time the toxic would last
if the initial rate persisted. In the Vinylite paint
described in Figure 5, it is (57 ,ug.lcm.2)/(22

,ug./cm.2/day), or about 2 1/2 days. Clearly, the
original surface-exposed toxic is exhausted rapidly.
If, therefore, a paint is to continue to leach over a

period of months, it must do so through dissolution
of toxic particles deep in the interior of the paint.

The initial leaching rate is thus never a criterion
of the performance of a paint in service. However,
measurements of initial leaching rates are useful

for studying the phenomena of surface accumula-
tion and of matrix skin formation. Another pos-

sible application of initial leaching rate measure-

ments is in the testing of toxic samples; compara-
tive measurements of the rates of solution of
different lots of cuprous oxide may be made by
compounding them under carefully controlled con-
ditions in the same matrix.
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STEADY-STATE LEACHING RATES

After the first few weeks, in which rapid changes
in the leaching rate occur, the rate may either de-
crease gradually throughout a prolonged period of
immersion or may remain nearly constant. (See
Figure 3.) The term "Steady-state leaching rate"
may be applied to the condition which prevails
after the first few weeks of soaking in sea water,
although it is not always strictly true that no

change in rate is taking place.
The toxic originally exposed at the surface is

exhausted within a few days after immersion. If
the toxic in the interior is permanently locked up
in the matrix, there is no further leaching; the

steady-state leaching rate is zero. If, on the other

Class Two: Removal of toxic and matrix
By dissolution of the matrix
By bacterial action on the matrix
By mechanical erosion of the matrix

Before discussing the mechanisms in detail, it is
of interest to contrast the two general classes of

steady-state leaching by presenting data on the
changes in composition of paints over long periods
of soaking.

Changes in composition during soaking: If toxic
alone is removeq., the toxic content of the paint

film wil steadily decrease. Ideally, the loss of
weight of a unit area of paint film should be equal
to the loss of toxic, and the latter should be given
by the integral of the leaching rate over the soaking

TABLE 3. Changes in Composition of Vinylite Paints During 3 Months' Soaking in the Sea (15)
Cu,O, %

Original Composition, % Weight of
In Residual In Material Cu,O lost,

Paint No. Vinylite Rosin Celite Cu~O Paint Lost* p.g./cm.2

1 10 0 0 90 76 130 3,900
3 20 0 0 80 71 109 1,600
4 15 5 0 80 57 106 3,200
7 30 0 0 70 53 187 1,200
8 22.5 7.5 0 70 47 125 1,700

13 12.9 4.3 12.8 70 54 106 3,500
14 15 0 15 70 60 132 2,000
17 17.3 5.7 17 60 37 123 2,500
21 21.6 7.2 21.2 50 34 101 1,600

. Calculated by dierence.

hand, the toxic is made available for dissolution
from the interior of the paint, there is a finite
steady-state leaching rate, and its value at any

given time is proportional to the area of toxic ex-
posed at that moment.

The interpretation of steady-state leaching
rates, and their practical control in formulating
paints, depend upon an understanding of the
mechanism for release of toxic from the paint in-
terior. This is, in fact, the basic problem of anti-
fouling paint technology. There are five different
possible mechanisms of release which have been
discussed in the literature and studied in recent
investigations. There is evidence that different
mechanisms operate in different formulations.

The five mechanisms fall naturally into two
classes, depending on whether toxic alone is re-
moved from the paint in steady-state leaching,
leaving a residual skeleton of matrix, or whether
both toxic and matrix are removed, so that the
thickness of the paint film gradually diminishes.

The classification is as follows:
Class One: Removal of toxic alone

By diffusion through a permeable paint
By continuous contact of toxic particles

period. This relationship has been quantitatively
confirmed for accelerated extraction in the labora-
tory, but only qualitative confirmation can be ex-

pected for sea soaking, because of the formation of
surface deposits to be discussed below. If, on the
other hand, both toxic and matrix are removed in
the same proportions as they are compounded in
the original paint, the toxic content of the residual
paint film wil remain constant. It may decrease

slightly if a pa.-l of the matrix remains on the sur-
face or if the weight of the paint is increased by
deposit formation.

The data which follow are based on the change
of weight and copper content of paint films during
a period of soaking in the sea. The copper was cal-
culated as cuprous oxide, and the loss of matrix
was calculated as the difference between loss of
weight and loss of cuprous oxide.

The data recorded in Table 3 are from examples
of Class oriè paints, in which only toxic is re-
moved. Panels painted with formulations contain-
ing various amounts of cuprous oxide, Vinylite,
rosin, and Celite were immersed in the sea for
three months. The paints whose leaching rates are
shown in Figure 3a are selected from this group.



MECHANISM OF RELEASE OF TOXICS FROM PAINTS

Table 3 gives the original composition of each

paint, and also the cuprous oxide contents of the

residual paint after soaking and of the portion of
the paint which was lost in the sea.

The values for weight of cuprous oxide lost
show that extraction of toxic has extended past the
surface layer (which amounts to not more than
about 700 ,ug. per cm.2 for particles 1 micron in
radius), and therefore that dissolution is taking
place from the paint interior. The losses amount to
from one-third to one-half of the original paint
weights. The cuprous oxide content of the residual
paint is in every case much lower than that of the
original, showing preferential extraction of toxic.
The cuprous oxide content calculated for the mate-
rial lost is in every case at least 100 per cent, in-
dicating that cuprous oxide alone has been re-
moved. The values greater than 100 per cent are
probably occasioned by deposit formation, which
makes the weight loss appear to be less than the
loss of cuprous oxide. This is an example of Class
One steady-state leaching which involves the re-
moval of toxic alone.

The data presented in Table 4 are from examples

TABLE 4. Changes in Composition of Cold Plastic Paints
During 2 Months' Soaking in the Sea

Content of Ciio, %

In In In Total
Paint Original Residiial Material Weight Lost
No. Paint Paint Lost* ¡ig. percm.2
C2 1.4 1.4 1.2 1,300
C3 2.5 2.4 3.9 2,800
C6 15.6 13.6 30.7 2,300
C7 21.8 21.2 25.6 2,300
cio 40.5 39.9 45.6 2,000

* Calculate? by difference.

of Class Two paints, in which both toxic and
matrix are removed simultaneously (22). It repre-
sents a group of cold plastic paints containing

various amounts of cuprous oxide in which the
pigment volume was kept constant by substituting
magnesium silicate for the omitted toxic. The
paints whose leaching rates are shown in Figure 3b
are selected from this group. Painted panels were
immersed in the sea for two months. Table 4 gives
the cuprous oxide contents of the original paint,
the residual paint, and the material lost. The total
weight losses show that the dissolution has pene-

trated beyond the surface layer of toxic. The toxic
content of the residual paint and that of the mate-
rial lost (except for No. C6) are fairly close to the
original toxic content in each case. This is an
example of Class Two steady-state leaching which
involves the removal of both toxic and matrix in
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approximately the same proportions as II the

original paint composition.
A schematic diagram of the two classes of

steady-state leaching is shown in Figure 6. The
removal of toxic alone leaves a matrix skeleton
intact (B), whereas the removal of toxic and

matrix reduces the thickness of the paint layer
(D).

CLASS ONE
STEADY STATE LEACHING. BY
REMOVAL OF TOXIC ONLY

A. Freshly-Painted Surface

.
B. Steady-State Leaching

.

CLASS TWO
STEADY STATE LEACHING BY
REMOVAL OF TOXIC AND MATRIX

C. Freshly-Painted Surface

D. Steady-State LeachinCj

FIGURE 6. Schematic diagram of the two classes of mechanisms for
maintenance of steady-state leaching.

MECHANISMS OF CLASS ONE
LEACHING

Two possible mechanisms for removal of toxic
from the interior of the paint without loss of
matrix are: 1) the diffusion of dissolved toxic

through a permeable matrix, and 2) the dissolution
of toxic particles which are in continuous contact
throughout a paint fim.

Diffusion Through Permeable Matrices
Several writers (17, 28, 41) have assumed that

the mechanism of diffusion operates generally in
antifouling paints, and they have discussed its
theory. The hypothetical process involves the
permeation of water through the matrix into the
paint interior, the dissolution of toxic there, the

outward diffusion of dissolved toxic; and its re-
lease at the paint surface.

There is no doubt that films prepared from the
resins of which antifouling paint matrices are com-
posed are all permeable to water to some extent.
The rates of diffusion of water vapor through films
of various resins have been measured under condi-
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tlOns where a gradient of vapor pressure through
the film exists (4). For example, Young, Gerhardt,
and Schneider (40) measured the rates of water
permeabilty of several different resins commonly
used in paint matrices, and found values ranging
from 4 to 300 mg. per sq. in. per day on the basis
of a film one mil thick. Similar measurements by
Elm (9) gave values (on the basis of one mil thick-
ness) of 70 mg. per sq. in. per day for a film pre-
pared from a phenolic resin vehicle, and 210 for
one from an alkyd resin vehicle. These values were
diminished somewhat (of the order of a factor of
one-half) by incorporation of various pigments.

The operation of steady-state leaching through
permeation would presumably involve a quite
different sort of process from that studied in the
above experiments, however. Instead of diffusion
of water vapor along a concentration gradient, we
are concerned here with diffusion of salt ions. The
transfer of either water molecules or ions through
resinous fims is probably an activated process

(4, 8). It is interpreted as a successive migration

on a molecular scale through temporary local voids
in the resinous structure which open up from time
to time in the course of restricted thermal motions
of the resin macro-molecules. The larger the

migrating molecule, the greater the energy re-
quired to open a passage for it, and the frequency
of openings diminishes exponentially with the

energy. Since a hydrated salt ion such as the
cuprous chloride complex is considerably larger
than a water molecule, it might be expected to

diffuse more slowly than the latter. At any rate,
permeability to water vapor and permeabilty to
ions may be two very different considerations.

There are several sources of experimental evi-
dence that the permeabilty of some paint matrix

films to ions is very small.
Experiments at Woods Hole (5) showed that

films of 143E matrix, and of a similar cold plastic
matrix termed "rosin vehicle" by the Mare Island
Paint Laboratory, with a thickness of about 0.1

mm., were virtually impermeable to cupric
chloride and to cupric citrate. Solutions of these
salts at concentrations ranging from 10-3 M to
0.5 M were employed, the solution being placed
on one side of the film in each case, with sea water
on the other side. Tests conducted over a period
of a hundred days indicated that the rate of per-
meation, calculated in leaching rate units, was less
than 0.01 ,ug. per cm.2 per day. In other experi-

ments, surfaces painted with a cupric citrate paint
(which had the enormousJeaching rate of 1,300,ug.
per cm.2 per day) were covered with layers of

different types of matrix (143E, rosin vehicle,
Vinylite, and Vinylite-phenolic resin) and then
leached in sea water. The amounts of copper

liberated in 280 hours corresponded to leaching

rates of 0.1 ,ug. per cm.2 per day or less. It was
concluded that the permeabilities of these matrices
to cupric citrate and cupric chloride were quite

negligible.
Experiments reported by Elm (9) showed that a

film of a gray alkyd finishing paint can function as
a semipermeable membrane which is permeable to
water but impermeable to salt ions. In these
studies, glass panels were painted with a zinc
chromate primer (which contains water-soluble
electrolytes) and then covered with the finishing
paint. They were immersed for periods up to 35
days in water and in sodium chloride solutions. In
water, the paint imbibed considerable amounts of
fluid and blistered. In sodium chloride solutions,

the amount of fluid imbibed decreased progres-
sively with increasing concentration of salt. Thus
the paint system apparently acts as an osmotic

cell, in which the under side of the paint represents
a solution with high osmotic pressure, and the

outer film of alkyd finishing paint represents a
semipermeable membrane. When the outside of
the membrane is in contact with a solution of
lower osmotic pressure than that of the interior,
water is forced in. But if the osmotic pressure of

the outer solution is increased, the osmotic im-
balance is less and there is less imbibition. Elm
concluded that no sodium chloride penetrated to
the interior of the paint, and tliat no soluble

electrolytes from the primer escaped to the outer
solution; thus the outer film was apparently im-
permeable to salt ions.
On the other hand, Young, Gerhardt, and

Schneider (40) have reported that certain other
types of matrix, when employed in antifouling
paints, permit the leaching of toxic by diffusion
from the interior. Such matrices demonstrated

quite high permeabilties to water vapor; a corre-
lation between water vapor permeability and salt
ion permeability was inferred, although no direct
measurements are yet available to test this sug-
gestion.

It may be concluded that a paint matrix must
possess rather specialized properties in order to
permit steady-state leaching by diffusion of dis-
solved toxic through the paint film. Since some

matrices which are impermeable to ions can never-
theless be used successfully in antifouling paints,
it is clear that other mechanisms can operate to
maintain steady-state leaching.
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TABLE 5. Leaching Rates* of Vinylite-Cuprous Oxide Paints after Immersion in Sea Water for Various Periods

Composition by Weight Volume Leaching Rate after Soaking in the Sea
Fraction

Cu.o
0.65
0.45
0.33
0.24
0.12

Continuous Contact of Toxic Particles
The second possible mechanism for removal of

toxic from the interior of the paint without loss of
matrix is the consecutive dissolution of toxic

particles which are crowded together in con-
tinuous contact throughout the paint film. In this
process, whenever a particle is dissolved, another
is simultaneously uncovered beneath it. Even

though the substance of the matrix is quite im-
permeable, the leaching can proceed and toxic can
eventually be removed from deep in the interior
of the paint. As the toxic is dissolved, a tenuous

skeleton of the matrix substance remains on the
surface, with voids where the toxic particles were
previously located.

It is obvious that continuous contact of toxic

particles cannot be achieved by crowding them
together unless the proportion of toxic is very high.
Under these conditions, the paint may be expected
to be crumbly and noncoherent unless an ex-
tremely strong, tough binder is used. In practice,
the only matrices which have been used for success-
ful continuous contact paints have been composed
largely of synthetic high polymers, such as

Vinylite (polyvinyl chloride-polyvinyl acetate

BKNo.
1

3
7

30
31

CitiO %
90
80
70
60
40

Vinylite %
10
20
30
40
60

* ¡Lg.!cm?!day

copolymer) and polyvinyl butyral. With these
binding agents, strong and durable coatings con-

tainingas much as 90 per cent cuprous oxide by
weight have been prepared (38). The leaching be-
havior of such systems has several characteristic
aspects.

(1) Prolonged steady-state leaching in sea water
occurs only if the volume fraction of cuprous oxide
exceeds 0.3. This is shown in Table 5, which pre-
sents data for the leaching rates of five such paints
after immersion in the sea for various periods. A
graphical representation of these data has already
been given in Figure 3a.

(2) When such a paint is extracted in citrated
sea water (to prevent basic cupric carbonate

formation), only the toxic dissolves, and the
matrix is left behind as an intact skeleton. This is
demonstrated in Table 6, where the copper re-
covered in solution after such extraction, calcu-
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lated on the basis of cuprous oxide, is compared
with the gross loss in weight of the paint (16). The
two values are practically identical in each case.
The data are also plotted in Figure 7.

Recalling that the maximum amount of cuprous
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oxide in a single surface layer of toxic particles is
of the order of 1,000 ,ug. per cm.2, we can conclude
that the extraction has extended deep into the

interior of the paint. In fact, the paints after ex-

TABLE 6. Extraction of Continuous Contact Paints in Citrated
Sea Water. Toxic: Cuprous Oxide; Matrix: Vinylite-Rosin
Mixtures Extracted for 34 Days in Sea Water Containing

1 g. Sodium Citrate per Liter

Cuprous Oxide

%in Recovered
Paint in Total

% Vinylite before Volume Solution Weight Loss
in Matrix Extraction Fraction ¡Lg./ cm. 2 ¡Lg.!cm.2

50 90 0.65 8,000 7,900
50 85 0.54 6,400 6,700
50 80 0.45 4,600 5,300
50 75 0.38 4,200 4,600
50 70 0.33 3,100 3,500
75 90 0.65 7,000 ti,800
75 85 0.54 6,600 6,600
75 80 0.45 4,100 4,100
75 75 0.38 3,700 3,700
75 70 0.33 2,300 2,500
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FIGURE "8. Loss in weight of Vinylite paints after 3 months' inuersion in

the sea, plotted against loss of cuprous oxide as determined by analysis.

traction were visibly bleached, the áriginal bright
red having paled to pink or gray, and it was clearly
apparent that only a skeleton of exhausted matrix
remained. In general, the higher the original pro-
portion of toxic, the more complete the bleaching
appeared to be.

(3) When such a paint is leached in the open
sea for a prolonged period, there is again a close

agreement between the loss in weight and the loss
of cuprous oxide as determined by analysis. In
Figure 8, these two. quantities are plotted against
each other for a series of paints compounded of
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FIGURE 9. Change in leaching rate of Vinylite paints during extraction of toxic'
Figures op.posite curves refer to the volume fractions of cuprous oxide in the
paints.

cuprous oxide, Celite, Vinylite, and rosin (18).
The agreement is not quite so close as when cIt-
rated sea water is used as a solvent as in Figure 7,
but it indicates clearly that only the cuprous oxide
is dissolving.

(4) When the leaching rate of such a paint is
measured in ordinary sea water, after various
periods of extraction in cItrated sea water, it is
found to decrease gradually with the time of ex-
traction (Fig. 9). The drop in leaching rate is quite
slow when the original volume fraction is 0.45
(80 per cent by weight); more rapid when it is
0.33 (70 per cent by weight); and very sudden

when it is 0.24 (60 per cent by weight). This be-

FIGURE 10. Hexagonal close packing of spheres (after W. L. Bragg,
"The Crystallne State").

havior presumably reflects different degrees of
perfection in the mutual contact of the toxic
particles (13, 16).

To explain the concept of the degree of perfec-
tion of contact of particles, we shall consider first a
hexagonal close-packed arrangement of spheres

(Fig. 10). Here each particle touches twelve
others and there is a complete chain of contacts

throughout the structure; in other words, the
mutual contact is perfect, and the probabilty that
a given particle (for example, one on the surface)
touches another is unity. In this system, the

volume fraction occupied by the particles is 0.74.
There are numerous other looser systems of pack-
ing spheres which afford continuous contact at
lower volume fractions (25). For a cuprous-oxide

Vinylite system, a volume fraction of 0.74 corre-
sponds to 93 per cent of cuprous oxide by weight,

and this should be the maximum amount that
could be compounded if the particles were spheri-
caL. Actually, of course, the particles have irregular

shapes and vary in size.
In practice, the proportion of cuprous oxide is

never as high as 93 per cent, so that its volume
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fraction is always less than 0.74. The structure
is, therefore, not so closely packed as in Figure 10,
and the particles may fail to make contact here
and there; on the average, the probability that a
given particle touches another is less than unity.
If the number of particles exposed on the surface is
N, and the probability that anyone particle
touches another is p, then the number of particles
buried in the matrix which are in contact with

surface particles is pN and, the number stil deeper
which are in contact with the latter is p2N. In
general, and speaking approximately, progressing
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unity may account for limited toxic extractability
and hence limited paint life, and how very small
differences in this probability may result in large
differences in paint behavior.

An estimate may also be made of the depth to
which extraction proceeds before the leaching

rate falls below the critical antifouling value of
10 ,ug./cm.2/day. In Figure 9 this point is reached
for a toxic volume fraction of 0.45 after 4.700
,ug./cm.2 of toxic have been extracted. The number
of "layers" penetrated can be found by solving

the sum given in the preceding paragraph for n.

TABLE 7. Leaching Rates of Paints Containing Various Amounts of Cuprous Oxide and Celite in Vinylite

Paint Compo Weight % CivO Copper Leaching Rates after Soaking (¡.g./cm.2/day) Total Cu
Volume Leached

V inylite Cu20 Celite Fraction 8 wks. 12 wks. 16 wks. 20 '/,ks. 24 wks. mg'¡cm.2
10 90 0.65 61 29 20 14 9 2.7
20 80 0.45 39 23 17 11 8 2.1
30 70 0.33 16 9 7 5 3 0.9
40 60 0.24 2 1 0.1
60 40 0.12 2 1 0.1

15 70 15 0.40 33 17 10 8 5 1.5
20 60 20 0.30 16 10 6 5 3 0.8
25 50 25 0.22 7 6 3 2 2 0.4

.. Calculated by integration ofleaching rate-time curve, assuming a linear change between each pair of measurements.

into the paint film layer by layer, at a depth of n
layers of particles the number of those which
touch a chain of contacts reaching the surface is
N r. The others are isolated by being walled off
by the matrix. Since p is less than unity, r

decreases with increasing n. Thus, the deeper we
progress into the paint, the fewer particles are
connected by contact chains with the surface, and
the more particles are isolated.

The weight of extractable toxic in n subsurface
"layers" of paint, plus the surface layer, is roughly

, given by dpvi(1+p+p2+ . . .+r), where d is the
average particle diameter, p the density of the

toxic, and Vi its volume fraction in the paint. The
series converges for infinite n, giving dpV1/ (1- p).

It follows that only a limited amount of toxic can
be dissolved from a paint with the postulated

structure, no matter how long the extraction is
continued. The data of Figure 9 suggest that this is
indeed the case. The maximum extractable toxic
may be estimated by extrapolating these data to
zero leaching rate; it ranges from 1,500 ,ug./cm.2 at

VI = 0.24 to 5,000 ,ug./ cm.2 at VI = 0.45. The corre-
sponding values of p, the contact probabilty,

can be calculated from the above equation, taking
"

d = 2 microns and p = 6 g. / cm. 3 The results are
p = 0.81 at a volume fraction of 0.24, and p = 0.89
at a volume fraction of 0.45. This indicates how
contact probabilities of only a little less than

In this case, n = 25, so that the depth is 50 microns,
or about 2 mils. According to the theory, the paint
film need be no thicker than this critical extraction
depth; any additional thickness is wasted.

EFFECT OF NONTOXIC PIGMENTS

The above discussion has shown that it is the
volume, rather than the weight fraction, of toxic
pigment which determines the value of the leach-
ing rates of paints formulated with insoluble

matrices. Additional evidence that this is the case
is provided by experiments with nontoxic pig-
ments (20).

Young, Schneider and Seagren (41) have shown
that the substitution of an inert pigment for an
equal weight of matrix improves the antifouling
effectiveness of copper paints. The effect of sub-
stituting Celite, weight for weight, for part of the
matrix of paints formulated with Vinylite and

cuprous oxide is shown in Table 7. This sort of
substitution increases the volume fraction occupied
by the cuprous oxide in the dry film. For example,
the two paints containing 70 per cent cuprous

oxide by weight have cuprous 'oxide volume frac-
tions of 0.33 for the paint without Celite, and of
0.40 for the paint to which Celite has been added.
This results because the Celite is denser, and thus
occupies less space, than the Vinylite which it

replaces.
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The leaching rates of the paints containing

Celite are greater than those of the paints contain-
ing the same weight proportion of cuprous oxide

without Celite. When compared, as in Figure 11,
on the basis of the volume occupied by the

cuprous oxide, however, the presence or absence

of Celite appears to have a negligible effect.
Additional examples which demonstrate this same
effect are given in Chapter 19.

Young, Schneider, and Seagren (41) interpreted
their results on the basis of an increase in the
permeabilty of the paint. Our results, which are
in agreement with theirs, can be explained as an
increase in the probabilty of continuous contact

of toxic particles, since the volume occupied by
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FIGUl 11. The average leaching rates related to the volume fraction of Cu,o
of Vinylite paints. 0 Paints containing Celite; the weight per cent of CelIte is
given for each paint; . Paints containing no Celite.

the toxic in the dry paint film is increased by the
substitution of the nontoxic pigment. This permits
considerable latitude in developing a paint with
the most effective total pigment loading, since
equivalent results wil be obtaine.d if the toxic
pigment volume is kept unchanged.

Table 8 shows examples of the variations in a
paint formula of the composition shown in For-

mula A resulting from the addition of nontoxic
pigment in a variety of ways. The substitution
in Formula B of the nontoxic pigment for half
of the matrix on an equal weight basis results in an
increase of the volume fraction occupied by the
toxic pigment from 0.33 to 0.39. The total pigment
volume is simultaneously increased from 0.33 to
0.59. The amount by which the toxic pigment
volume is increased by this addition of inerts is
equivalent to increasing the weight proportion of
cuprous oxide from 70 per cent to 75 per cent as

in Formula C. Conversely, if it is desired to keep
the toxic pigment volume unchanged, but to
increase the total pigment fraction to 0.59, as in
Formula D, the weight of cuprous oxide required
is redùced from 70 per cent to 63 per cent. For
comparison, Formula E is given. This composition
results when enough nontoxic pigment is added to
the entire paint to make the total pigment volume
59 per cent. Both the weight and volume fractions
of the toxic and matrix are reduced, and the re-
sulting paint may be expected to give inadequate
results.

TABLE 8. Effect of Adding an Inert Pigment (20.0 lb./gal.) in
Paint Consisting only of Cuprous Oxide (48.2 lb./gal.)

and Matrix (10.0 lb./gal.)
A B
30 15
70 70
o 15

Matrix wt. %
Cu20 wt. %
Inert Pigment wt. %

C

25
75
o

E
19
46
35

D
16
63
21

Matrix voL. fraction .67 .41 .61 .41 .41
Cu20 voL. fraction .33 .39 .39 .33 .21
Inert Pigment voL. fraction 0 .20 0 .26 .38

Total Pigment voL. fraction .33 .59 .39 .59 .59

MECHANISMS OF .CLASS TWO
LEACHING

The matrix as well as the toxic may be lost from
the paint, thus making available the stores of toxic
in the interior of the paint film. Three possible

mechanisms by which this may take place are: 1)
by dissolution of the matrix, 2) by bacterial action
on the matrix, and 3) by mechanical erosion of

the matrix.
Some evidence that paints may lose both toxic

and matrix simultaneously has been given on

page 283. This was based on analyses of the dry
paint film before and after a period of immersion
in the sea. Additional direct evidence that steady-
state leaching can progress in this way is afforded
by measurements of the change in thickness of a
paint film during prolonged exposure.

In one such case a formulation containing
cuprous oxide, Celite, rosin, and Hercolyn was
modified by the substitution of different plasti-
cizers for the Hercolyn and by the addition of
various tougheners (modifications of Navy Speci-
fication 52-P-61). When these paints were exposed
at Miami Beach, Florida, the thickness was found
to decrease at first, then to increase, then to de-
crease at a slow rate which was usually steady

after three months' immersion. The copper leach-
ing rate can be calculated from the decrease in

thickness during this latter period on the assump-
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tion that the loss in thickness represents a simul-

taneous dissolution of matrix and toxic in the

proportions in which they are present in the orig-
inal paint fim. The leaching rates of copper were

also measured directly during this period. The
rates determined by these two methods are com-
pared in Figure 12. Although the correlation is not
exact, the agreement is suffciently clear to warrant
the conclusion that steady-state leaching is taking
place by simultaneous removal of toxic and

matrix and consequent recession of the paint
surface.

Matrix Dissolution
The simplest steady-state leaching mechanism

of the second class-i.e., involving removal of

both toxic and matrix-is the simultaneous dissolu-

tion of both components (21). For this to be
achieved, the matrix, like the toxic, must be soluble
in sea water, and its rate of solution must be care-
fully controlled.

EVIDENCE OF MATRIX DISSOLUTION

There are several sources of evidence that this
mechanism operates in many successful anti-
fouling paints. These depend on measurements of
the solubilty of matrix ingredients, and on studies

of extractions of paint in solutions which accelerate
the dissolution of the toxic, of the matrix, or of

both.
Solubilities of matrix ingredients: A common

ingredient of antifouling paints is rosin, a mixture
of isomeric resin acids, one of which is abietic
acid, together with small amounts of neutral
compounds. These acids, while insoluble in
water, dissolve in alkali with formation of the
corresponding salts. They have appreciable solu-
bilities even at the very mildly alkaline reaction
of sea water (pH 8.1).

Darsie (7) showed that thin rosin fibers were
slowly consumed in sterile sea water, and rates
of solution calculated from his measurements are
of the order of 100 ,ug./cm.2/day. Substantial solu-

bilities, of several hundred micrograms per cc. at
the pH of sea water, have been found (35) .for
WW and W G rosin and for the cruder grades of K
rosin, Belro resin, and Vinsol; and somewhat
smaller solubilities for certain acidic rosin deriva-
tives, such as Staybelite (a hydrogenated rosin)
an.d Poly-Pale resin (a dimerized rosin). In the

case of WW rosin and abietic acid, the solubilties
were found to be proportional to the hydroxyl
ion concentrations, as would be expected if a
soluble salt is formed. All the neutral resins
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FIGURE 12. Leaching rate calculated from rate of decrease in thickness, plotted
against average measured leaching rates, for modified cold plastic paints.

which have been studied, however, including ester
gum (a glycerol ester of rosin), Hercolyn (a
hydrogenated methyl ester of rosin), copper resin-
ate, and Pentalyns M and G (modified pen-
taerythritol esters of rosin), have negligible solu-

bilities at mildly alkaline reactions.
Studies of the rate of solution of matrix ingredi-

ents in sea water and in buffer solutions, described
in Chapter 17, have afforded the following infor-
mation on matrix dissolution:

1. The rosin dissolved from a coated panel

agitated in sea water is of the order of several

hundred micrograms per square centimeter over
a 24-hour period. The rate of solution is not
constant, however, but gradually decreases with

time.
2. The rate of solution of rosin increases with

preliminary aging of the film in air, owing pre-

sumably to oxidation with the formation of more
highly soluble products.

3. The presence of calcium and magnesium ions
in buffer solutions, and in sea water, decreases the
rate of solution of rosin, owing presumably to
chemical combination.

4. The rate of solution of an acidic resin is
decreased by the incorporation of neutral resin.
'Complicated phase relationships in mixtures make
it necessary to study each binary system individ-
ually to determine the dependence of solution rate
on composition.

It was also found that the matrices of certain

antifouling paints, compounded with all ingredi-
ents present except the pigments, dissolved in sea
water at measurable rates. For example, the
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FIGURE 13. Surface exhaustion of cold plastic paint (143E) by extraction
in sea water acidified to pH 4.

matrix of the cold plastic paint 143E dissolved in

running sea water at a rate of about 100,ug./cm.2

/day (14).
Successive extractions of paint in acid and in sea

water: Having cited the evidence that certain
ingredients of paint matrices are soluble, we shall

now describe experiments which indicate how this
is related to the maintenance of steady-state

leaching.
Panels coated with the cold plastic paint 143E

were treated with sea water acidified to pH 4 with
hydrochloric acid. Under this condition, the sur-
face-exposed cuprous oxide is rapidly dissolved,
whereas the solubility of the acidic matrix com-
ponents is negligible. Accordingly, surface ex-
haustion of the toxic takes place, just as in the

TABLE 9. Recovery of the Steady State Leaching Rate of Paint
143E After the Removal of Various Amounts of Surface

Toxic in Sea Water Acidified to pH 4
Leaching Rate, ¡Lg./cm.2/day, After

Soaking in Sea Water forDays in
Sea Water
atpH4

1

2
3
4
5
7
8
9

CuÛ
Removed
¡Lg./cm.2

41
64
74
83

116
153
172
172

Ihr.a 4hr.b 24hr.c
2.2 4.7 14.1
4.9 8.9 14.5
2.5 8.1 12.5
4.0 5.6 12.7
1. 7 3.4
0 2.0 11.5
1. 7 2.2 10.8
0 2.7 12.0

a Calculated on the basis of 1 hour leaching.
b Calculated on the basis of 4 hours' leaching.
C Running sea water; calculated on thè basis of 4 hours' leaching.

insoluble Vinylite paints described on page 280.

Leaching rates, measured in ordinary sea water
after varying periods of acid extraction, are
plotted against the amount of toxic removed, in
Figure 13. The resulting curve is similar to those
which describe the surface exhaustion of Vinylite
paints in sea water (Fig. 5). The leaching rate

becomes zero after 240 ,ug. cuprous oxide per sq.
cm. have been removed. This is the right order
of magnitude for the quantity of surface-exposed

toxic on a freshly-painted surface. Clearly, only

the surface toxic has been dissolved, and the mech-
anism which normally operates in the sea to main-
tain leaching from the interior of the paint film
has not functioned in the acidified solution.

However, after the surface toxic has been ex-
hausted, the ability of this paint to leach at an
adequate rate can be rapidly restored by soaking
in sea water. Panels which had been leached in
the acid sea water (pH 4) were rinsed and returned
to normal sea water, and the leaching rates meas-
ured after various times. The results of this experi-
ment are given in Table 9. The leaching rates of
all of the panels increased during the first four
hours of soaking in sea water, and all had reached
values between 10.8 and 14.5 ,ug/cm.2/day by the
end of 24 hours in sea water.

It is apparent that the exhausted surface has

been regenerated by sea water soaking; a new

layer of cuprous oxide particles has presumably
been uncovered by removing the layer of matrix
which remained after the acid treatment. The
removal might be attributed either to the solvent
action of sea water or to its erosive action in

flowing past the surface. Actually, experiments on
erosion, described below, indicate that mechanical
action is of minor importance, while the significance
of dissolution is shown by the following experi-
ments on regeneration in alkaline solution.

Successive extractions of paint in acid sea water

and in alkaline tap water: In a procedure developed
by the Mare Island investigators (26), freshly
painted panels are first extracted in acidified sea
water as described above, and then in tap water

adjusted with sodium hydroxide to pH 11.5, the
leaching rate being measured after each extraction.
The acid treatment is carried out for 3 days, in 3
successive changes of solvent, and results in a

marked diminution of the leaching rate, attributa-
ble to surface exhaustion. The alkaline treatmentjs
carried out for only 3 hours, and results in a sub-
stantial increase in the leaching rate (Tables 10
and 11). Evidently a new layer of cuprous oxide

particles is uncovered by removal of matrix; the
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rapid regeneration produced by raising the pH
of the solvent indicates that the process is one of

matrix dissolution.
It is significant that most of those paint formu-

lations which do not maintain adequate steady-
state leaching rates in service and do not satisfac-
torily prevent fouling are not regenerated by the
alkaline treatment described above. Such unsatis-
factory paints, once exhausted of surface toxic ,
retain their low leaching rates after extraction in
alkaline tap water. The correlation between

alkaline regeneration and the ability to maintain
steady-state leaching in service, as found in the
studies of the Mare Island Paint Laboratory, is
further evidence that steady-state leaching, in
those paints in which both toxic and matrix are
lost, depends primarily upon the solubility of the
matrix in a slightly basic solution.

Extractions oj paint in glycine: The Mare Island
toxic regeneration test described above depends
upon two successive extractions: first, of toxic,
under conditions where the solubility of toxic
is enhanced and that of the matrix suppressed;

and, second, of matrix, under conditions where

the solubility of the matrix is enhanced and that
of the toxic suppressed. It is also possible to ex-
tract a paint under conditions where the solubilities
of both phases of the paint are high. Alkaline
solutions of sodium glycinate and sodium chloride
serve this purpose (19, 23). The resin acids are
held in solution by the alkaline buffer and the

copper is dissolved as a cupric glycinate complex
ion. In such a solvent (0.025 M sodium glycinate
0.48 sodium chloride, pH 10.5), paints dissolv~
approximately a hundred times as fast as in
steady-state leaching in the sea, until several

thousand micrograms of cuprous oxide per square
centimeter have been removed. The leaching thus
extends deep into the body of the paint. When
the glycine extract is acidified and extracted with
ether, substantial quantities of resins are recovered
showing that the matrix has dissolved along with

the toxic as the leaching proceeds. Some examples
of the amounts of toxic and matrix dissolved by

this procedure are shown in Table 12. The figures
s~ow that substantial thicknesses of paint, many
times the diameter of a toxic particle, have been
removed by the treatment. The proportion of
cuprous oxide to acid resin dissolved is close to
their original proportion in the paint, indicating
simultaneous dissolution.

Just as in the case of the alkaline regeneration

test, there is a correlation with paint performance
in service; most paints which do not maintain

291

TABLE 10. Recovery of Leaching Rate of Surface-Exhausted
Paint by Extraction in Alkaline Tap Water

Leaching Rate in Sea Water, ¡.g./cm.'/day"

Paint I nitia£b
After Acid After Alkaline
Treatment Treatment

143E 40 1.5 24.0
42-3 40 2.5 47.5
42-3A 38 1.5 22.2
16X 30 14.7 24.5

"Agitation by standard bubbling.
b Representative values from measurements on other panels.

TABLE 11. Recovery of Leaching Rate of Surface-Exhausted
Paint by Extraction in Alkaline Tap Water

¡.g. Cu per cc. Dissolved in 2 Hours"

Paint
143E
142D
145
16X

After Acid
Treatment

0.2
0.2
0.2
0.5

After Alkaline
Treatment

1.2
0.8
1.0
1.5

" Agitation by rotation of panel at 100 r.p.m.

adequate steady-state leaching rates in service do
not undergo rapid dissolution in the glycine buffer.
The utility of the glycine solution in accelerated
testing procedures is discussed in Chapter 20. It

suffces here to point out that the correlation

between rate of solution in alkaline glycine and
maintenance of steady-state leaching in the sea
affords further excellent evidence that the latter

phenomenon depends upon the solubilty of the
matrix in a slightly alkaline solution.

To sum up, we have the following evidence
that many antifouling paints of Class Two, which,
as shown in Table 4, lose toxic and matrix simul-
taneously in the same proportions in which they
are originally compounded, maintain steady-state
leaching rates by dissolution of the matrix: (1)

the acidic ingredients which are present in most
antifouling paint matrices have substantial solu-
bilties in sea water, and the matrices themselves
can' dissolve at rates which are of the order of

magnitude of leaching rates; (2) the mechanism
which maintains steady-state leaching in normal
sea water does not operate in acidified sea water,

TABLE 12. Dissolution of Both Toxic and Matrix in Alkaline
Glycine Solutions (3 Days in 0.025 M Sodium Glycinate

0.48 M Sodium Chloride, pH 10.5) ,

Ratio of Amounts Dissolved,
Cuprous ¡.g./cm.'
Oxide to
Rosin in
Paint
1.20
2.00
2.50
2.50

Paint
143"
16X"
WGb
Eb

Copper
as Cu,O
4,480
4,500
3,160
4,600

Ratio
1.21
1.9!l
2.16
2.34

Acid
Resins
3,710
2,370
1,460
1,970

a Averages of five determinations.
b Averages of four deternñnations.
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but is restored after the paint is returned to normal
sea water, and is rapidly regained by treatment
with a dilute alkaline solution; (3) the entire
process of steady-state leaching is enormously

acc.elerated in an alkaline solution of glycine, in

which the amounts of copper and acid resin
dissolved are roughly in the same proportions as
those in the paint; (4) neither the regeneration in

dilute alkaline solution nor the acceleration in

alkaline glycine solution is operative for most
paints which do not in practice maintain adequate
steady-state leaching rates in service.

SIMPLIFIED THEORY OF STEADY-STATE LEACHING
BY MATRIX DISSOLUTION

If a steady-state of leaching is attained in which
the dissolution of toxic and the dissolution of

~'-~=~ ~.. ~ =~ =-=~ c: ~~c:=
c: ~ c:~~ oic=

FIGURE 14. Schematic diagram of steady-state leaching by matrix dissolution

matrix keep pace with each other, the rates at
which they are lost from the paint must be
proportional to their weight fractions in the mix-
ture; thus the following equation must be fulfilled:

L1/L2=wi!W2 (2)
wher~ L1 and L2 are the leaching rates of toxic and
matrix, respectively, and Wi and W2 are their
weight fractions in the paint.1 This equation is
independent of any assumptions concerning the

mechanism of dissolution or the geometrical

details of the simultaneous exposure of both toxic
and matrix.

Now, each leaching rate is a product of an in-
trinsic rate of solution and the ratio of the area
exposed to the area considered as a plane. Thus,
as previously stated in equation (1),

a
Li = k -

A

where k is the intrinsic rate of solution of cuprous
oxide and a is the actual area of toxic exposed on
a paint surface of area A (considered as a plane).

Similarly, for the matrix,

1 If the toxic is cuprous oxide, Li is expressed in terms of cuprous oxide notcopper. ~

a.
L2 = R2 ~

A
(3)

(1)

where R2 is the intrinsic rate of solution of the
matrix, and a2 is the area exposed. The meaning
of these areas may be clarified by reference to
Figure 14.

If the assumption be made that toxic particles
are disposed randomly, as shown in Figure 14

and the matrix surface is a plane intersecting them:
~hen ad A (neglecting exposed matrix in the pits)
is calculated to be equal to V2, the volume fraction
of matrix.2 By combining with equations (2) and
(3), we obtain L1=wiR2vdw2 (4)
which is a theoretical expression for the steady-
state leaching rate controlled entirely by matrix
dissolution.

The intrinsic rate of solution of the toxic does
not enter into this expression. Qualitatively, this

result would be expected when the matrix dissolves
much more slowly than the toxic, and therefore
solely determines the over-all solution rate. In
the hypothetical case of an insoluble "toxic" the,

scheme on which equation (4) is derived provides
for the undermining of the toxic particles, which
then drop off as the matrix recedes. In this case
equation (2) would still be fulfilled, but the "toxic';
would not pass into solution and therefore would
not contribute to antifouling action.

Equation (4) is based on an oversimplification
of steady-state leaching and neglects several

complicating factors which wil be introduced
later. However, it is useful for ilustrating the
principles of simultaneous dissolution.

Evaluation of the intrinsic rate of solution of
matrix from toxic leaching rate data: If the steady-
state toxic leaching rate and the paint composition
are known, then the intrinsic rate of solution of the
matrix under steady-state conditions can be calcu-
l~ted from equation (4). For example, Table 13

gives these data for a series of cold plastic paints
containing different amounts of cuprous oxide
made up in the same matrix, the pigment volume
fraction being kept constant at 0.12 by replacing

cuprous oxide by magnesium silicate. The calcu-
lated values for the intrinsic leaching rate of the
matrix are about 40 ,ug./cm.2/day, which is cer-
tainly the right order of magnitude, a value of

t
r

2 The e~osed m~trix area is taken as the area, A, of the plane surface in Fig-
ure 14, mmus the qrcles cut out by intersections with toxic particles. The sum of
the latter areas, assuming random distribution of particles (N per unit volume) is. '

,,NA J, (2rz-z2)dz 
=f 

"raNA =viA.

The matrix area is, therefore, a2=A -viA ='D2A.
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TABLE 13. Steady-State Leaching Rates of Cold Plastic Paints
Average

Leaching Rate
¡.g./cm.2/day R2, Calc.

2-5 mos. ¡.g.jcm.2/day
2.2 464.3 44
6.9 399.2 36
11 .3 35
12.7 31

Paint
No.
4
5
6
7
8
9

Wi

0.04
0.08
0.14
0.20
0.24
0.30

W2

0.74
0.72
0.70
0.68
0.66
0.64

about 100 having been obtained for the pure
matrix (page 289). However, the fact that R2 is
not constant for the entire series indicates that the
oversimplified theory is not strictly applicable.

Estimation of requisite matrix dissolution rates:
From equation (4), an indication may be obtained
of the matrix dissolution rate which is required

to maintain an adequate toxic leaching rate in a
paint of given composition. For example, in a

cuprous oxide paint, in a matrix whose density is
1.25, the intrinsic matrix solution rates required
to maintain a toxic leaching rate of 10 are given
in Table 14 for various toxic loadings. The required
value decreases rapidly with increase in loading

and becomes very small as the proportion of
cuprous oxide approaches that required for con-

tinuous contact (page 285). The table also shows

that the weight of paint per unit area, and the

thickness, required for a life of one year decrease
rapidly with increasing loading with cuprous oxide.

Several other relationships follow from the over-
simplified equation (4) and are worth pointing
out:

(1) For constant loading, the leaching rate is
directly proportional to the intrinsic solution rate
of the matrix.

(2) If the utilization effciency of the paint be
defined as the ratio of the minimum effective
leaching rate (10 ,ug./cm.2/day) to the actual leach-
ing rate, then this effciency is inversely propor-

tional to the intrinsic solution rate of the matrix.
(3) The thickness of paint film required for a

given life, e.g., one year, is directly proportional
to the intrinsic solution rate and is independent
of the proportion of toxic present. When the toxic
loading is high, more toxic is wasted, to be sure,
and a greater weight per unit area must be ap-
plied; but owing to the higher density of the toxic,
the thickness of the film is exactly the same as
for low loadings.

It is clear from these relationships that the

adjustment of the intrinsic solution rate of the
matrix is of the greatest importance in com-

pounding an antifouling paint which is effective
and yet does not waste too much toxic.

With this background of simplified theory for
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TABLE 14. Intrinsic Matrix Dissolution Rates Required to
Maintain a Copper Leaching Rate of 10 ¡.g./cm.2/day,

Calculated from Equation (4)

Matrix Weight per Unit
Solution Area Required
Rate for Life of

Required 1 Year, ¡.g./cm.2
92 36,000
42 18,000
25 12,000
17 9,000
12 7,0009 6,0006 5,000

Weight per
cent of

Cuprous
Oxide

10
20
30
40
50
60
70

Thickness
Required

for Life of
1 Year, mil

10
5
3
2
1
1

1

simultaneous dissolution of toxic and matrix, we
shall now proceed to a description of further ex-
periments which require a somewhat more compli-
cated interpretation.

MEASUREMENTS OF SIMULTANEOUS LOSSES OF TOX-
IC AND MATRIX IN STEADY-STATE LEACHING

The dissolution of toxic and of matrix during
immersion of an antifouling paint in the sea for a
prolonged period can be followed by total analysis
of the paint film, sampled at different intervals.
Examples of this type of experiment have already
been given on page 282, to show the contrast
between the two general classes of steady-state
leaching mechanisms. Further studies are now

describe5i to show in how far the simplified theory
of matrix dissolution is applicable to actual paint

systems. The loss of matrix is, as before, taken as
the difference between' the total loss of weight

and the loss of toxic.
If equation (4) is fulfilled at all times, even

though the leaching rates of both toxic and

matrix may change with time, over the time inter-
val !Jt the following relation phould hold:

(lj Tjljt) jWi = (ljMjti)jW2 (5)
where !JT and !JM are the quantities of toxic and
matrix, respectively, dissolved during the interval
M.

Results for a series of paints made up with
cuprous oxide, rosin, and various amounts of
different neutral resins (Hercolyn, ester gum, and
copper resin ate) are given in Table 15. Here

values of (!JT/!Jt)/w1 and (!JM/!Jt)/w2 have been
calculated for the period from the fourth to the
eighth or twelfth week of immersion in the sea.

In every case, the value of (!JT/!Jt)/w1 is greater
than that of (!JM/!Jt)/w2, showing that toxic has

been lost in excess of its proportion in the paint.
In fact, in several cases there has actually been a
gain in the weight of matrix over the interval
specified. There are two possible interpretations
for this phenomenon. First, chemical reaction of
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the matrix or toxic with sea water may form a
deposit on the paint surface whose additional

weight causes the figure for matrix loss to appear
too smalL. Second, the soluble components of the
matrix (acid resins) may dissolve out, leaving an
accumulation of the insoluble components on the
paint surface.

Both of these two possible effects may occur.
Their respective contributions cannot be dis-
tinguished without further analysis, but the total
weight per unit area of matrix and/or deposit

accumulation can be calculated and is given in
the table. It is of considerable magnitude, often

the dissolution underneath. The lag between dis-
solution of the soluble and erosion of the insoluble

ingredients should depend upon the mechanical
characteristics of the latter.

Actually, both these effects are clearly evident
in the behavior of matrix films in the absence of

toxics (Chapter 17). The calcium and magnesium
in sea water combine with acidic resins to form
surface deposits which depress the rate of solution.
In a mixture of acidic with neutral resins, the rate
of solution of the acidic resin is lowered, to an
extent which appears to depend on the mechanical
properties of the neutral component-the higher

TABLE 15. Simultaneous Loss of Toxic and Matrix

!:T / !:t !:M / !:t
Matrix T otat

% Total Neutral Interval of Accumulation Weight Lost
Neutral Resin Added Resin* Immersion, weeks Wi W2 p.g./ cm. 2 p.g./cm.2
Ester Gum 25 4-8 45 32 230 1,030

30 4-8 24 -4** 500 170
Copper Resinate 14 4-8 70 36 610 1,371

18 4-8 114 60 970 2,220
Hercolyn 13 4-12 20 6 500 615

18 4-12 25 12 470 935
24 4-12 17 -3** 720 228
29 4-12 8 -1** 320 126
36 4-12 15 6 750 516

* Including neutral material present in the rosin.
** Apparent gain in matrix.

exceeding the total loss in weight during the

in terval of immersion.
Many other measurements of this sort have

shown that, in the simultaneous dissolution of

toxic and matrix, the amount of dissolved matrix
as calculated by difference is almost always less
than specified by the simple theoretical relation
of equation (2).

FACTORS MODIFYING'THE SIMPLIFIED THEORY

If an insoluble deposit is formed on the paint
surface as a "result of reaction of sea salts with
certain ingredients of either toxic or matrix

phases, the rates of solution of both toxic and
matrix may be slowed down. In the end, a steady-
state may be ach-Ieved in which the leaching rate
is determined by the rates of formation of deposit
and of its removal by erosion, as well as by the
rate of solution of the matrix.

Similarly, if a portion of the matrix is insoluble
and is left behind as a surface accumulation

after the soluble matrix components have dissolved
away, this accumulation wil impede the dissolu-
tion of both the toxic and the soluble part of the

matrix. The depth of surface accumulation would
be expected to increase with time, but in the end

a steady state might be reached in which erosion

of the insoluble material would keep pace with

its viscosity, the greater its impeding effect.
It is not possible at present to make any

quantitative theoretical description of the effects

of surface deposits or accumulation of insoluble
matrix materials on steady-state leaching. How-
ever, in a qualitative way, studies of these phe-

nomena with films of pure matrix, as described
in Chapter 17, can be applied to the interpretation
of the more complicated paint systems which con-
tain both matrix and toxic.

The initial anomalies in leaching for which the
toxic is responsible are eliminated within a few
days after immersion in the sea, since the toxic
originally -txposed on the surface is dissolved

within this period. In practice, however, the leach-
ing rate of a paint may undergo considerable

change for a period of several weeks, before settling
down to a relatively constant value. These changes
are attributable to the matrix, and probably rep-
resent the approach to a steady state with respect
to deposit formation and surface accumulation of

insoluble matrix ingredients.

Bacterial Attack of Matrices
Another possible mechanism for gradual re-

moval of the matrix of an antifouling paint to
permit prolonged steady-state leaching is bacterial
decomposition.
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When a surface is first exposed in the sea, a slime
film begins to form. This is composed of bacteria
and diatoms together with certain sticky metabolic
products to which adhere various amounts of

organic and inorganic detritus. The possible role
of the slime film in preventing the attachment of
fouling has been discussed in Chapter 14, where it
was concluded that the most important property

of the slime in: this connection is its toxic content.
Copper leached from a paint combines with the
organic matter of the slime (11, 36), and may also
be precipitated in the slime as the relatively in-
soluble basic cupric carbonate.

Because of the chemical affnity of the slime film
for copper, its presence might be expected to
diminish the leaching rate; accumulation of copper
by the slime would reduce the total amount

escaping to the surrounding sea water. The magni-
tude of such an effect can be estimated by com-
paring the leaching rate of a slime-coated panel

with its leaching rate after the slime has been

carefully scraped off. Whedon and his collabo'rators
(39) have studied a large number of paints in this
way. In a majority of èases the removal of the

slime resulted in a slight increase in the leaching

rate (Table 16). Also, experiments by Riley (31)
showed that, for paints containing mercury as the
toxic, removal of the slime invariably resulted in
a slightly increased leaching rate.

EXP.rriments such as these show the effect of
the slime film on the leaching rate at the time the
measurement is made, but give no information
concerning the contribution of bacterial action to
the maintenance of steady-state leaching. The
possibility that the bacterial population of the
slime film can so contribute is inherent in the fact
that many matrix ingredients, such as rosin,

TABLE 16. Copper Leaching Rates of Various Painted Panels
with the Slime Film Intact and After the Removal

of the Slime

Leaching Rate
Time of p.g.jcm2.jday

%CuiO i mmer- Cone.
in sion, With De- Cuin

Paint Paint" Weeks Slime slimed Slimeb
10C 40 4 18.9 29.7 6.73
9C 30 4 19.7 29.2 6.40
7C 20 4 14.6 16.8 6.39
5C 10 4 4.2 3.6 1.44

10C 40 10 14.3 14.1 10.1
9C 30 10 14.1 13.2 10.8
7C 20 10 14.1 13.0 6.50

,5C 10 10 3.5 3.8 3.29
42-3Ax 38 4 24.9 26.0 2.92
42-3A 30 4 16.4 20.5 2.95
42-3Aa 23 4 16.3 16.7 2.45
42-3Ab 15 4 10.8 10.8 1.88

3.2 3.1 0.44
42-3Ac 8 4 6.2 5.7 0.63

" Values calculated from paint formulation.
b Values given in per cent of organic 'matter." .
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paraffn, and copper resinate, can be decomposed
by marine bacteria (7, 30).

In an attempt to evaluate the role of bacterial
action, Renn and Johnstone (30) partially inhibited
the development of bacterial slimes on antifouling
paints by periodically immersing each panel in a
bactericidal solution of sodium pentachlorophenate
during the course of steady-state leaching. The
steady-state leaching rates of these panels were

compared with those of control panels on which
the bacterial slime was allowed to grow (Table 17).

TABLE 17. Effect of Periodic Disinfection on the Leaching
Rates of Various Paints

Copper Leaching Rates
p.g.jcm.2jday

Paint
. 142C

142C
143E
lE8
16X
AF6

Time of
Immersion,

Weeks
4
7
4
4
4
4

Disinfected
4.1
4.7
8.4
2.2

42.0
31.0

Untreated
7.4
7.3

14.4
2.9

28.0
22.0

For the first three paints in the table, all of which
contain rosin, the untreated panels gave higher

leaching rates than did the disinfected panels,

indicating that bacterial activity was contributing
to the release of toxic. However, for paint 1B8,
which contained ester gum, the difference was

slight, and for 16X (rosin and Hercolyn) and AF6
(rosin and Vinylite) the disinfected panels had
higher leaching rates than the controls-a result

which is diffcult to interpret.
These investigations indicate that bacterial

action may have suffcient influence on an anti-
fouling paint film to require its consideration in

theoretical studies. However, the paints upon
which the bacterial action has been shown to have
a significant effect have matrices which are suff-
ciently soluble to ensure effective leaching without
the action of bacteria. It seems probable that

under normal conditions of service, bacterial
action is inadequate to insure the success of a

formulation through maintenance of steady-state
leaching by this mechanism alone.

In any case, it is certain that very little can be
done by the paint technologist in order to stimu-
late or control bacterial decomposition of a paint
matrix. The bacterial film forms on practically
any surface exposed to the sea. It is true that the
growth is somewhat heavier on paints containing
rosin and similar materials which contribute to
the nutrition of the organisms; and it is somewhat
lighter' on surfaces with high copper leaching
rates such as panels of copper metal or heavily

loaded cuprous oxide paints. However, the pros-
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pect of maintaining steady-state leaching rates
by controllng the intensity of bacterial metabolism
does not appear to be a promising one.

Mechanical Erosion of Matrices
Erosion is another mechanism which may main-

tain steady-state leaching by gradual removal of

TABLE 18. Effect of Mechanical Wear upon Matrix Erosion,
Panels Rotated at 1,500 R.P.M.

p.g. Cu per cc. Dissolved in 2 Hours'

After After After
Antifouling Acid 8 hrs. 20 hrs.

Paint Performance Treatment Wear Wear
42-3 Excellen t 0.10 0.13 0.10
42-4 Poor 0.15 0.13 0.13
143E Excellent 0.15 0.14 0.16
1-B-I0 Very Poor 0.30 0.10 0.09

. Agitation for leaching by rotation of panel at 100 r.p.m.

TABLE 19. Effect of Wet Abrasion' upon Matrix Erosion
p.g. Cu per CG. Dissolved in 2 H oursb

After
After 50Antifouling Acid After 150

Paint Performance Treatment Strokes Strokes
3Z Excellent 0.35 0.32 0.22
4Z Very Poor 0.10 0.07 0.11

13Z Very Poor 0.10 0.07 0.09
16Z Very Poor 0.10 0.07 0.11

. Federal Specification TT-P-88.
b Agitation for leaching by rotation of panel at 100 r.p.m.

TABLE 20. Decrease in Thickness of Paint 143E During
Mechanical Wear, Panels Rotated at 750 R.P.M. 21 Days

Decrease in Thickness from 7th to
21st Day, mils

Drying Radius Radius Radius
No. of Time, 1-1.5" 3-4.5" 5-6.5"
Coats hrs. 8 ft./ sec. 25 ft./ sec. 38 ft./ sec.

1 24 2.0 2.2 2.5
1 72 1.0 0.5 0.5
3 40 2.3 3.0 3.2
3 168 1.0 0 1.5

matrix. It differs from dissolution primarily in

that the particles which become detached are of
greater size than the molecules set free in dissolu-
tion. Mechanical forces associated with friction are
commonly considered to be responsible for break-
ing free the eroding particles. Chemical action

must frequently facilitate erosion by disintegrating
the structure of the paint surface and thus per-

mitting small particles to become detached more
readily.

The loss of particles of paint has also been con-
sidered as a possible mechanism for the prevention
of fouling by exfoliation (Chapter 13). We are
concerned here solely with the role of erosion in
maintaining steady-state toxic leaching rates by
uncovering the deeper stores of toxic particles.

In an attempt to appraise the importance of

erosion of the matrix in uncovering fresh layers of
toxic from the interior of paints, the Mare Island
investigatoi; extracted the toxic from the surface

of typical hot and cold plastic paints and then
examined the effects of .rather drastic erosive
treatments (26). The surface-exposed cuprous

oxide was extracted in sea water acidified to pH
4 (d. p. 290). Leaching rate determinations

after four days in this solution showed that the
surface had been almost exhausted of toxic. The
panels were then bolted on a special jig and
rotated at approximately 1,500 r.p.m. in sea water.
The velocity of the panel surface was approxi-

mately 45 feet per second, but the velocity relative
to sea water was somewhat less than this, owing to
swirling in the unbaffed container. After eight
hours of this treatment, leaching rates were again
determined, and were repeated after an additional
twelve hours. Very little increase in the leaching
rate was observed (Table 18). Additional tests
(26) conducted by these investigators included the
use of a wet abrasion apparatus,i which also

resulted in no significant increase in the leaching

rate (Table 19). The results indicate that for these
paints, at least, erosion was not effective in
uncovering a fresh layer of toxic particles.

On the other hand, measurements at Miami of
the change in thickness of paint 143E under

somewhat similar conditions of high surface
velocity show that the rate of loss was considerably
higher than that calculated from the leaching

rate under laboratory conditions (37). Painted

discs were rotated at 750 r.p.m. for 21 days in
sea water. The thickness measurements are com-
plicated by the swellng of the paint film (d. p.
288); to minimize such complications, the change
in thickness from the seventh to the twenty-first
day of rotation was taken for comparison. At

various distances from the center of rotation,
corresponding to various surface velocities, the
decrease in thickness ranged from 1 to 3 mils
(Table 20). By contrast, the value calculated on
the basis of a leaching rate of 15 ,ug./cm.2/day is

only 0.1 miL. Thus a considerable acceleration of
paint loss, attributable to erosion, was indicated.

Some of the soft commercial paints undoubtedly
erode to considerable extents in active service.
Most paint films suffer gross failure under extreme
conditions of friction, as evidenced by flow in the
surface layers or by stripping away from the sub-
strate (32,33,34). However, up to the point where
these visible signs of failure are present, the role

.~
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1 Federal Specification TT-P-88.
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of erosion in antifouling paint performance

remains questionable. In any case, like bacterial
action, erosion does not seem to be a mechanism
for steady-state leaching which is readily suscepti-
ble to control by the paint technologist~

Depression of Leaching by the Formation of
Deposits

The most important reactions which occur at
the surface of an antifouling paint in sea water

are those which lead to the formation of soluble

products, and it is upon these reactions that the
maintenance of steady-state leaching depends.
The formation of soluble compounds from the toxic
phase has been discussed in Chapter 15, and the

formation of soluble compounds from the matrix
phase wil be further discussed in Chapter 17.

Side reactions may lead to the formation of
insoluble compounds, which may adhere to the
paint surface and depress its leaching rate. As
examples of insoluble compounds formed from the
toxic, basic cupric carbonate and chloride are

often deposited on paints containing cuprous

oxide or metallic copper. As examples of com-
pounds formed from the matrix, the calcium and
magnesium salts of rosin may be cited. A third
possible type of deposit may consist of sea salts,
precipitated upon a substrate without actually
reacting with it, as in the case of the deposits

formed in the presence of electric fields described
in Chapter 13. Although knowledge of these dif-
ferent types of deposits is very incomplete, it wil
be summarized in its present state.

Evidence for deposit formation from changes in
composition during soaking: Analysis of the changes
in composition and weight of an antifouling paint
during soaking afford an opportunity for calcu-
lating the apparent losses of toxic and matrix
from the paint. It has already been shown in

Table 15 that in some experiments of this sort
an apparent gain in the weight of matrix is found.
Table 21 cites some stil more striking examples,

in which, despite substantial losses of toxic, the
total change in the weight of the paint may be

TABLE 21. Losses and Gains in Weight of Paints after

Immersion in the Sea

Time of
Change in Weight, ¡ig.fcm.2

Paint Immersion T ota! Cu20 M atrix*
1B7** 1 month -270 -460 +190

2 months -360 -746 +386
1Bll# 1 month 0 -540 +540

2 months +63 -1,178 +1,241
'" By difference.
** Cuprous oxide, ester gum, Hercolyn, Dicalite.
If Cuprous oxi,de, "Cu.niar" P-iO, Hercolyn, Dicalite.
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practically zero and the apparent gain in matrix
balances the loss of toxic. In such cases there

appears to be little doubt that material has been
deposited from the sea water.

Evidence for deposit formation from inspection:
Several investigators (38) have noticed that fims
of cuprous oxide paints, after immersion in the
sea, develop a green coloration on the surface

which is probably a deposit of basic cupric car-
bonate and/or cupric oxychloride. From the
sequence of reactions in the dissolution of cuprous
oxide in sea water, as outlined in Chapter 15, it
is to be expected that those paints with the highest
leaching rates should show the greatest tendency
for cupric salts to precipitate in the vicinity of the
paint surface. The factors which determine

whether the precipitated cupric salts adhere firmly
to the surface are not, höwever, understood.

Since the cupric salts have much lower solubili-
ties than that of cuprous oxide, it is to be expected
that any covering of cuprous oxide by such a de-

posit would decrease the leaching rate of the
paint. The following experiments demonstrate this
effect.

Evidence for deposit formation from changes in
leaching rate during soaking: When a Vinylite
paint with very high cuprous oxide content is

subjected to prolonged extraction, the leaching

rate measured in ordinary sea water gradually
falls, whether the extraction takes place in citrated
sea water (Fig. 9) or in the sea (Fig. 3a). This

behavior has been attributed to imperfections in,
the chains of continuous c.ontact between particles;
the degree of imperfection becomes progressively

worse as the extraction proceeds dteper into the
paint film, and the leaching rate consequently

falls (page 286). Any formation of a deposit of
cupric salts of low solubility should further depress
the leaching rate. This effect should appear only
in the sea, and not in citrated sea water, since the
citrate forms a highly soluble cupric complex

and prevents precipitation of cupric copper

(Chapter 15). Thus, the effect of a deposit can be
assessed by comparing the leaching rates, in sea
water, of a paint which has been extracted in
citrate solutions and in the sea.

Figure 15 shows leaching rates in sea water of
a paint after the extraction of various amounts

of cuprous oxide in citrated solutions and in the

. sea. The amount of toxic dissolved in the sea is
calculated by integrating the curves of leaching

rate against time. The leaching rates, which are

determined in the laboratory, must be corrected

to the prevailng temperature of the sea by a



298 MARINE FOULING AND ITS PREVENTION

300

,.0
"0

"g

~..
'"
"-

"
Õii 100
'""
~
z
oJ

o 500 1000 1500 200 2500 3000
Cu20 Extracted, 1'9 per.cm"

FIGURE 15. Leaching rate in normal sea water of a paint consisting of 90 per
cent cuprous oxide and 10 per cent VinyliteJ plotted against the amount of toxic
extracted in citrated sea water and in the sea in winter and summer.

temperature correction factor (12). The curves for
sea extraction in summer (average temperature
23SC.) and in winter (average temperature lSC.)
lie close together. After 1,500 t.g.jcm.2 of cuprous
oxide had been extracted frorp the sea-extracted
panels, they developed a greenish color, indicating
the formation of a deposit of cupric salts. The
curve for extraction in citrate coincides with the

other curves up to extraction of about 1,000 ,ug.

of toxic per sq. cm., but thereafter falls much more
slowly. The citrate-extracted panels in this experi-
ment retained their red color and showed no evi-
dence of deposit formation.

The results in citrate presumably represent the
geometrical effect of incomplete continuous con-
tact, while the difference between the results in
citrate and in the sea represents the effect of a

deposit.
Composition of deposits: There are no data

available on the chemical composition of deposits
formed on the surfaces of antifouling paints. In so
far as they are composed of basic cupric carbonate,
they may be expected to contribute to the copper
leaching rate to some extent, although much less

. than an equivalent surface of cuprous oxide. De-
posits of cupric oxychloride, however, which ap-
parently has a very low solubilty, or of calcareous

precipitates of sea salts, as suggested by Copisarow
(6), may be expected to be inert and to impede
the process of leaching.

Fundamental Principles in the Design of
Antifouling Paints

Of the five possible mechanisms for maintaining
steady-state leaching which have been discussed,

there are only two which are in practice widely
utilized: continuous contact of toxic particles, and
matrix dissolution. Most successful antifouling
paints operate through one or the other of these
mechanisms. In the first process, toxic alone is
removed, whereas in the second, toxic and matrix
are removed simultaneously. It is of interest to
compare the characteristics and merits of these
two types of paint, and also to discuss the funda-
mental principles in their design which may be
deduced from the data in this chapter.

In continuous contact leaching, no steady~state
level of the leaching rate is achieved; the leaching
rate falls gradually, as extraction proceeds into

the paint interior and as the chain of continuous

contacts between particles becomes increasingly
imperfect. The higher the proportion of toxic,
the higher the leaching rate throughout the life of
the paint. Thus, increasing the loading wil in-

crease the effective life, or the time elapsed before
the leaching rate falls below 10 ,ug./cm2./day. On
the other hand, incr~asing the loading wil enor-

mously increase the wastage of toxic, because of
the high initial leaching rates which result.

The magnitude of such waste may seem over-
whelming-since, for example, the initial leaching
rate of a paint consisting of 90 per cent of cu-

prous oxide in Vinylite resin is of the order of 250
,ug./cm.2jday, or twenty-five times the minimum
value necessary for antifouling action. Fortu-
nately, the formation of deposits of basic cupric

carbonate and oxychloride curbs this waste to
some extent; the higher the leaching rate, the
greater wil be the tendency for deposit formation,

with consequent depression of the leaching rate
to a lower leveL. An ilustration of the magnitude
of the waste which occurs in practice may be
obtained from an analysis of the data in Figure 3a.
For this purpose, the utilization effciency may be
defined as the ratio of the amount of toxic which
would have been lost had a leaching rate of 10
Mg./cm.2/day been maintained throughout the
effective life of the paint, to the amount which was
actually lost, as estimated from an integration of
the leaching rate curves. The utilization effciency
calculated in this way is plotted in Figure 16,

together with the paint life, against the weight
per cent of cuprous oxide. At 90 per cent loading,

the effciency is about 20 per cent.
The total amount of cuprous oxide lost during

the effective life of the paint, divided by the life
in months, is also plotted in Figure 16 as "loss
per month of life". It represents an average rate
of loss which is inversely proportional to the

utilization effciency.
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The depth to which the paint has been extracted
up to the point when the leaching rate falls below
10 ,ug.lcm,2day, may be calculated by dividing the
total amount of cuprous oxide extracted by the

density of the toxic and its volume fraction in the
paint. This yields a minimum value, since the
extraction is in fact incomplete. Nevertheless,

its very small magnitude-far less than 0.1 mm.,
even for the most heavily loaded paint-empha-
sizes the thinness of the film which suffces for

protection in the case of heavily loaded, continuous
contact paints.

Moreover, it is important to note that increasing
the thickness of this type of paint does not increase
its life. Failure occurs when extraction has pro-
ceeded to the critical depth at which imperfections
in continuous contact have reduced the leaching

rate below the minimal value. The life of the
paint should be independent of film thickness so
long as the latter exceeds this critical depth.

To summarize, the attributes of continuous
contact paints include the advantages of thinness
of film and the possibility of achieving an extreme
toughness and resistance to abrasion, balanced
against the disadvantages of a rather large waste
of toxic during the early life of the paint, the lack
of a constant level of steady-state leaching, and a
rather limited period of effective service. The prin-
ciples governing the design of this type of paint

are as follows: The loading with toxic should be
the maximum consistent with mechanical integ-
rity, in order to achieve maximum life, even at
some sacrifice of utilization effciency; and the
thickness of the film should be the minimum in
excess of the critical extraction depth, to avoid
waste of toxic which would otherwise remain

undissolved at the bottom of the film.
In leaching by matrix dissolution, a fairly con-

stant level of the leaching rate is attained in the
steady state. This level depends on both the
proportion of toxic and the solution rate of the
matrix. As long as an adequate steady-state level
is maintained, the life of the paint is directly
proportional to its thickness. For this reason, it is
the life per mil thickness, rather than the total
life, which characterizes this type of paint.

The data in Figure 3b, for a series of cold plastic
paints, have been analyzed for presentation in
Figure 16 along with the continuous contact

paints. The life per mil, the utilization effciency,
and the loss per month of life are plotted against
the weight per cent of cuprous oxide. The utiliza-
tion effciencies of these matrix-soluble paints are
v~ry much higher than those of the contip.uous

contact paints, and the toxic losses per month of
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FIGURE 16. Characteristics of continuous contact and matrix dissolution paints-
0, utilization effciency; 0, average loss of toxic per month of effective life;
0, life per mil thickness (matrix dissolution paints) J total life (continuous contact
paints).

life are correspondingly lower. These data, of

course, represent the behavior of a series of paints
in a given matrix which has a certain dissolution
rate. At a higher matrix dissolution rate, the curves
for effciency and life would be lowered, and that
for loss per month would be raised.

The general principles for the leaching behavior
of matrix-soluble paints, which have already been
discussed on p. 288, are as follows. The lower the
toxic loading, the thicker the film required to

provide a given life of effective service. Since the
wastage of toxic increases with the degree of

loading, low loadings should be preferred. How-
ever, the lower the loading, the higher the matrix
dissolution rate must be to achieve a given leach-
ing rate (equation 4). A fairly large factor of
safety must be chosen to allow for possible depres-
sion of the leaching rate by deposit formation or
accumulation of insoluble matrix ingredients, as
well as the possibility of accelerated paint removal
by erosion.

The attributes of matrix-dissolving paints in-
clude as advantages the possibility of attaining a
constant level of steady-state leaching with a
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relatively small waste of toxic-not more than that
consistent with a reasonable factor of safety-and
the possibility of providing a very long life of
active service by employing a thick paint film. In
addition, the opportunity of making independent
adjustments of two variables-the degree of load-

ing and the matrix dissolution rate-permits far

greater flexibility' in designing a paint with the
desired leaching rate. The disadvantages of matrix-
dissolving paints are the greater thicknesses re-

quired, and the fact that most soluble matrices

are comparatively soft and may not stand up
under extreme conditions of erosion. The principles
governing the design of this type . of paint are
quite different from those of the continuous con-
tact type. The loading with toxic should be the

minimum which, for a matrix with a given dis-
solution rate, would provide an adequate steady-
state leaching rate with a suitable factor of safety;
and to achieve a maximum life, the thickness of
the fim should be the maximum consistent with
economy and mechanical stability.
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CHAPTER 17

The Dissolution of the Matrix and Its Ingredients
Although the matrix is at least as important as

the toxic, the properties which make certain

matrix ingredients useful for the formulation of
antifouling paints have often not been recognized.

As shown in the previous chapter, some paints
depend l!pon the solubility of a matrix ingredient
to maintain an adequate steady-state leaching rate
of the toxic. The slowly dissolving matrix eventu-
ally exposes toxic particles which .lie deep within
the paint film, thus permitting them to dissolve

and exert their toxic effect on the fouling organ-

isms. Thus the toxic and the matrix dissolve

simultaneously, resulting in a gradual decrease

in thickness of the film. Since the toxics commonly
used dissolve more rapidly than the matrix ingredi-

ents, the rate of solution of the latter controls

the rate of solution of the entire film. This chapter
summarizes the current knowledge concerning

the factors affecting the rate at which certain

matrix ingredients dissolve in sea water.
For convenience, the factors controllng the

solution of matrix materials may be divided into
two classes: those arising from the nature of the
dissolving medium employed, and those inherent
in the matrix film itself. In the first group of
factors we must consider the chemical composition
of the dissolving solution, such as its alkalinity
and the nature of the salts it contains. The second
group of factors includes the chemical composition
of the matrix film, the proportion and nature of
acidic and neutral materials, the number of
phases present, and such physical properties as
smoothness and hardness. In addition, the time
elapsed between the mixing of the paint and its
application, the conditions under which the mix-
ture was prepared, and the age of the paint film
itself on the panel or ship bottom may influence
the solution rate.

Many acidic resins are soluble in sea water. Their
dissolution requires the formation of soluble

alkaline salts, and they are not, consequently,

soluble in neutral or acid aqueous solutions. Such
resins are rendered insoluble if the free acid group
of the molecule is neutralized by esterification or
by the formation of an insoluble salt or soap.
Paint technologists have commented on the
acidic nature of natural resins and have suggested
modifying them to overcome this "diffculty," or
have even stated that they cannot be used in

paints because of their tendency to react with
pigments (1, 8). Yet this very acidity and the
resultant solubility in sea water is the principal
reason for the satisfactory performance of anti-
fouling paints containing such ingredients.

THE COMPOSITION OF ROSIN AND
ITS DERIVATIVES

The use of rosin as a constituent of antifouling
paints was patented in 1867 (3), and since that
time, because of its availability and cheapness,

its use has been constantly expanded. Its only
serious competitor has been shellac, another
acidic resin from natural sources. But shellac

suffers from the drawback that it must be '.im-
ported into the United States, a fact that led the
Navy in 1926 to discontinue its use (1). The
reason for the effectiveness of rosin was not known
until 1943, when investigations at the Mare Island
Navy Yard and the Woods Hole Oceanographic

Institution simultaneously showed that its virtue
depended upon its solubility (5, 9).

Rosin is obtained from the exudation of pine

and fir trees, the greater portion of the world's
supply coming from Pinus palustris (the longleaf
pine) and Pinus carribea. The fresh gum, or
oleoresin, is subjected to steam distilation to
remove the low-boiling volatile fraction known as
turpentine. The residual material, crude rosin, is a
dark amorphous solid at room temperature. It is
composed of about 90 per cent of acidic materials,
called resin acids, and about 10 per cent of neutral
materials that are apparently non-volatile sesqui-

and diterpenes. The resin acids all have the em-
pirical formula C2oHao02, and consist of a mixture

of substances the nature of which is not yet

entirely clear (6). The acids are known to comprise
a mixture of the acid-stable d-pimaric acid and a
series of acids (levopimaric acid, the sapinic acids,
etc.) which are all converted by boiling with

mineral acid into abietic acid, a substance that
represents a relatively stable stage in a series of

complex changes. The formulas of three of these
compounds are given on the next page (6).

Methods have been developed for the determi-
nation of both d-pimaric acid (11) and levopimaric
acid (7) in resin acid mixtures. In the original
oleoresin from which rosin is prepared, it has been
found that the acid fraction contains 38 per cent
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d-pimaric acid and 36 per cent levopimaric acid,
the balance consisting entirely of those inter-
mediary acids that are convertible into abietic
acid. There is no evidence that any abietic acid
exists as such in oleoresin. In commercial rosin the
isomerization process probably takes place to

some extent during the process of steam distila-
tion, and abietic acid may be present in amounts
depending upon the extent'of the heat treatment.
Rosin is graded according to its color, and is
purified, generally by solvent extraction, for the
purpose of removing the color bodies present (10).

The resin acids of rosin contain two carbon-

carbon double bonds and one carboxyl group per
molecule. The former give rise to the characteristic
instabilty of rosin, while the latter enables rosin

to be dissolved in alkali, though the acid itself is
quite insoluble in neutral or acid aqueous solutions.
The resin acids dissolve in the form of the resinate
ion, which is formed by the attack of the hydroxyl
ion of the alkali:

RCOOH + OH--+RCOO-+ H20.

The resinate ion wil stay in solution as long as
there is no substance present that wil react with
it to form an insoluble compound. In sea water

the resin ate ion reacts to a certain extent with

calciupi and magnesium ions to form the corre-
sponding insoluble soaps. This reaction may also
take place on solid rosin surfaces, and in this way
the rosin becomes at least partially covered with
insoluble material, which effectively cuts down the
solution rate in sea water.

When the carboxyl group of a resin acid is
esterified with a mono- or polyhydroxy alcohol, an
alkali-insoluble ester is formed. The esters formed
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from rosin and low molecular weight alcohols,
such as methyl and ethyl alcohols, are far softer
than rosin, while those formed from polyhydroxy
alcohols, such as glycol or diethylene glycol, are
usually harder and more brittle than rosin.

It should be pointed out that these modified

rosins are mixtures, as is the parent substance.

In addition, the esterification is never complete,
so that the product always contains some acid

materiaL. The following compounds are typical
rosin esters. The trade name of the material used
is given in each case. In these formulas RCOOH
is used to represent the resin acid.

Methyl Abietate (Abalyn)
RCOOCHa This material is 92-94%

neutral and is liquid at
room temperature.

Glycol diabietate (Flexalyn)

RCOOCH2-CH200CR This material is 94.5%
neutral and softens at
45-50° C.

Glyceryl triabietate (Ester Gum)
CH2-CH-CH2 This material is
I I I neutral, melts at
o 0 0 100°C., and iso 0 0 britte.C C CR R R

94%
about
quite

Pentaerythritol esters of rosin (Pentalyn M)

(HOCH2)aC CH200CR This material consists of
a mixture of all four

(HOCH2)2C (CH200CRh possible rosin esters of
HOCH2 C (CH200CR)a pentaerythritol, the

higher molecular weight
C (CH200CR)4 ester predominating. It

melts at 165° C., and is

97.5% neutral.

The properties of rosin are also changed when the
double bond.s of the resin acids are modified. The
double bonds of abietic acid oxidize readily, as evi-
denced by the fact that freshly prepared abietic
acid becomes quite yellow after a few days. This re-
action is represented as follows:

CHa COOH

X

~~-F
CRa

CRa COOR
""/
01/n
""/1 ""/"'OH. I L
díaVI OH

CH
/ ""
CHa CHa

Dihydroxy-
abietic acid

Abietic
Acid
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CRa COOH
""/
/"" /""-0 R
1""/1""),, 0 R

I i-OR
eRa ",/i-OR

CR
/ ""
CRa CRa

Tetrahydroxy-
abietic acid

The first step of the oxidation is the more rapid
and attacks the more sensitive of the two double
bonds. This oxidation increases the acidic proper-
ties of the rosin, making it dissolve more rapidly in
alkaline solutions.

Hydrogenation of the double bonds reduces the
acid strength and decreases the solubilty of the

product in alkali. Staybelite resin is rosin hydro-
genated by the addition of one and one-half moles

of hydrogen to each mole of abietic acid, and con-
sists of about equal proportions of dihydro- and
tetrahydroabietic acid:

CRa COOR
""/ A/"" ii
VIY TRa

CRa "")-TR

CHa

Dihydroabietic Acid

CRa COOHV
C/""

101 TRaCRaV-TR
CRa

Tetrahydroabietic Acid

The reduced acids are much more resistant to air
oxidation than the parent resin acids.

The double bonds can also be partially satu~
rated by the addition of various organic compounds.
The maleic anhydride adduct and the dimer of
rosin (Poly-Pale resin) are examples. It is prob-
able that many other modifications of this sort
could be made. The solubilty of such a modified
rosin, provided the acid group is not chemically
combined, wil depend upon whether the substi-
tuted group increases or decreases the acid strength
of the molecule.

If the rosin molecule is esterified and the'

double bonds are partially saturated as well,
resins which are insoluble in alkaline solutions

and resistant to air oxidation are obtained. Some
examples of these modifications are given below.

Methyl dihydroabietate (Rercolyn)
CRa COOCRa

)\AI I II
Vl""/. "" CRaI I iCRaV-FR

CRa

This material is 99% neu-
tral and is liquid at room
temperature.

Maleic anhydride adduct of glyceryl triabietate
(Lewisol 33)

CR2-CR-CR2I I I
RA RA RA

RA in this formula is:
I

o
I

CRa C=O~/
0('ì
Vi""/"-, CHa

dIal II tR
i /1
V CRa

CR-CO
""

"-
o//

CR-CO

This material

is 97.5% neu-
tral; it softens
over the range
152-1680 C.

Maleic anhydride adduct of diethylene glycol mono-
abietate (Neolyn 40)

CRa COOCR2-CR2-O-CR2-CR20R
""/AA
vl~ CRa CR-CO ""
cRall1 tRa 'ò/1 //

/ CHa CR-CO

This material. .
is a viscous
liquid with an
acid number
of 20-25.

DISSOLUTION OF ROSIN
IN SEA WATER

Various methods have been used_to study the
dissolution of rosin and other acidic resins in sea
water. Darsie (4) measured the rate of solution of
rosin from a fiber in sterile sea water by the de-
crease of its diameter. The initial rate of solution
calculated from his data was 250 ,ug.jcm.2jday. It
gradually decreased with continued soaking until
after about three days it became uniform at 54
,ug.jcm.2jday. Studies of the weight loss (10) of
small panels coated with rosin and various paint
matrices in sterile sea water gave initial rates of
solution of from 100 to 500 ,ug.jcm.2jday, and

steady-state rates after some time of 12 to 100
,ug.jcm.2jday.
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Calculation of rates of solution in this way from
measurements of change in weight or thickness
may conceivably be falsified through the loss of
material from the rosin surface through other

mechanisms than dissolution-abrasion, for ex-
ample-and through gains in weight due to de-
posits from the solvent or imbibition. To eliminate
this uncertainty, the dissolved rosin can be deter-

mined directly by recovering it from the filtered
sea water solution by acidification of the solution
and extraction with an organic solvent. Using a

large volume of flowing solvent and a continuous
extraction procedure, substantial amounts of
rosin can be recovered. The amounts of rosin,
dissolved in a 24-hour period from panels agitated
in running sea water, recovered in this way are
shown in Table 1. They range from 123 to 1,460

TABLE 1. Dissolution of Rosin in Running Sea Water from a Panel
155 em.' in Area Stirred at 85 R.P.M. for 24 Hours. The
Effuent Sea Water was Continuously Extracted with

Chloroform

Valitme af Sea Tatal Rasin
Water Used Dissalved
liters mg.
24.5 1929.5 2112.0 3713.0 4914.0 62
20.0 173
17.0 177
20.7 226

Drying Time
af Panel

da.ys
1

2
6
7

14
93
99

102

Rasin
Dissalved
jJg./cm.'

123
135
239
316
400

1117
1140
1460

,ug. per cm.2 dissolved in a 24-hour period, and thus
agree in order of magnitude with the solution
rates measured by change in weight or thickness.
Following the discussion of steady-state leaching
rates in Chapter 16, it is apparent from these data
that the rate of dissolution of rosin in sea water

would be ample to provide for continuous libera-
tion of the toxic from an antifouling paint with a
rosin matrix.

The rosin samples used in this experiment were
aged after application to the panels for various

periods of time before the test, and the amount
dissolved increases with the increasing age of the

paneL. This effect wil be discussed at greater
length below.

The decrease in the rate of solution of rosin from
a panel after the first day or so in sea water is also

shown by direct recovery. Table 2 presents results
obtained during 3 successive 24-hour periods of

eXtraction of a panel dried for 14 days, and two
extractions from a panel dried for 93 days.

The method of direct recovery by continuous
extraction is so time-consuming that most studies
of dissolution rates have been carried out in arti-

305

TABLE 2. Amount of Rosin Dissolved During Successive 24 Hour
Periods of Extraction in Running Sea Water from Rosin
Coated Panels 155 em.' in Area Rotated at 85 R.P.M.
The Effuent Sea Water was Continuously Extracted

with Chloroform

Drying
Time af V aliime af T atal Rasin Rasin
Panel Sea Water Dissalved Dissalved
days Extractian liters mg. jJg./cm.'

14 firs t 14.0 62 400
14 second 19.7 31 200
14 third 20.0 36 232

93 firs t 20.0 173 1117
93 second 9.5 68 439

ficial solutions in which both the solubilities and
the rates of solution of acidic resins are higher

than in sea water. The use of artificial solvents
also permits variation of composition to determine
the effects of such variables as pH and salt con-
centration, and avoids some of the complications
of the mixture of ions occurring in sea water.

Effect of the Composition of the Aqueous
Solvent on the Dissolution of Matrix In-
gredients

The important properties of the aqueous solvent
are its temperature and such chemical properties
as the pH and the amount and kind of dissolved
salts. In sea water the pH varies within the limits
of about 7.5 to 8.2, the higher values being more
common. The buffering action of sea water is the
result of the presence of carbonate and bicarbonate
ions, together with a small amount of borate. The
sodium chloride content of sea water is 0.48 mole
per liter; magnesium is present in about 0.05, and
calcium in about 0.01 mole per liter. As wil be
seen, all of these constituents have been found to
influence the solution rate of rosin.

Effect of pH of the solvent: The solubilities of

TABLE 3. The Solubilities of WW Rosin and Abietic Acid'
in Aqueous Alkaline Solutions
EquilibratianTime Salubility LagFinal pH haurs jJg./cc. Salubility

Rosin
6.9 18 29 1.46
7.1 41 52 1. 72
7.25 72 52 1. 72
7.3 45 67 1.83
7.4 19 62 1. 79
7.5 65 66 1.82
7.6 45 88 1.94
8.1 18 439 2.64
8.80 2.3 1494 3.17

Abietic Acid
7.80 48 56 1. 75
8.10 72 514 2.71
8.33 24 382 2.58
8.60 72 2040 3.31
8.68 2212 3.34
9.17 24 3578 3.55

. The abietic acid was prepared from rosin by acid isomerization by Steele's
method (12). Material with a rotation of -4Soin alcohol was used. The optical
rotation of pure abietic acid is -102° in alcohoL.
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WW rosin and abietic acid have been estimated by
equilibrating an excess of the powdered material
with distiled water made alkaline with sodium

hydroxide, and recovering the dissolved resin
from the filtered aliquot of the solution by acidifi-
cation and extraction with ether (11, 13). The
results obtained are given in Table 3, and the
logarithm of the solubility is plotted in Figure 1

4.0'
· Rosi
o Abietic Acid

)0 3.0
i-
:J
m;:..°
(J
(!°
.. 2.0

o

8 9
pH

FIGUR 1. The logarithm of the solubilty of WW rosin and abietic acid as
a function of the pH of the aqueous solvent.

against the pH of the solvent at the end of the
equilibration. The data for abietic acid and WW
rosin are in close agreement and fall approximately
on a straight line with a slope of 1, showing that
the solubilty is proportional to the hydroxyl ion
concentration. This relation is strong evidence for
the belief that the dissolution of rosin and abietic

acid involves formation of an alkaline salt.
Studies of the rate of solution of WW rosin

from plane surfaces have shown that this too,
like the solubility, increases with increasing pH of
the solvent. The results of an experiment designed
to determine the effect of pH on solution rate
are shown in Figure 2, where the amount dis-
solved is plotted against time.

These relationships show thatit is possible to ac-
celerate the dissolution of acidic resins by using
more strongly alkaline solutions. This principle is
the basis of the acid-alkali and glycine accelerated
tests for antifouling paints whIch were discussed
in Chapter 16. Certain limitations of using
strongly alkaline solutions should be pointed out,

however. These solutions' may hydrolyze some
neutral resinous salts. Copper resinate, for ex-
ample, has a negligible solubility in sea water, but
is readily dissolved by an alkaline glycine buffer
solution of pH 10.5, with accompanying hydroly-
sis. The solubilities of such compounds in strongly
alkaline solutions do not, therefore, necessarily

enable one to predict their solubilties in sea
water. A further complication arises since the

salts normally present in sea water modify the
solubility of the resins. This effect wil be dis-
cussed below.

Effect of sodium chloride content of the solvent:
The influence of sodium chloride on the solu-
bility of WW rosin has been investigated by
employing as solvents sodium chloride solutions
of various concentrations. A maximum solubility
was found at a sodium chloride concentration of
about 0.034 M.

The influence of sodium chloride on the rate of
solution of a resin mixture has been studied by
measuring the amounts of resin dissolved from
Navy standard cold plastic paint matrix1 by buffer
solutions at pH 9.0 containing various amounts of
sodium chloride. Table 4 gives these results and
shows that the rate of solution, also, goes through a
maximum with increasing concentration of neutral
salt. In this case the maximum occurs at 0.24 M.

Effect of calcium and magnesium content of the
solvent: The divalent salts of rosin and similar
acid resins are generally insoluble in alkaline solu-

tions. The presence of calcium and magnesium in

o
w
::
°0(J 0
(J ..

ëi ci::z
üio
a:

FIGUR 2. The dissolution of rosin from panels by alkaline buffers. The initial
pH of the buffer used is given at the end of each curve.

i This contains a phenol-formaldehyde modified rosin and a small percentage
of chlorinated rubber dissolved in coal tar naphtha.
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the sea water permits the formation of insoluble
salts on the surface of a solid phase of resin, with
a resulting decrease in dissolution. Furthermore,
the amount of rosin dissolved from a plane surface
of rosin by a borate buffer is diminished byaddi-
tion of small quantities of calcium and magnesium
to the solvent. An experiment which ilustrates
this effect is given in Table 5.

Barnes (2) has determined the calcium content
of varnish films after 80 days' exposure in the sea.
The high-rosin varnishes contained larger amounts
of calcium than did low-rosin varnishes. In a

TABLE 4. Effect of Sodium Chloride Concentration on the Rate of
Solution of 143 Matrix from Panels 155 em,' in Area Immersed

in One Liter of Borate Buffer Solution of pH 9.0

Cancentratian af Ether Saluble Material
(mg./l.) after

N aCt in Buffe;

males/liter
o
0.24
0.48
0.96

4 haurs

94 .
44
386
196

26 haurs

138
765
635
410

50 Iiaurs
144
784
617
398

rosin-ester gum series, the amount of calcium was
directly correlated with the concentration of rosin.

The retarding action of the calcium and mag~

nesium ions is apparently due to the formation of
the insoluble salts of calcium and magnesium
abietate on the surface of the rosin. These salts
may be recovered from the surface by soaking in
dilute hydrochloric acid. Apparently they slowly
cover the rosin surface and hinder the dissolving

action of the alkali.
The data in Table 5 show that sea water dis-

solves less rosin than does a borate buffer contain-
ing an equivalent amount of calcium and mag-
nesium. The boric acid content of the buffer
solution used, 0.05 M, is about one hundred
times that normally present in sea water. The

addition of boric acid to sea water, up to the

amount used in these buffers, results in an increase
in the amount of rosin dissolved, showing that
boric acid itself has a solvent action onthe rosin.
The results of an experiment, which ilustrates
this effect, are given in Table 6. The addition of
only 0.01 M boric acid increases the amount of
rosin dissolved to nearly the same value obtained
for the buffer solution containing 0.05 M borate,
sodium chloride, and the appropriate amounts of
calcium and magnesium (Table 5). Further addi-
tions of borate result in no increase in the amount
of rosin dissolved, owing presumably to the
progressive decrease in the pH of the solution.

To summarize the important characteristics of
the solvent, it is apparent that pH, the salt
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'TABLE 5. The Dissolution of WW Rosin in Borate Buffer Solutions
to which Calcium and Magnesium Were Added,

and in Sea Water
Cancentratian af Added

fans Tatal
Dissalved

Rasin After

24 haurs

393
380
364
334
317

Borate
Solutions

Co. males/l. M g males/l.

XI03 XI03o \ 01. 25 0
2.25 05.0 0
10.2 0

Final
pH
7.73
7.72
7.73
7.73
7.72

7.82
7.82
7.81
7.78
7.71

417
370
331
316
278

o
1.25
2.5
5.0

10.2

o
0.7
1.3
2.7
5.3

Cantent af Co. and M g
fans Tatal

Dissalved
Rasin After

24 haitrs
184
176

Camales/l. Mgmales/l.
XI03 XI03

Sea Water 10.2 5.3
10.2 5.3

Final
pH
7.64
7.63

content, and the presence of ions, which may
either form insoluble resinates or exert a solvent

action on the resin, wil influence the results ob-

tained in studies of the solubility and rate of solu-
tion of matrix materials. It should be pointed out
that the pH of the solvent has an opposite effect

on the dissolution of the matrix to that described

in Chapter 15 on the solution of the toxic. In
paints which maintain their adequate leaching

rate by virtue of a soluble matrix, variations in

the pH of the sea water may therefore be expected
to have a complicated effect. In estuarine waters,
where the pH is frequently lower than in normal
sea water, the rate of solution of the matrix wil
decrease. In spite of the increase in the solution

rate of the toxic, the net leaching rate of the

paint may be expected to be lower, since, according
to Equation (4) of Chapter 16, it is the intrinsic
solution rate of the matrix which primarily deter-
mines the toxic leaching rate of this type of paint.

It is clear that the principles controlling the

dissolution of acid resins can be studied in alkaline
buffer solutions which accelerate their rate of

dissolution. This conclusion is the foundation of
the two accelerated paint tests described II

TABLE 6. Effect of Additions of Boric Acid to Sea Water on the
Amount of Rosin DissolvedJrom Panels Coated with WW

Rosin. (Panels 8 Months Old, Stirred 8 Hours)
H3B03 Added
males/l. XI03

o
10
19
29
39
50

Final pH
7.64
7.45
7.33
7.20
7.14
7.08

DissaZved Rasin
169
243
250
236
219
231
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TABLE 7. Amount of Resin Dissolved from 3"X4" Panels Rotatea
in a Glycinate Buffer Solution (pH= 10.6) for Six Hours

Dissalved Material
jJg./cm.'

70
80

110
120
130
250

? 8000

Resin Tested

Neolyn 20
Lewisol 33

Estergum
Neolyn 40
Pentalyn M
Hercolyn
Rosin

Acid Number
10-15

40
10

20-25
25

8
165

Chapter 16. The experiments described in the
remainder of this chapter have been conducted

mainly in alkaline buffer solutions.

Effect of the Composition and History of the
Matrix Film on its Dissolution

Since the resins dissolve by the formation of
soluble salts, only those resins whose molecules
have free acid groups can be dissolved by the
slightly alkaline sea water: In molecules having two
or more acid groups, the acid number2 can be

modified by partial neutralization or esterification.
Abietic acid, the main constituent of rosin, how-
ever, has only one free acid group. Any decrease
in its acid number by partial neutralization conse-
quently represents a mixture of neutral a~d un-
changed materiaL. The strength of the acid also

influences the rate of solution of the resinous

material, stronger acids dissolving more rapidly.
Any modification of the abietic acid molecule

which increases the dissociation constant of the
acid group results in increased rate of dissolution,
and vice versa.

Effect of the acid number of rosin and its modifica-
tions: Since the neutralization of the acid group of
rosin completely neutralizes the molecule, the

products of such reactions are virtually insoluble
in sea water. The reactions, however, are rarely
complete, and some unmodified rosin acid is

TAlLE 8. Amount oi Material Dissolved from Mixtures of Rosin
with Neolyn 20 and Hercolyn in Glycinate Buffer (pH 10.5).

One Panel (155 em.') Rotated at 80 R.P.M. for Six
Hours in 1.35 Liters of Buffer

Campasitian Acid
Number af

M ixtitre
149
134
119
103
88
10

Tatal
Dissalved
jJg./cm.'

7740
2390

580
580
460
120

Ester Used
Neolyn 20

Rasin %
90
80
70
60
50
o

Ester %
10
20
30
40
50

100

Hercolyn 90
80
70
60
50
o

7180
5680
4900
3340
2640

250

10
20
30
40
50

100

149
134
118
102
87

8

, The acid number is defined as the amount of potassium hydroxide in mili-
grams required to neutralize the free acids in 1 gram of the substance.

frequently present. The amounts of material
which may be dissolved from fims of some of the
rosin derivatives described in the introduction

of this chapter are given in Table 7. A strongly

alkaline buffer is necessary. in order to obtain
measurable amounts of dissolved materials from
these substances, which are all partially neutral-
ized. The amounts dissolved are very small com-
pared with the value for rosin, which is a minimum
figure, since all of the rosin was dissolved from
part of the panel in this strongly alkaline solution.

Simple admixture of neutral resinous materials
to rosin lowers the acid number. The resulting
mixtures also have lower solution rates than rosin.
As examples of this effect, the amount dissolved
from panels coated with mixtures of two of the
above neutral resins with rosin are given in
Table 8.

The decrease in the rate of solution caused by
these two compounds is not the same; the Neolyn
20 mixtures dissolve more slowly than the Hercolyn

TABLE 9. Rates of Solution of Staybelite, WW Rosin and
Oxidized WW Rosin. Borate Buffer pH 9.0

A mount Dissalved in 1 H aur
jJg./cm.'

290
630

3840

Material
Staybelite
WW Rosin
"Oxidized" Rosin

mixtures of the same percentage composition and
acid numbers. The factors which control the rate
of solution of rosin from such mixtures include

the hardness of the neutral resin and the physical

character of the mixture-e.g., the number of

solid phases present. These problems wil be
discussed at greater length below.

Effect of the modification of the double bonds of

rosin: As pointed out in the beginning of this

chapter the double bonds of the rosin molecule

are oxidized in air, and may be modified, experi-
mentally, by hydrogenation or the substitution of
various compounds. The oxidation of these
double bonds, which proceeds slowly in air, results
in an increase in the solubility of the materiaL.

The hydrogenation of the double bonds as repre-
sented by Staybelite, a mixture of dihydro- and

tetrahydroabietic acid, results in a decrease in

the solubility. The amounts dissolved from a
panel coated with Staybelite, a freshly prepared
rosin panel, and a rosin panel allowed to oxidize

in air for 75 days before the test, are given in
Table 9.

It is presumed that these changes in solubility
which result from the modification of the double

bonds, reflect a change in the acid strength of the
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molecule. Unfortunately, since rosin and its
derivatives are mixtures, no exact determinations
of dissociation constants are possible. The change
in acid strength as a result of modification of

double bonds is, however, suffciently well estab-
lished for various other organic compounds to
suggest that this is the cause of the observed

changes in the solution rates of rosin so modified.
The solution of rosin from panels changes

rapidly if they are allowed to dry in air for any
length of time. This change in solution rate after
various drying times is ilustraÚ~d in Figure 3,
where the amount of rosin dissolved in one hour
in borate buffer is plotted against the age of the
paneL. The rate of solution increased more than
tenfold during the 75 days of air drying. Most of
this increase occurred during the first 20 days. The
amount dissolved from panels aged for various
times is plotted in Figure 4 against the time in
the solvent. In each case the rate of solution is
rapid at first, but decreases during the first hour
of extraction. The data plotted in Figure 3 are,
therefore, not the maximum rate of solution for
rosin of the indicated age.

The increase in solution rate occurs even though

600 .
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FIGUR 3. Amount of rosin dissolved by borate buffer (pH 9.0) from
panels dried in air for various periods of time.
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FIGURE 4. The dissolution of rosin from panels in borate buffer (pH 9.0)
after various periods' of drying in air.

the rosin fim is stored under nitrogen to exclude

air oxidation. The data in Table 10 show that the
amount of rosin dissolved from the panel increases
to nearly the same extent after 20 days in nitrogen
and in air. The nitrogen used was not specially
treated to remove traces of oxygen, which may
have been present. Pure colorless abietic acid, even
though sealed in a vacuum, wil begin to turn

yellow after several days. It seems probable that
atmospheric oxygen dissolved in the dried layer
of rosin is the oxidizing agent.
The oxidation of a fim of rosin on a panel

extends beyond the surface layer, and may pene-
trate deeply into the fim. The amounts of rosin

dissolved from panels aged for various times in
air may be used to show the amount of the affected

80
TABLE 10. Effect of Aging in Nitrogen on the Amount of Rosin

Dissolved from a Panel by Borate Buffer in One Hour

Panel Age (days) Dissalved Rasin (mg.)o 57
20 (air-dried) 450
20 (N2-dried) 380
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TABLE 11. Formation of Copper Resinafe During Storage for 1
Month in Mixtures of Cuprous Oxide and Rosin Dissolved in

Equal Parts of Coal Tar Naphtha and Petroleum Spirits

Campasitian af Mixture Capper Resinate

% af Rasin
% Rasin % Cu.O % af Mixture Cambined

84 16 1. 7 1.8
68 32 8.8 12.8
50 50 7.5 13.5
33 67 17.3 47.1

materiaL. The data given in Figure 4 show that
both the initial rate of solution from the panel

and the total amount of material dissolving during
the first hour in the solvent, increase rapidly with
the age of the rosin fim. This result can mean
either that the oxidation process proceeds from

the outer surface inwards and that the increase

in solubility is a measure of the advancing front
of oxidized rosin, or that the oxidation is proceed-

ing uniformly throughout the film and that the

increased solubility reflects the increasing propor-
tion of the more soluble oxidation product.

Effect of storage of paint before use: Various

reactions and changes may take place in a paint
between the time of its manufacture and its use.
In antifouling paints containing acid resins and a
heavy metal salt as the toxic pigment, the forma-
tion of metallc resinate~ wil occur. This re¡iction

results in the removal of soluble matrix and pig-
ment ingredients and in the formation of the
insoluble resinate. The data in Table 11 show that
almost 50 per cent of the total rosin originally
present may be combined in this way during one
month's storage when large amounts of cuprous

oxide are present. Barnes (2) also found that the
amount of copper reacting with the vehicle depends
upon the copper content of the paint and is
roughly proportional to the miling time up to 24
hours. The type of solvents used and the other
ingredients of the paint may also determine how
much copper wil combine with the acid resins.
So many combinations of ingredients are possible
that it is manifestly impractical to try to predict
how much of an effect this reaction wil have in
any given formulation.

TABLE 12. Dissolution of Various Grades of Rosin in a Borate
Buffer Solution (pH 8.8). The Panels were Dried for 7 Days

and Rotated in the Solution for 6 Hours
Grade af Rasin Rasin Dissalved jJg./cm.'VVVV 2060WG 20801i 1920II 1900E 2380B 1970FF 920

Oxidation of the rosin in a paint may also be
expected to take place to some extent during

storage. As discussed above, this could result in
an increase in the solution rate of the soluble

resin, though it has been impossible to assess this
effect quantitatively.

Solution rates of different grades of rosin: As
mentioned previously, rosin is graded by color,
which in turn depends upon the amounts of various
impurities present. These various grades of rosin,
however, h¡ive nearly the same acid number and
consequently their rates of solution in sea water
or alkaline buffers are similar. The data given in
Table 12 show that FF rosin is the only one
among those studied with a solution rate substan-
tially lower than WW rosin. It appears, therefore,
that the specification of the clear rosin grades is

unnecessary for use in antifouling paints.

DISSOLUTION OF RESIN MIXTURES
IN ALKALINE BUFFERS

The' previous discussion has largely been con-
cerned with rosin alone. In actual practice, of

TABLE 13. Ether Soluble 1iaterial Dissolved by Sodium Glyci-
nate (0.025M) Solution in Six Hours from Panels Coated
with Mixtures of Rosin and Various Neutral Materials

Tatal Amaunt Dissalved (pg./cm.')
% N eutral Material

Age ------
Neutral Material days 10% 20% 30% 40% 50%
Vinylite 7 3900 2540 735 280
Copper Resinate 1-3 2700 3720 4580 3270 3450
Cumarone Indene 1 2030 885 280
Pentalyn G 1-2 2550 280 65 39 6
Poly-Pale Ester 2-3 2660 2720 1150 0 0
Calcium Resinate 7 3990 3530 3120 3420* 2250*
1ig Resinate 7 4150 2140 2440
1ip; & Ca Resinate 7 3670 1920* 2300* 2220* 2160*
Nenlyn 20 7 7730 2380 580 580 465
Hercolyn 7 7120 5690 4900 3340 2640

* Two phases visi ble on paneL.
,
:~~r
. ;~)

course, rosin is rarely used as the sole binder of
antifouling. paints because of its poor physical
properties; it is always mixed with other resinous
materials.

The resinous materials which are mixed with
rosin are generally neutral and insoluble. It is
pertinent to inquire, therefore, what effect these

admixtures have upon the solution rate of the
rosin. All of the neutral materials decrease the

rate of solution from a panel, but the effect is
quantitatively different for the various substances.

Quantity of neutral resin added: The effect of
adding various amounts of different neutral
materials on the solution rate of rosin is shown by
the data in Table 13. The rate of solution decreases

in every case as the proportion of neutral material
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TABLE 14. Dissolution of Rosin Vinylite Mixtures of Various Thicknesses in Glycinate Buffer (pH 10.6). The Panels were Dried for
One Week before the Test, and Rotated at 85 R.P.M. in 1.35 Liters of Solution

Ave. Film Tatal Dissalved (pg./cm.')
Weight
mg./cm.'

10.0
17.7
32.0

Compasitian
10% Vinylite
90% Rosin

No.. af Caats
1

2
4

10 min.
1040
1060
'900

30 min.
1710
1430
1120

1 hr.
2300
1910
1630

2 Iirs.
2880
2560
2960

4 hrs.
3480
3210
3380

6 Iirs.
3900
3660
4110

Film
Dissalved

%
39
21
13

21.5% Vinylite 1 5.2 930 1320 1630 1940 2210 2520 48
78.5% Rosin 2 11.1 1120 1710 2080 2500 3030 3360 30

4 18.2 1090 1650 1890 2210 2590 3060 17

30.5% Vinylite 2 11.3 496 470 735 6
69.5% Rosin 4 25.6 490 555 860 3

6 38.8 450 612 825 2

40.5% Vinylite 2 12.1 310 2.5
59.5% Rosin 4 23.6 290 1.2

6 40.0 284 0.7

is increased. The magnitude of the effect at any
given concentration of neutral material, however,

varies widely. The solution rates of those mixtures
in two phases which w.ere visible on the panel re-
main high despite considerable additions of neutral
materiaL. The liquid Hercolyn also permits high
solution rates even when it is present in consider-
able amounts. It is possible that this is the result
of an abilty of Hercolyn to flow off the panel as it
is uncovered by the dissolving rosin.

Barnes (2) shows that the amount of rosin
dissolved in the sea is _directly related to the
amount of rosin in the mixture. Below about 30
per cent rosin, little or no loss of rosin occurred.

Analyses of the residue on the panel indicated

that measurable amounts of rosin acids remained
in the binder skeleton. In a rosin-Bedesol mix-

ture which originally contained 75 per cent
rosin, the concentration of rosin left after 40
days soaking in the sea was somewhat greater

than 20 per cent to a depth of 30,u. Between 30

and 80,u the concentration gradually increased,

and was the same as the original composition at
greater depths. Barnes concluded that a portion
of the acid resin is readily dissolved, and that the
binder skeleton which remains contains about
20 per cent acid resin, which is dissolved much

more slowly.
Effect of thickness of film: If a mechanism exists

to permit the solution of the soluble material

throughout the depth of the film, a partial extrac-
tion should dissolve the same amount of soluble
material, regardless of the film thickness, provided
of course that the film is at least as thick as the
depth of extraction. The results of extraction of

mixtures containing approximately 10, 20, 30,
and 40 per cent Vinylite in rosin and applied in
djf~r~nt thickness are given in Table 14. As the

Vinylite content of the mixtures was increased,

the amount of dissolved ether soluble material
decreased. For each composition, essentially the
same amount of ether soluble material-i.e., rosin
acid-was dissolved, regardless of whether one or
more coats of the mixture were applied. As a
result the percentage of the original film which
dissolved decreased as the thickness of the film

was increased. The rate of solution fell off as the
extraction proceeded into the mixture, but the

thickness of the film did not influence the course

of extraction over the period of this experiment.

For each neutral material studied, a maximum
permissible concentration wil be found. If the

neutral material is added in concentrations greater
than this critical value, only very little rosin can
be dissolved, and the rate of solution from the

TABLE 15. Amount of Rosin Dissolved in Glycinate Buffer in Six
Hours from Mixtures Containing 20% Neutral Materials

(pH = 10.6)

Neutral Material
Ester Gum
Pentalyn X
Pentalyn G
Pentalyn M
15% MgR2ì.
5% CaR, f

Nevile G
MgR,
Neolyn 20
Hydroabietyl Alcohol
Pentalyn A
CaR,
Vinylite
CuR2
Poly-Pale Ester ~1

Flexalyn
Poly-Pale Ester ff3
Lewisol 33
Hercolyn
Hydrogenated Ethyl

Abietate
Nevile R-29
Neolyn 40

Acid No..
af N eutra.l

Material

15
19
25

o

o
o

10-15
o

19
o
o
o

8-10
5-10

8
40

8

8
o

Saftening
Paint af
Neutral

MaterialoC.

155
131
165

72-78
33

110

80-85
45-50

152-168
Liquid

Liquid
Liquid

Tatal
Dissolved
jJg./cm.'

940
1460
1770
1860

1920

2120
2140
2380
2710
3000
3530
4320
4380
4350
4750
4760
4900
5500

5900
6550
6750
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mixture wil never be suffcient to permit steady-
state leaching of the toxic from a paint in which it
is used as a matrix.

Effect of the nature of the neutral material: The
effect of adding various neutral materials to rosin
at a concentration of 20 per cent has been studied
with several substances. The results obtained are
listed in Table 15 in order of the increasing amount
of rosin which can be dissolved from the mixture.

_ It wil be noticed that the four resins permitting
the greatest solution are liquid. In general, the

remaining materials are arranged approximately in
order of their softening points. It thus appears that
the harder neutral materials have a more pro-
nounced depressing effect on the solubility of
rosin than do the softer ones. In other' words,

plasticizers may be added to paint films in rela-
tively high concentrations without exerting too

detrimental an effect on the solubility of the
matrix. Tougheners, on the other hand, must be
added judiciously in small quantities in order to
avoid making the matrix insoluble.

Signifcance of Matrix Solubility
To be effective an antifouling paint must con-

tain a toxic which is slightly soluble in sea water,
compounded in a matrix in such a way that it
can be released at an adequate, uniform rate. If
the matrix is insoluble, enough toxic must be
incorporated to give continuous contact between
the toxic particles. If, however, the matrix is
soluble in sea water, less of the toxic is required,
and the solution of the matrix controls the toxic
leaching rate. These mechanisms of release of
toxic are discussed in detail in Chapter 16.
The present state of knowledge of matrix

ingredients permits qualitative predictions of the
solubility in sea water of many matrix mixtures.
In general, therefore, the type of paint in which
they would be satisfactory can be decided in
advance. However, the solution rates to be

expected, and consequently the toxic loading
required to give satisfactory results, vary. so
greatly, depending upon the nature of the neutral
material included, that quantitative predictions

are as yet untrustworthy. Each combination of

matrix ingredients must be studied individually
in order to design the paint most - effectively.
Chapter 19 discusses the design of antifouling
paints in detaiL.
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CHAPTER 18

Characteristics of Antifouling Coatings
Although the qualities necessary for a successful

antifouling coating are generally recognized and
agreed upon, there is little agreement concerning
the composition and formulation of antifouling
coatings. In part, the disagreement has been the
result of a failure to understand the mechanisms
of antifouling action, and the resulting empirical
and sometimes irrational approach to the problem.
Some of the diffculty has arisen because precon-
ceived ideas useful in other paint fields are of little
or no value in formulating antifouling paints.

This chapter attempts to resolve some of these

diffculties by restating the problem, defining the
necessary terms, describing some satisfactory
formulations, and summarizing the important
properties of ingredients commonly used in anti-
fouling paints.

GENERAL REQUIREMENTS OF
ANTIFOULING COATINGS

Antifouling Properties
The ideal surface for prolonged protection would

presumably be one which could act without con-
sumption of the coating. To the best of our

knowledge, no such paint has been designed. Any
effect due to toxicity of the ingredients requires

the gradual wasting of the paint because, to be

effective, the poison must dissolve from the
coating. The life of a toxic paint is determined by
the thickness of the coating,' its reserve store of
toxics, and its rate of dissolution or wearing away.
The mechanisms by which adequate toxic release
may be obtained have been discussed in Chapter
16. The effective coatings appear to act by poison-
ing the organisms at the time of attachment or

shortly thereafter.
Shipbottom paints prevent fouling for only a

limited time. The aim of antifouling paint research
should be to develop coatings which are effective
for longer periods. The usual commercial paints in
our experience have an average effectiveness of
three to six months under subtropical fouling
conditions. Very few are effective for periods as
long as one year. The plastic type of antifouling
paint developed by the Navy resists fouling for a
much longer period, and has permitted the exten-
sion of the interdocking interval from six to eight-
een months. Many ships coated with these paints

have been in operation in the Pacific for more
than two years without fouling. As a result, the
docking interval is now determined by the neces-
sity for repairs to the hull and submerged fittings.

Durability
The durability of the coating depends upon its

resistance to mechanical damage, the erosive
effects of water movement, and the softening or
solution of the components of the paint. Since

the paint must disintegrate slowly to permit the
liberation of the toxic, a compromise must be made
between toxicity and durability.

Resistance to the erosive effects of water move-
ment is a particular problem in connection with

high speed vessels, such as motor torpedo boats
and hydroplanes. It is probable that special paints
which may sacrifice certain other properties to the
development of a hard, tough surface wil always
be necessary for such craft.

The loss of durabilty of a paint film is generally
most obvious at the water line. Mechanical

damage resulting from floating debris or chafing
on booms, and the repeated wetting and drying,
combined with direct exposure to the sun, un-
doubtedlyaccelerate the breakdown of the paint
system in this region. As yet no compositions have
been designed for the water line area which give

the service life attained by paints applied to the
underwater sections of the hull.

Adhesion
The coating must adhere to the wood or steel

of the ship's bottom. It is not suffcient that

adhesion be satisfactory when the paint is applied
under favorable circumstances. The coating should
adhere well when applied under the far-from-ideal
conditions of dampness and temperature under
which much painting is done, particularly during
winter in temperate latitudes. The frequently

observed variations in the performance of the same
paint on different occasions may be due largely to
the variable conditions under which it is applied.

Effect on Corrosion
It is essential that the shipbottom paint system

used on a steel vessel should protect the hull from
corrosion. If the coatings do not prevent rusting,

313
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the continuity of the paint wil be destroyed and
fouling of the bared areas will result. At least one
coat of primer or anticorrosive paint is applied

before the antifouling coating. The effectiveness of

this anticorrosive. paint may determine, to a large
extent, the success of the antifouling materiaL.

The antifouling paint may contribute materially
to the protection of the hull from corrosion. This

contribution depends primarily on the thickness

of the coating and its resistance to the penetration
of sea water. Experiments with the Navy paints
show that the anticorrosive coating alone (about
2 mils) wil prevent corrosion for only a few

months. The addition of a coat of the cold plastic
antifouling paint (about 5 mils) extends the pro-
tection to at least fifteen months, and the use of a
thirty mil coat of the hot plastic antifouling paint
wil prevent serious corrosion for at least thirty
months. Thick paint films thus aid in preventing
corrosion, in addition to providing the necessary
toxic reserve for prolonged prevention of fouling.

The ingredients of the antifouling paint should
not accelerate the corrosion of steel. The common
toxic pigments, metallic copper, and salts of copper
and mercury, tend to accelerate corrosion if they
are not adequately separated from the steel hull,
as wil be discussed in Chapter 22. For this reason
it is very desirable that toxics other than these
be developed for antifouling coatings.

Smoothness
The antifouling coating should have a smooth

surface in order to keep the frictional resistance of
the vessel to a minimum. The smoothness of the
coating wil depend upon the behavior of the paint
film during drying.

Smoothness is a quality which acquires increased
importance where speed is essentiaL. Small racing
yachts commonly employ paints which sacrifice
much of their antifouling virtue for the sake of a
hard, smooth finish. This may be done since it is
easy to haul such craft for cleaning at frequent
intervals.

The thick coatings which are required to provide
prolonged protection against fouling must be
carefully formulated to permit easy application,
freedom from sagging, and good leveling. If drying
is inadequate, a thick coating may tend to flow
when the ship gets under way, and thus become

rough (see Figure 13, Chapter 2). On the other
hand, the viscous paints necessary to give thick

coatings have suffcient body to fil up minor irregu-
larities of the ship's surface.

Ease of Application
The antifouling paint should be designed to

permit its application by either brush or spray
equipment, so that vessels may be painted
wherever it is convenient to dock them, and by
whatever labor is available. The use of modern
spray equipment results in great economies of

time and in superior applications. Many commer-
cial paints can be sprayed with standard equip-
ment; the Navy has developed methods for
spraying both the hot and cold plastic paints.
Paints which can be applied by only one of these
methods, such as the hot plastic which must be
sprayed, are of necessity limited to those dry-

docks using the appropriate method of application.
Wide variations in temperature should not

seriously alter those properties of the paint which
determine the ease of application, since vessels
must be painted in all seasons and climates. Many
formulations become undesirably thick in cold
weather. The paint should be formulated so that
readily available solvents are suitable for thinning.
It should not cake in the.container, or body ex-

cessively in storage.

Drying Time
Because the time available for painting is usually

limited by practical considerations, it is essential
that the paint dry rapidly. Commercial shipping

firms generally restrict the docking periods to one
day, part of which is required for cleaning the

vesseL. As a result, adequate painting is imposs:ble
unless the paints dry rapidly. If the time in dock
is not too limited, multiple coats may be applied
and thus provide the thick coating necessary for

prolonged antifouling life.
If the paint fim does not harden before the ship

gets under way, the erosive action of the water
may cause it to flow, thus impairing the service-
ability of the coating. It has been found that
many paints harden under water, so that a station-
ary period after undocking may aid in preventing
excessive erosion or flow of the paint surface.

It has been traditional to float vessels as soon

as possible after the application of the fial anti-

fouling coat. Tests on several proprietary paints

which recommend this indicate that it either has
no effect on the fouling resistance of the paint,
. or actually impairs it. It is probable that this
recommendation isa carry-over from the days of
the shellac paints, when water-soluble alcohol was
used as the solvent. Its continuation is greatly
favored by boat yard and dock owners who are

anxious to keep their railways clear.
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Color
Yachtsmen frequently choose the color of their

bottom paints for esthetic reasons. Since the best
toxic pigments are not of the desired colors, par-
ticularly the greens, many inferior yacht paints
have been produced for this trade. Bottom paints
used on work boats of all sorts are not usually
especially colored. Submarines are frequently
painted black for tactIcal reasons. The introduction
of the tinting pigments commonly impairs the anti-
fouling effectiveness of the paint. A similar prob-

lem is introduced in flying-boat hulls, where the
need for a pale color has precluded the use of

cuprous oxide, the toxic most approved in anti-
fouling paints for ships.

Color has also been considered an important

factor in determining the degree of fouling on

submerged surfaces. This has been discussed in
Chapter 13.

Expense and Availability
The cost of the paint normally constitutes only

a small proportion of the total expense encoun-

tered in docking a vesseL. An ineffcient paint, no.
matter how cheap, does not represent a good
investment. However, far too often price rather
than performance is the dominant factor in the
formulation and purchase of antifouling paints.

The following charges incurred by an 18,000-ton

passenger liner, docked during 1940 in the San
Francisco Bay area, show that the paint costs
were less than one-third the total expense (10).

Dock Charges $1,800.00
Labor of Cleaning and Painting 1,300.00

Cost of Anticorrosive Paint 400.00
Cost of Antifouling Paint 750.00
Cost of Boottopping Paint 150.00

$4,400.00

This ship is docked and repainted every nine

months. It would be economical to pay at least
double the quoted price for a more effcient anti-
fouling paint if the docking interval could be

extended by as litte as three months.
For strategic reasons, the Navy uses domestic

materials as much as possible in order to avoid the
curtailment of supplies which might result during
wartime. This consideration led the Navy to de-
velop paints using rosin as the binder in place of
the gum shellac employed prior to 1926. More
recently it has been possible to make satisfactory
antifouling paints which do not contain mercury
as the toxic. The elimination of this material,
which is both expensive and scarce, has saved

many thousands of dollars each year.
Many of the synthetic resins which are being

developed are more expensive than the common
natural resins. Their use may be restricted to
paints intended for purposes which justify the
extra expense. They may be added in small quan-
tity to improve the qualities of paints which use

cheaper materials as the main fim-forming ingredi-
ent.

During wartime many materials which are
normally available in adequate amounts may
become scarce. It is frequently necessary under
these conditions to modify formulations by the
substitution of similar but more available materi-
als. Since small changes in formulations may have
a profound effect on the serviceability of the paint,
it is essential to understand the properties of alter-
native ingredients so that substitutions may be
made without detriment.

CLASSIFICATION OF ANTIFOULING
PAINTS

Antifouling paints differ from other types of
formulations because they must be designed to

permit the release of the toxic. Two mechanisms
which provide for this have been described. Paints
made with matrices insoluble in sea water must
contain a suffciently high loading of the toxic to
permit continuous contact of the toxic particles.
Paints made with soluble matrices are effective
with much lower loadings, since the dissolution of
the matrix in sea water exposes stores of toxic from
within the film. Permeability of the fim has also

been suggested as a mechanism to permit leaching
of the toxic. The data available, however, indicate
that the fims, though permeable to water, are

relatively impermeable to the toxic ions. So far
as is known, no paints have been designed which
are effective solely becallse of the permeability of
the matrix (d. Chapter 16).

Insoluble Matrix Paints
These paints require a high loading of the toxic

pigment, and,; consequently, a tough, durable

binder must be used. The materials which have

proved successful include the polyvinyl resins and
short-oil length, water-resistant varnishes. It is

probable that alkyd resins, chlorinated rubber,
cellulose derivatives, and other high polymers
could also be used. The resin may be the sole
binder of the paint, or it may be plasticized or

modified by the addition of other, less highly
polymerized resins.

Metallc copper and cuprous oxide are the
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toxics commonly used in these paints. Mercury
compounds could presumably be used, but the
cost would be excessive in view of the high loading
required. A pigment volume loading of greater
than 30 to 40 per cent cupro~s oxide or 20 to 25

per cent metallic copper has been found necessary
to insure continuous contact leaching (d. Chapters
16, 19).

Examples of satisfactory formulations made with
insoluble matrices are given below:

INSOLUBLE MATRIX PAINTS, HIGH POLYMER TYPE

Proportions by Weight

BKI AFI4 AF22 AF23
Matrix Vinyl resin 10 8 6 6

Rosin 8 18 18
Pigment Cuprous oxide 90 84 76

Metallc copper 76

INSOLUBLE MATRIX PAINTS, VARNISH TYPE

Proportions by Weight

80-4 6782 6803
Matrix Phenolic resin 9 6 6

Cumar, hard 18 18
Linseed oil 9 5 5
Chinawood oil 9 5 5

Pigment Cuprous oxide 50
Metallc copper 73 50
Iron oxide 8 8
China Clay 8 8

These paints are usually characterized by hard,
erosion resistant fims, and when correctly formu-
lated have excellent long-term fouling resistance.
They are expensive because of the necessary high
loading with an expensive pigment. The high

polymer paints are diffcult to brush, and are best
applied by spray. Unusual care in surface prepara-
tion is sometimes necessary for good performance
and satisfactory adhesion. The varnish base
paints are easily applied and have excellent ad-
hesion, even on a poorly prepared surface. The con-
tinuous contact type metallc copper paints should

not be used on steel vessels because of the danger
of corrosive effects (d. Chapter 22).

Soluble Matrix Paints
The matrix of these paints must contain a

resinous ingredient suffciently soluble in sea water
to maintain adequate leaching of the toxic, but
not so soluble as to result in the rapid deterioration
of the fim. Rosin is commonly used for this pur-
pose, since its solubilty appears to be within the
limits required. Since rosin is brittle, it is generally
plasticized to obtain flexibility. A large variety of
plasticizers has been found satisfactory (d. Chap-
ter 19). High molecular weight resins, which may
be added to toughen the fim, reduce the rate of
solution of the matrix, which tends to be excessive

when rosin is the principal fim forming ingredient.
The plastic paints in use by the Navy have

matrices soluble in sea water. The hot plastics
are applied in the molten state and solidify on
cooling. Two examples of hot melt paints formu-
lated with a soluble matrix are given below:

SOLUBLE MATRIX PAINTS, HOT MELT TYPE
Proportions by Weight

Matrix Rosin
Paraffn

Pigments Cuprous oxide
Magnesium silicate

42-3
28
36
36

19-92
40
24
28

8

The paraffn wax in these formulations acts as a
plasticizer of the fim and results in low viscosity
of the melt, so that application is facilitated. The
substitution of other waxes for the paraffn may
improve the physical properties of the fim, but

generally decreases the rate of solution of the

matrix with a resultng loss in fouling resistance.
The hot melt type paints are best applied by

spray, and special equipment for this purpose has
been designed by the Navy. Use of this equipment
permits rapid application of a 20-50 mil pinhole-

free paint fim in a single coat. Such a film has

been found to be effective in preventing fouling
for periods of two to five years on naval vessels.
Suffcient stores of toxics are present to provide
an adequate leaching rate for at least ten years,
though this limit has not been realized in practice.
The rapid solidification of the fim, which makes a
prolonged period of drying unnecessary, is an
advantage. The disadvantages include the rela-
tively low coverage per gallon and the specialized

heated spray equipment required for application.
These paints are diffcult to apply at air tempera-
tures below 40°F, and the films have poor flexi-
bility at low temperature.

Several examples of the solvent type antifouling
paints with soluble matrices are given below:

SOLUBLE MATRIX PAINTS, SOLVENT TYPE
Proporl.ions by Weight

Matrix
15RC 105 16X 16XM

Rosin 27 29 26 26
Navy 4B Resin
Pine oil 4
Coal tar 7
Coumarone-indene, soft 12
Zinc stearate 2
Tricresyl phosphate
Methyl abietate, hydro-

genated 13 13
Chlorinated rubber 2

Cuprous oxide 15 27 52 51
Mercuric oxide 5 4
Silica, amorphous 8
Zinc oxide 26
Magnesium silicate 8 6
Iron oxide, red 20
Silca, diatomaceous 9 8

Pigments
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This type of antifouling paint can be formulated
to have a service life of well over a year. The
paints can be inexpensive, simple to manufacture,
and easy to apply, though they generally have

relatively poor resistance to erosion by water. The
poorer examples are extremely soft and unsuited
for use on high speed vessels. The formulations

given above vary widely in all of these characteris-
tics. Formula 15RC, with its low toxic loading,
prevents fouling for only a short time and is very.
soft. Formula 16X (30) resists the attachment of
fouling organisms for more than a year when
properly applied. The erosion resistance of 16X is
not great, though it is better than 15RC. It is
improved greatly by the addition of small amounts
of chlorinated rubber, as in 16'XM, or of various

other long chain resins of large molecular weight
which toughen the paint fim (31, 36; d. Chapter
19). The fim properties of 105 are the best of these
examples. Its resistance to fouling is erratic, how-
ever; some samples prevent fouling for long times,
while others fail rapidly.

All of these paints may be applied by either
brush or spray, and are suitable for application in
cold climates where the hot melts faiL. They form
thinner coats than the hot melts, which limits their
effective life. Since their impenetrability to water
is not as great as that of hot melts of equivalent

composition and thickness, they are not so effective
in preventing corrosion, and their use requires an
effective anticorrosive paint. They give good per-
formance even when applied under adverse atmos-
pheric conditions and with inadequate surface

preparation.

INGREDIENTS COMMONLY USED IN
ANTIFOULING PAINTS

The design of antifouling paints which operate
by either the mechanism of continuous contact in
an insoluble matrix, or by dissolution of a soluble
matrix, requires specialized knowledge of the
chemical and physical properties of the ingredients.
In a book of this scope, it is impossible to include
all ingredients which have been or might be used
in antifouling paints. Gardner's lists of paint raw
materials fill more than a hundred pages (19),
and new synthetic resins and other products are
constantly being produced. The purpose of this
section is, therefore, to describe briefly the proper-
ties of some materials which make them useful in
antifouling paints. For more extensive information
on these and other possible ingredients, the stand-
ard treatises, such as those of Mattiello (27) or
Ells (17), should be used.

The ingredients used in formulating antifouling

paints generally perform the same function as in
other types of coatings. Thus the matrix may
contain a resinous ingredient which forms the
continuous solid film. Plasticizers may be added
to give a more flexible coating, and small amounts
of long chain, large molecular sized compounds
may be needed to increase the toughness and ero-
sion resistance of the film. The peculiar property
of some matrix ingredients which is important in
antifouling paints is their solubility in sea water.
This property is undesirable in other coatings, but
is indispensable for the formulation of certain

types of antifouling paints. The most useful soluble
matrix ingredient is rosin, which is found in most
of the satisfactOry formulations.

It is apparent that different matrix ingredients

are required in the two main types of antifouling
paints: those with an insoluble, and those with a
soluble matrix. Moreover, the same compound
may be used for different purposes in these two
types of formulations; the vinyl resins, for example,
may be used in small amounts as tougheners of a
paint with a soluble matrix, or may be the princi-
pal fim forming ingredient of a paint with an

insoluble matrix (31, 41).
The pigmentation-of antifouling paints is readily

divided into toxic and nontoxic pigments. The

toxic pigment must have a small but finite solu-
bility in sea water in order to be effective. If the
toxic is too soluble, it may be extracted rapidly
and completely from the fim. If, on the other hand,
it is too insoluble, it wil not dissolve suffciently to
prevent fouling (d. Chapter 14, 15). Thus, cuprom:

oxide or metallic copper have satisfactory solu-
bilties, but cupric oxide is too insoluble to be
effective, and several copper compounds such as
the sulfates and chlorides are too soluble. Mercuric
oxide and mercurous chloride are satisfactory
mercury compounds but mercuric chloride is too
soluble for effective use.

Nontoxic pigments may be added to obtain a
suitable volume loading for the vehicle, to aid in
suspending the heavier pigments and avoid caking
in the can, or, with proper attention to particle
size and shape, to increase the toughness of the
paint (11, 18). The addition of small quantities

of nontoxic pigments to paints containing moderate
or low amounts of the toxic pigment has been

reported to improve the antifouling properties of
the paint.

Matrix Ingredients

Natural resins: One of the commonest ingredi-
ents of antifouling paints is rosin which is obtained
from pine trees. The value of rosin as an antifouling
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paint component was established by empirical
formulation. Its function as a soluble matrix

ingredient has only recently been recognized (d.
Chapters 16, 17).

Commercial rosin is classified by color, which is
largely determined by the amount and types of
impurities present.1 In the highly pigmented anti-
fouling paints, the color of the rosin used is of little
importance, though the lighter grades are often
specified. Actual tests show that all grades of gum
rosin and all grades of wood rosin except FF and
B have suitable solubilities.

There are many other natural resins, differing
widely in properties, which have been tried in
antifouling paints. None of them is more satisfac-
tory than rosin, though shellac has been exten-

sively used. Since the latter is imported from
India, its use was discontinued in 1926 by the
United States N;avy in favor of domestic materials.
Yacca gum was introduced by Adamson as a par-
tial substitute for gum shellac (2). This material
is less acid than rosin, and consequently less soluble
in sea water.

Treated natural resins: The properties of the
treated natural resins vary widely, and some are
available which are useful in each category

of paint ingredients (i.e., resin, plasticizer,
toughener). Many of the treated resins are neutral
and therefore insoluble in sea water.

Ester gum, the glyceryl tri-ester of rosin, is
nearly neutral and insoluble in sea water. Its sub-
stitution for all of the rosin of an effective anti-

fouling formulation generally makes the paint
unsatisfactory, since it excludes the water from the
toxic materials. Its use in smaller quantities may
improve the performance of the coating by
stopping the excessive wasting which occurs in
paints containing large amounts of rosin.

The rosin salts of divalent cations form the so-
called hardened rosins, which are practically
insoluble in sea water. Copper resinate has been
suggested frequently for use in antifouling paints
(15, 17, 26, 28, 37). The negligible solubility in
seà water makes it of little value as a toxic agent,
but in some formulations it is useful as a plasti-
cizer. Copper resinate is formed in all paints con-
taining both rosin and copper compounds. This
reaction renders insoluble a portion of both the

matrix and the toxic. If formed in too great quanti-
ties, the antifouling properties of the paint may
be destroyed.

1 These are in order of increasing color X, WW WG N M K I H G F E
D, B. Twelve color standards have been developed by the Na~af St~res'industr/
The pnmary standards for comparison are Ys inch glass cubes adapted hy the
Burean of Chemitr and Soils, U. S. Department of Agricuture:(24, 35).

The hydrogenated rosin esters, such as hydro-
genated methyl or ethyl abietate, give liquid resins
which have been useful as plasticizers in anti-
fouling paint fims.

Modified rubber resins, such as chlorinated and
cyclicized rubber (17, 38), have been found useful
as toughening agents for antifouling paints.
Chlorinated synthetic rubber has also been used

successfully (29). They are generally added in very
small proportions (less than 5 per cent of the dry

film), but some paints have been made in which
the modified rubber is a large part of the binder.
Modified rubber films are extremely resistant to

. both acid and alkali, and are completely insoluble
in the slightly alkaline sea water.

Synthetic resins: A great variety of synthetic
resins is available, but only a few have been used
in antifouling paints. It is probable that many
more are now being tested in various industrial
laboratories.

The alkyd resins are reaction products of poly-
hydric alcohols (glycol, glycerol, etc.) with poly-
basic acids (chiefly phthalic, also maleic, succinic,

etc.). The alkyds used in the paint industry are
generally modified with the fatty acids obtained

from linseed or soy-bean oils. This improves their
solubility in the common paint solvents, and the
product gains some of the properties of the oil
employed.

Alkyd resins have been used extensively in
preparing paint coatings. In the underwater paint
field, their use has been largely restricted to the
anticorrosives and primers. They have not been
used as the binder of continuous contact paints.
Their inclusion in the proper proportions in rosin
base, soluble matrix type paints may give desirable
film characteristics.

The coumarone resins are reaction products of
coumarone and indene. They are completely
neutral and insoluble in sea water. Five different
grades are recognized, ranging in melting point

from 50 to 160°C (17, 22). The softer grades have
been used as plasticizers in antifouling paints, and
the harder grades have been mixed with rosin or
with drying oils to form the binder.

Phenolic resins, modified with rosin, have been
used in hot melts and solvent type antifouling
paints, Frequently, phenol and formaldehyde,

together with lead acetate as a catalyst, are reacted
in the presence of rosin during the varnish cook.

The resin obtained is less soluble in sea water than
rosin alone. The use of rosin esters in place of the
rosin, though common in the manufacture of
varnishes where water resistance is desirable, is
generally not satisfactory for antifouling coatings.
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Phenolic resin-drying oil varnishes have been used
to formulate paints of the continuous contact

type, where insoluble, tough matrices are desirable.
The vinyl resins which have proved useful in

antifouling formulations include the vinyl chloride-
acetate copolymer and polyvinyl butyral. These
resins are extremely tough and resistant to solution
by sea water. They have been used as the sole
binder in antifouling paints, and require an ex-
tremely heavy loading of the toxic pigment to
provide the continuous contact necessary to main-
tain an adequate leaching rate. Vinyl resins have
also been used with considerable success to toughen
paint films' which contain rosin as the principal
binder.

The polyvinyl butyral resins may form a gel in
an antifouling paint on storage. This gelation

appears to result from the reaction of residual

hydroxyl groups of the resin with the heavy metal
toxics. Frequently, the antifouling action of the
paint is impaired before the gelation becomes

apparent.
Cellulose products have been useful as toughen-

ing and modifying agents for various types of anti-
fouling paint films. Ethyl- and benzylcellulose

have both been used to toughen paint films con-
taining large amounts of plasticized rosin as the
binder. Nitrocellulose lacquers have found very
little application in antifouling paints, though
they may be used at times to provide a hard,
smooth finish for small racing yachts where anti-
fouling properties are not of great importance.

Drying oils: Chinawood, dehydrated castor,
tung, and linseed oils are used in short-to-medium
oil length varnish vehicles to formulate paints

with an insoluble matrix. Bodied linseed, china-
wood, and fish oils have been used to plasticize
rosin-containing antifouling paints. Unmodified
drying oil coatings do not give good performance
on underwater exposure.

Tar products: Tar, pitch, bitumens, creosote,

and other products of the destructive distilation
of wood and coal are common ingredients cif bottom
paints. Toxic properties have been attributed to
these products, though they alone wil not prevent
fouling for very long (32). They may have some
virtue as wood preservatives, and they do protect
wooden structures from the depredations of the
wood destroyers, Teredo and Limnoria.

Pigments
The primary purpose of the pigment in anti-

fouling paints is to provide the toxicity necessary
to prevent the attachment of fouling. The pig-
ments also give body to the paint, and harden
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and strengthen thè coating. Although many
effective paints contain only the toxic pigments,
various nontoxic or inert pigments have been used .
to improve physical durability, application charac-
teristics, or appearance. The nontoxic pigments
are cheaper than the toxic pigments, and are

frequently employed in undesirably large amounts.

TOXIC PIGMENTS

A great many pigments have been included in
antifouling paints to provide toxicity, though

very few have stood the test of use. Table 1 in
Chapter 14 shows the toxicity of solutions of
various compounds of heavy metals to marine

organisms, and may be used to judge the usefulness
of these compounds in paints. The most commonly
used toxics are compounds of copper, mercury,
and arsenic. All of the British proprietary anti-
fouling paints studied by Bengough and Shepheard
(7) contained both copper and mercury. In addi-
tion 67 per cent of the paints tested contained

arsenic compounds.
Cox (12, 13) has reported the toxic constituents

of 46 proprietary American antifouling paints
submitted for test and sale in California, including
bronze, red and green compositions. Copper or

copper compounds were present in all but one of
these in amounts ranging from 0.44 to 29.5 per
cent (expressed as metallc copper). Mercury was
present in seventeen in amounts of 0.39 to 15.8

per cent. Arsenic in amounts of 0.82 to 12.96 per

cent was present in 15 paints. Eight of the paints
contained all three toxics, and 22 contained only
the copper. After six months' exposure in southern
California waters, the performance of these paints
varied from excellent to valueless.

It is apparent that there is little or no agreement
amop.g manufacturers as to the amount or type of

toxics to be employed. The fact that more than 40
per tent of the paints tested in California were

not acceptable shows that considerable improve-

ment in proprietary formulations is possible.
The American Society for Testing Materials

issued specifications for the toxic content of anti-

fouling paints (5). The cuprous oxide specified

must all be present in the reduced form, any

cupric oxide being considered as inert. materiaL.
Their specifications were as follows:

North South
General Temperate Temperate Tropical
Service Waters Waters Waters

Cuprous oxide, oz.
per U. S. Gal.,

14 25 20 14not less than
Mercuric oxide, oz.

per U. S. Gal.,
7 1.5 5 14not less than
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These specifications require that both copper
and mercury be used as toxics in antifouling
paints, and do not take into account the matrix
constituents, which are at least as important as
the toxic. It is also probable that the toxic content
of the dried paint fim is more important than the
content per gallon, since different spreading rates
can be obtained by manipulating the vehicle and
solvents. Recent investigations indicate that these
required amounts are too low. Young and
Schneider (43) have found that metallc copper

or cuprous oxide loadings of 6 Ib./gal. were neces-
sary in insoluble oil varnish vehicles.

Copper pigments: Several types of copper pig-
ments have been used, and the success of paints
made with them is largely dependent upon their
solubility in sea water (d. Chapter 15). Pigments
with little or no solubility, such as cupric oxide,

do not dissolve suffciently to provide the neces-

sary toxicity. Those which are too soluble, such as
copper sulfate or chloride, may dissolve out of the
paint film too rapidly, thus exhausting the film

of its store of toxics, leading to rapid failure.
Cuprous oxide is a very effective toxic and is

present in the common red copper bottom paints.
It is used as the only pigment in some effective

formulations. Since it can be obtained in very

small particle sizes, it also acts as an effective

bodying agent. Light, inert pigments, such as
magnesium silicate and diatomaceous silica, are
frequently added to the paint to avoid the caking
of cuprous oxide on storage.

Metallic copper flake or powder is used in the
commercial "bronze" paints. Since this material
is very reactive with some vehicles, it is often
packaged separately in two-compartment cans, to
be mixed immediately before application. Metallc
copper may be used in paste form to facilitate
mixing. When applied over steel, effective primers
must be used to avoid excessive corrosion. Tuwiner
and Dodge (39) report the effective use of a metallc
copper paint on a steel ship.

Basic copper carbonate has been tried in anti-
fouling paints, but .its composition is so variable
that reproducible coatings are diffcult to obtain.
Practically the only recommendation for this

pigment is that it is green, and can, therefore, be
used in green bottom pi:.ints so much in demand by
yachtsmen. Copper thiocyanate, sometimes called
white copper, has been tried because of its adapta-
bility to colored paints, but has been found less
effective than cuprous oxide or metallc copper.

Paris green might be expected to be very effec-
tive because it contains both copper and arsenic.

Wehmhoff, Jordan, and Knight found it satisfac-
tory in a hot plastic formulation (40). Adamson
states that it requires fortification with copper or
mercury salts in order to prevent fouling (1).
Harris attributes its action entirely to the copper
which it contains, and rates it as much less effec-
tive than metallc copper or cuprous oxide (20).

Young and Schneider (43) tested other copper-
containing compounds, including the arsenite,
oxychloride, oleate, linoleate, naphthenate, penta-
chlorophenate, and tetrachlorophenate, in two
different vehiCles. None of these was as effective
as copper or cuprous oxide. They concluded that
only compounds capable of releasing 'copper ions
have utility as antifouling agents.

Mercury pigments: On the basis of the minimum
leaching rate determinations, mercury is about
five times as effective, weight for weight, in anti-
fouling paints as copper (d. Chapter 14). In
certain formulations, however, it has been found
to be only two to three times as effective as copper
in preventing fouling (20). Since mercury pigments
are almost ten times as expensive as the cammon
copper compounds, even these advantages are in-
adequate to make the use of mercury economicaL.

Mercury compounds are valuable in producing the
lighter colored paints necessary for aircraft and
prized by yachtsmen.

Mercuric oxide is quite soluble in sea water, and
is very effective in maintaining an adequate

leaching rate and in preventing fouling. Mercurous
chloride is less soluble and has not been used so
frequently, but has been successfully employed

in antifouling paints for flying-boat hulls (4, 28).
Mercuric chloride has an enormous solubility in
sea water, and fims made with this material tend
to become exhausted rapidly.

Organic mercurial compounds have received
some attention and offer some promise as effective
antifouling agents (42). Their solutions are

slightly more toxic than those of inorganic mercury
compounds (33). The increased expense of these
organic mercurial compounds is, however, reported
to more than offset any advantage they might

have.
Arsenic compounds: Arsenic has been detected

in 67 per cent of a group of British proprietary
paints (7, 20) and in 33 per cent of a group of
American proprietary paints (12, 13). Several
controlled experiments suggest that it has litte

or no effectiveness as an antifouling agent. Bray
showed that Paris green, copper arsenite, arsenic
pentasulfide, and diphenyl arsenious oxide were

not very toxic to barnacle nauplii. Arsenic mixed



CHARACTERISTICS OF ANTIFOULING COATINGS

in a paint appeared to have no special value

(8, 9, 16). Adamson (1) states that arsenic trioxide
and arsenic trisulfide were not effective, the
former probably because of its high solubility. In
the same tests, Paris green required supplementing
with mercuric oxide in order to prevent fouling.
Harris found that arsenic \Va.;: Íneffective in pre-
venting barnacle fouling (20).

Organic taxics: Organic toxics have several
possible advantages over the heavy metal com-
pounds generally used. They do not have the
corrosion stimulating action of the metallc salts,
and their use would be of strategic value, since
they may be synthesized from commonly available
materials. Many of them are specific in their toxic
action, rather than general poisons such as copper

and mercury.' It would probably be necessary to
reformulate the coating completely to use them
effectively.

The toxicities of almost a hundred organic

poisons are recorded in Table 12, Chapter 14.

To give satisfactory antifouliqg performance,
the material must be toxic to marine organisms,

and only slightly soluble in naphtha. When added
to normal paints, which depend on copper for
the toxic action, an organic poison may affect the
paint medium, may change the copper leaching
rate, and may even result in decreasing the anti-
fouling effectiveness of such paints. The use of
organic toxics in cementiferous coatings appears to
offer some promise (21).

The insecticide, DDT, has been found effective
in preventing the attachment of barnacles, though
it is not active against other fouling forms such as
the bryozoans, algae, and molluscs (14, 25, 34).
This is an example of the specific action of an or-
ganic toxic which makes it unsuitable unless forti-
fied with more general poisons.

NONTOXIC PIGMENTS

Addition of pigments which do not have a de-
monstrable toxic action may contribute to the effec-
tiveness of the coating. Young, Schneider, and
Seagren (44) concluded that the addition of barytes
to copper powder paints improved their anti-
fouling performance. If the volume of toxic pig-
ment required to give adequate protection against
fouling is less than the total volume necessary

for optimum film properties, nontoxic pigments
may be added to obtain the proper pigment
volume (d. Chapter 19).

It has been found that antifouling paint formula-
tions can be extended with a variety of nontoxic

pigments without impairing their effectiveness
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(3, 23). For each formulation, a critical concentra-
tion of toxic pigment must be maintained. The
type of nontoxic pigment appears to be important
in some formulations (J" 6, 23). Alexander and
Benemelis (3) found that zinc oxide gave the most
consistently satisfactory result in their vehicles,

though they were able to produce equally good

paints with a variety of toxic and nontoxic pig-

ments.
Adamson (2) lists zinc oxide, zinc dust, iron

oxides, silica, and magnesium silicate as the most
commonly used nontoxic pigments in shipbottom
paints. The zinc compounds are more frequently a
part of the anticorrosive, but may also be used in
the antifouling coatings. In addition to these, pig-
ments such as chrome green, chrome yellow,
and various lakes may be used for. coloring pur-
poses.

The investigators of the British Iron and Steel
Institute reported the analysis of 47 proprietary

paints which included both anticorrosive and
antifouling shipbottom compositions (7). The
following list shows the most commonly used
pigments in these paints, and the proportion of the
paints containing each pigment. Red iron oxide

and zinc oxide were used most frequently and were
major constituents of most of the paints tested.

Non Toxic Pigments*
Red Iron Oxide
Red Iron Oxide plus whiting or barytes
Red Iron Oxide and ZnO
Zinc Oxide, ZnS and barytes
ZnO alone or with barytes
Aluminum powder
Miscellaneous mixtures

(Zn dust, red or white lead, calcium sulfate or
phosphate and various combinations)

None other than toxic pigments

Frequency %
23

6
23
19

9
4

13
4

* List from reference 7, after J. C. Hudson.

The quantity of the pigments in antifouling
paints varies widely. No controlled experiments

have been reported on the optimum pigment
loading for underwater exposures, and investiga-
tions in this direction would be valuable. The
quantity of the toxic necessary for antifonling

performance should first be determined by fouling
tests or leaching rate experiments. The quantity

. of nontoxic pigments needed to give any particular
total pigment volume may then be added. Many
proprietary paints are unsatisfactory because they
contain too litte toxic, undoubtedly because the
common extender pigments, such as the iron
oxides, are much cheaper than the toxic pigments.
The cost in 1944 of some of the toxic and non-
toxic pigments is given as follows:
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Cost/lb.
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Toxic Pigments
Cuprous oxide, elec-

trolytic
Cuprous oxide, pyro-

chemical
Copper Jlake
Mercuric oxide

Non Toxic Pigments
Magnesium silicate
Silica,. Amorphous
Silica, Diatomaceous
Zinc oxide

Indian Red
Lamp Black

Cost/lb.
$0.010
0.014
0.030
0.075
0.078
0.10

$0.240

0.220
0.400
2.00

It is, therefore, economical to use as large a propor-
tion of nontoxic pigments as possible to obtain
the best physical properties of the paint. The toxic
pigment must, however, not be reduced below the
amount necessary for antifouling action. The inter-
relationship of these factors is discussed in the

next chapter.
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CHAPTER i 9

The Design of Antifouling Paints
The properties requisite for satisfactoty per-

formance of antifouling paints include durability,
adhesion, smoothness, and ease of application as
well as the abilty to prevent the attachment or

growth of fouling organisms. This chapter wil
attempt to defie, insofar as is possible, how

paints may be designed to have these desirable
qualities. In many cases the influence of the
paint ingredients on the properties of the 'film is
not fully understood, and the design of improved
formulations is thereby handicapped.

It must be emphasized that both the physical

quality of the paint film and the antifouling prop-
erties. are essential for the best performance. In
the present state ofthe art; paints can be designed

which do not foul so long as the physical integrity
of the paint fim is maintained. Further advances
in the development of such paints wil result from
improvement in strength, toughness, and adhesion.
The effects of paint ingredients on the antifouling
properties are currently more clearly understood
than are their effects on physical properties.

Consequently, this chapter may appear to give
undue emphasis to the toxicity of the paint. Since,
however, paints may now be designed with the
. appropriate toxicity, it seems probable that rapid
improvement in the knowledge and understanding
of the effects of ingredients on the physical

properties wil be forthcoming.

Most, if not all, of the effective antifouling

paints act because of one or the other of two

mechanisms which have been described in Chapter
16. One group of paints, characterized by a high
loading of toxic pigment and a tough, impermeable,
insoluble matrix, maintains an adequate leaching
rate because the toxic particles are in continuous
contact throughout the dried paint fim. The

other group, characterized by lower loadings of

the toxic pigment and the presence of rosin or an-
other soluble ingredient in the matrix, maintains
a satisfactory leaching rate because the matrix
dissolves away, uncovering the stores of toxic
within the film. The principles in the design of

these two types of paint are entirely different and
wil be discussed in turn.

PAINTS WITH INSOLUBLE MATRICES
To give satisfactory performance, paints with

insoluble matrices must contain the maximum

loading of toxic consistent with the mechanical

integrity of the paint fim. The greater the loading
of toxic, the more perfect the contact between

particles and the longer the life of the paint. These
high loadings, however, lead to a waste of toxic
because of excessively high copper leaching rates
during the early stages of immersion. As extraction
proceeds, only that toxic which lies in chains of
particles in contact and extending originally from
the surface inward can be dissolved. The chance
that a given particle is in such a chain decreases

progressively with its distance from the surface.

As the chains of particles dissolve away, a depth is
ultimately reached where the continued solution
of toxic is at an inadequate rate to prevent fouling.
It follows that, for each such paint, a critical thick-
ness may be determined beyond which adequate
leaching wil not continue. It is consequently

impossible to extend the life of continuous contact
paints by increasing the thickness of the film
beyond this critical depth.

The Vehicle
The strength and integrity of the paint depend

upon the resinous ingredients of the vehicle.
Paints containing polyvinyl' resins 'and high
loadings of toxic have been developed by investi-
gators at the Bakelite Corporation (2) and short-
to-medium oil length varnish vehicles have been
used by Young and his collaborators (10, 11).
Probably many other high molecular weight
synthetic resins would also be successfuL.

In paints using the vinyl resins it is unneces-

sary to use other resinous ingredients. Tougheners
are not required, sinc~ the principal resinous

ingredient itself is tough; plasticizers for this
type of matrix have not been extensively studied.
The use of rosin with polyvinyl resins increases
the leaching rates by considerable amounts, and
generally extends, by a month or more, the
period during which adequate rates are main-

tained. It is possible that the solubility of the rosin
contributes to the availability of the toxic. Rosin
may be substituted for as much as 7S per cent of
the polyvinyl resins in the matrix without de-

creasing the durability of the paint appreciably.

Pigmentation
Toxic loading: In developing a paint with an in-

soluble matrix, the first experiment required is one
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TABLE 1. The Copper Leaching Rates of Vinyl and Vinyl-rosin
Paints Containing Various Amounts of Cuprous Oxide

After Various Periods of Immersion in the Sea
LefUhing Rates (pg./cm.2/day) after:

Toxic Toxic
Ma- Wt. Vol. 0 2 3 4 5 6
trix* % % mo. mo. mos. mos. mos. mos. mos.

A 90 65 146 64 61 29 20 14 9
A 80 45 92 41 39 23 17 11 8
A 70 33 79 16 16 9 7 5 3
A ,60 24 23 0 2 1

A 40 12 12 1 2 1

B 90 65 161 97 104 39 17 14 12
B 80 45 135 68 72 40 13 8 4
B 70 33 111 54 45 26 14 9 5
B 60 24 37 8 3 4 3 2
B 40 12 42 1 1 1

* Matrix A conta¡ned only vinyl acetate-vinyl chloride copoly-
mer resin; matrix B contained equal proportions of vinyl resin and
WW rosin.

to determine the pigment loading necessary to give
continuous. contact of toxic particles so that an

adequate leaching rate wil be obtained (3, 4).
Such an experiment using a vinyl resin matrix

is shown in Table 1. The paints which contained
less than 33 per cent cuprous oxide by volume
gave leaching rates which dropped to very low
values during the first month of immersion in the
sea; the leaching rates of the remainder were

adequate for progressively longer times as the
loading with the toxic increased. The paints

containing rosin in the matrix (B) have higher
leaching rates and their effective lives are longer
by a month or moré than those of the paints con-
taining only vinyl resin.

Similar experiments have indicated that a some-
what greater loading of cuprous oxide, 40 per
cent by volume, is essential to give adequate
copper leaching rates from a short-oil varnish ve-
hicle. If metallc copper is used as the toxic, the
loading must exceed only 20 per cent by volume
(49). The difference in the critical value for the two
types of toxic is probably related to the different
shapes of the toxic particles. It is commonly be-
lieved that the leaf-like metallic pigments are ar-
ranged flat and parallel to the painted surface.

Such an arrangement would require a higher load-
ing for continuouS contact than close packing of

spheres. Lower loadings, however, have been found
to give adequate results. Some degree of haphazard

arrangement is necessary to produce the observed
effect, and the pattern may be visualized as a
"house of cards." This would give continuous con-
tact at the edges of the particles, with relatively
large spaces in between to be occupied by the ma-
trix.

The effect of varying the loading of cuprous
oxide and of metallc copper on the leaching

rates of varnish type paints is shown in Table 2.
The leaching rates of the paints containing less

than 40 per cent cuprous oxide or 20 per cent

metallic copper (by volume) fall during the first
month to low and inadequate values. As the load-
ing is increased, the leaching rates are maintained
at higher levels for longer periods of time.

Nontoxic pigments: The presence of nontoxic
pigments, in addition to the toxic, has been stated

TABLE 2. The Copper Leaching Rates of Varnish Vehicle Paints
Containing Various Amounts of Cuprous Oxide and Metallc

Copper After Various Periods of Immersion in the Sea

Copper Leaching Rates
Toxic ¡ig./cm.2dayafter:

Wt.
Toxic %

1 Cu20 852 823 794 75.25 70.56 65.07 58.58 50

Vol. 0 2 3 4
% mo. mo. mos. mos. mos.
50 41 25 20 22
45 36 18 15 1440 20 10 8 935 39 Sf 41 71 4f
30 32 31 31 Sf 31
25 30 21 3f 4£ 2£
20 29 21 21 3f 21
15 22 2f 21 31 11

f

1 Cu 802 763 714 655 576 49

35 215 30 23 37 22
30 226 27 22 37 20
25 229 25 17 31 14
20 205 15 13 22 12
15 193 41 6f 101 8111.5 175 31 31 7£ 4f

I Paint fouled at this time when exposed at Miami Beach, Fla.

to improve the performance of heavily loaded

paints in a varnish vehicle (11). Since most paints
contain nontoxic pigments, the investigation of
their effect on the performance of the formulation
is essentiaL. The effect of the substitution of inerts
in this type of formulation has been discussed in

Chapter 16, where it was shown that the substitu-'
tion of an inert pigment for an equal weight of

matrix may result in an increase in volume frac-
tion of the toxic pigment. This produces a greater
probability of continuous contact between the toxic

TABLE 3. The Copper Leaching Rates of Vinyl Resin Paints Containing Diatomaceous Silica After Various Periods of Immersion in the
Sea. The Leaching Rates of Paints Containing Comparable Amounts of Cuprous Oxide but No Silca, Are Given in Table 1

Paint Composition Copper LefUhing Rate ¡ig./cm.2jday after:
Vinyl Resin

2Ot.%
15
20
25

C'lO
Vol. %

40
30
22

Omo.
108

83
82

C'lO
wt. %

70
60
50

Silica
wt.%

15
20
25

1 mo.
21
13
11

2 mos.

33
16

7

3 mos.

17
10

6

4 mos.

10
6
3

5 mos.

8
5
2

6 mos.
5
3
2
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particles, and results in a paint giving a higher
leaching rate (4).

The substitution of diatomaceous silca for an
equal weight of matrix in vinyl resin paints results
in an increase in the copper leaching rate and in the
effectiveness of the formulation. The compositions
and leaching rates of several vinyl resin paints
which contain various amounts of diatomaceous

silica are given in Table 3. The comparison of the
leaching rates of these paints with those in Table 1
containing an equivalent weight per cent of cu-
prous oxide, show that a considerable improve-

ment in the performance of the paint has resulted.
Comparison of the volume composition of these
paints, however, indicates that the formulations

containing diatomaceous silca give approximately
the same leaching rates as those without the silica
but with the same volume of cuprous oxide. The

average copper leaching rates of these paints are
plotted in Figure 11 of Chapter 16 against the vol-
ume fraction of cuprous oxide. This figure shows
that the leaching rates of the paints appear to be
related solely to the volume fraction of toxic, and

TABLE 4. Effect of Nontoxic Pigments on the C?pper Leaching
Rates of Varnish Type Paints Containing 15% Toxic by

Volume

Weight Composition Leaching Rates ¡ig./cm.z/day after:

Varnish
Solids Inert Toxic 0 2 3 4

Toxic % % % mo. mo. mos. mos. mos.
Cu20 50 0 50 22 2 1 3 1

CuzO 30 31 39 31 2 2 3 1

Cu 42.5 0 57.5 175 3 3 7 4
Cu 26 27 47 192 10 5 8 5

that the presence of the silica has no additional ef-
fect.

Within limits an inert pigment may be used
effectively to improve the leaching of the toxic
from antifouling paints. Most of the effect may be
attributed to the increase in the relative volume

occupied by the toxic when the inert pigment is
substituted for an equal weight of matrix.

To determine the effect of inert pigments on
leaching rates and fouling resistance at constant
toxic loading, an experiment was performed in the
varnish vehicle described above. Inert pigments

were added in graded amounts to paints containing
both 15 and 30 per cent of toxic by volume. Both
cuprous oxide and metallic copper were used.,
Table 4 shows the results obtained at a toxic
volume of 15 per cent, and Table 5 shows those at
a toxic volume of 30 per cent. The weight fraction
of the toxic decreases as the inert pigment is

added. There is, however, essentially no difference

325

TABLE 5. Effect of 'Nontoxic Pigments on the Copper Leaching
Rates of Varnish Type Paints Containing 30% Toxic by

Volume

Weight Composition Leaching Rates ¡ig./cm.z/day after:------------
Varnis/i
Solids Inert Toxic 0 1 2 3 4

Toxic % % % mo. mo. mos. mos. mos.
CuzO 30 0 70 32 3f 3f 51 3f

26 6.6 67.4 44 3f 21 5f 31
23 12.7 64.3 40 41 3f 5f 3f
20 18.3 61. 7 50 5 41 8f 41
18 23.3 58.7 59 5 5f 8/ 5f

Cu 23 0 77 226 27 22 37 20
21 5 74 218 44 19 37 16
18 10 72 200 24 20 28 15
16 15 69 235 27 23 19 19
14 19 67 242 25 24 18 16

f Paint fouled at this time when exposed at Miami Beach, Florida.

in the leaching rates or fouling resistance of these

paints at either loading or with either toxic. This
result confirms the conclusion that the major
effect of inerts is associated with the change in the
volume occupied by the toxic pigment.

In desigring a paint of the continuous contact

type two conditions must be met to obtain the
best and most economical formulation: (1) the
toxic volume necessary to insure adequate fouling
resistance for the desired time, and (2) the opti-
mum total pigment volume to give the best physi-
cal performance.

Any number of formulations can be made con-
taining a given volume of the toxic pigment by
varying the total pigment. For example, four

formulations containing 35 per cent cuprous oxide

'by volume, whose total pigment volumes vary
from 35 to 70 per cent, are given in Table 6. All
of these paints should give approximately equiva-
lent leaching rates and fouling resistance, but the
physical performance of the paint fims and the

storage qualities of the paints would probably
vary considerably because of the difference in
pigment loading. The presence of the lighter inert
pigment avoids, to some extent, the tendency of
paints with high loadings of toxic to settle and
cake excessively on storage.

If tt:sts on physical performance showed the
optimum pigment volume for the vehicle to be
60 per cent, this could be obtained by the addition

TABLE 6. Table of Paint Compositions which Contain 35% by
Volume CuzO and Various Amounts of Nontoxic Pigments.

The Following Bulking Values are Used in These
Calculations:

C'lO=.0207; Vehicle=O.l; Nontoxic Pigment=O,05 gaL./lb.
CuzO % by weight 72 68 65 63Vehicle % by weight 28 20 16 11Inert % by weight 0 12 19 26
CUzO Volume %
Total Pigment Volume %

35
35

35
50

35
60

35
70
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of inerts, as in Table 6. If, however, longer anti-

fouling life for the paint were desirable, the toxic
pigment volume itself could be increased to 60 per
cent (88 per cent CUzO by weight in the above

example). Any intermediate combination of toxic
and inert pigment could, of course, also be used,
and would result in intermediate properties of the
pain t.

Should the optimum pigment volume for the
vehicle turn out to be less than the volume of
toxic required for satisfactory antifouling per-

formance, the vehicle is not suitable for paints of
the continuous contact type, and wil not give the

required performance with any combination of in-
gredients.

PAINTS WITH SOLUBLE MATRICES
If both the matrix and the toxic of a paint are

soluble in sea water they wil dissolve simul-'
taneously. As the toxic in the surface layer dis-
solves away, the matrix also dissolves and exposes
new and underlying layers of toxic. A paint of this
sort can be effective with much lower loadings

than the insoluble matrix paints and furthermore" ,
if properly designed, wil reta,n its toxicity until
the entire paint film has been dissolved. It follows

that an increase in the thickness of such a paint

fim wil result in extending the antifouling life.
The leaching rate may be controlled by varying
both the toxic loading and the solution rate of the
matrix, which permits greater latitude in develop-
ing the formulation (5). The matrix materials

which have suitable rates of solution generally do
not have the best physical characteristics and,
consequently, the paints must be plasticized and
sometimes toughened with resins of high molecular
wei~ht in order to give the most satisfactory
service.

In the design of paints with soluble matrices,

both the loading with toxic pigment and the com-
position and solution rate of the matrix must be
considered. It is the solution rate of the matrix

which determines the rate at which the toxic

particles are exposed to sea water, and which thus
controls the copper leaching rate of the paint

(equation No.4, Chapter 16). The greater the
rate of solution of the matrix, the lower the toxic
loading required to give an adequate reaching

rate. Table 14 of Chapter 16 shows the matrix
solution rates which are required to give a copper
leaching rate of 10 t.g.jcm.2jday at various load-

ings of cuprous oxide, and also the weight and
thickness of paint required for a life of one year.

Since it is diffcult to measure matrix solution

rates, and comparatively simple to measure copper
leaching rates, the latter are used in evaluating the
effect of changes in the formulation. Frequently
the ingredients used in the matrix are selected by
necessity, depending upon their availability and
cheapness, and the problem is one of combining

them in the proper proportions and determining

the appropriate loading of toxic to give adequate
antifouling performance.

The Vehicle
The rate of solution of the matrix and the

physical properties of the paint fim depend largely
upon the choice of the resinous ingredients of the
vehicle. Rosin, or some similar soluble resin must,

be present in appreciable quantities to insure an

adequate solution rate. Neutral resins are added ,

both to reduce the rate of solution of the rosin and
to improve the physical properties of the paint
film, which would otherwise be too brittle. In-
formation on the effects of adding various neutral
resins to rosin on the solution rate of the mixture
has been given in Chapter 17. The amount of
neutral resin required to depress the solution rate
by a given amount differs with each neutral mate-
riaL. The hard neutral materials cause a greater
depression of the solution rate of rosin than do the
softer ones. A limiting concentration in rosin,
beyond which little or no solution from the mix-
ture can be observed, may be determined for each
neutral resin. It follows from these generalizations
that plasticizers, which are soft, may be added in
considerable amounts without excessive depres-
sion of the leaching rate of the paint. The solid
resins or synthetic plastics, which may be added
to toughen the film, must be used more sparingly
to avoid reducing the solution rate of the matrix
excessively. .

The development of the best combination of
ingredients to give optimum performance becomes
more complicated as the number of ingredients is
increased. Examples for the purpose of this section
have been drawn from experiments with the Navy
wood-bottom formulation 16X, Navy Department
Specification 52-P-61, (6). This paint is a simple

example since it contains few matrix ingredients
and only two pigments. The basic formula of this,
paint is as follows:

Ingredients
Rosin WW
Hydrogenated methyl abietate
Cuprous Oxide
Diatomaceous silica
Solvent, Coal Tar Naphtha

Mineral spirits
Total Pigment Volume=26%
Toxic Volume = 17%

lb./l00 gal.

311
156
622
104
92

104

% Dry Paint
26
13
52

9
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In many experiments, the matrix has been
modified by substituting other plasticizers for hy-
drogenated methyl abietate, by varying the plas-
ticizer-rosin ratio, and by adding various solid res-
ins as tougheners. The pigmentation has been varied
by substituting other nontoxic pigments for dia-
tomaceous silica, and by. varying both the total
pigment volume and the proportion of cuprous ox-
ide to total pigment. These experiments demon-
strate that the original formulation, which has

excellent fouling resistance but poor physical prop-
erties, can be greatly improved.

Selection of type and amount of plasticizer.' The
following materials have been substituted for the
abietate in the same proportion as in the original
formulation: chlorinated diphenyl, tricresyl phos-
phate, dehydrated castor oil, coumarone-indene

resin, tall oil and various of its derivatives, bodied
fish oil, and linseed oiL. Though many of these
paints gave perfect fouling resistance for six or
eight months, most of them had failed before a
year of exposure.

Table 7 presents a summary of the results ob-
served with these paints after eight months of
exposure at Miami, when the paints were rated
for fouling resistance and for the condition of the
paint film,l The paint condition ratings varied

from 77 to 98 per cent, and the fouling resistance
from 52 to 100 per cent, at this time. Only three

TABLE 7. Summary of Fouling Resistance and Physical Condition
after 8 Months' Immersion at Miami of Paints in Which
Various Plasticizers Have Been Substituted for Hercolyn

Fouling Paint Reasons for
Resistance Condition Physical% % Failure

100 90 Al, Ch100 89 Al
95 92 Cr, Ch, W
90 98 Cr, Ch87 95 AI, Ch88 95 Ch
83 95 Ch75 80 Ch76 77 Cr
75 75 Cr, Ch
53 95 Ch52 83 AI, Cr

No. of
Plasticizer Exposures

Tricresyl Phosphate 1Tall Oil 1
H.M. Abietate 4
Bodied fish oil ff1 1
Chlorinated diphenyl 2
M. Abietate 1
Bodied Fish Oil ff2 1
P.E. Tall Oil Est. 1
Coumarone-indene resin 1
Dehydrated castor oil 1
Bodied Linseed Oil 1
Glycerine Tall Oil. 1

Al =allgatoring Ch =c;ipping Cr = cracking W ~wearing

of the plasticizers gave paints which were rated
above 90 per cent in both fouling resistance and
physical performance; namely, tricresyl phos-
phate, hydrogenated methyl abietate and bodied

fish oiL. It is apparent that some of the materials
tested are unsatisfactory as plasticizers of this
composition in the proportion tested. Our experi-
ence has further indicated that similar tests must
be made to determine the best plasticizer for each

i Tbe rating system used at Miami is described in the Appendix of Chapter 20.
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TABLE 8. Fouling Resistance Ratings of Paints Containing
Difference Proportions of Various Plasticizers

Fouling Resistance after 8 Months at Miami, %
Ratio

Rosin: Plast. A B C .D
5: 1 100 100 100 81
3: 1 100 100 91 69
2: 1 100 100 52 75
1: 1 100 100 0 0

0.5: 1 100 100 0 0
A-H.M. Abietate C-Glycerine Tall oil Ester
B-Tall Oil, Purified D-P.E. Tall oil Ester

different vehicle contemplated in any develop-
mental or improvement program.

The amount of plasticizer required to give the
best fouling and physical performance of 16X was
tested by varying the ratio of rosin to plasticizer
in the paint film. The plasticizers used were the

specified abietate, tall oil, and two tall oil deriva-
tives. The tall oil derivatives gave unsatisfactory
fouling resistance in the previous experiment when
substituted for the abietate in the original formula.
The proportion of the abietate or of purified tall oil
had little effect, since all paints made with these
plasticizers gave perfect fouling resistance for a
period of 8 months (Table 8). The glycerine tall
oil, which gave the poorest performance in the
experiment of Table 7 at the normal rosin:
plasticizer ratio of 2: 1, gave perfect fouling re-
sistance for 8 months if the rosin was increased to
give a ratio of 5: 1. Increasing the rosin mixed

with the pentaerithrytal tall oil ester also improved
the fouling resistance of the paint, though even the
one containing five parts of rosin to one of this
plasticizer did not give perfect results. It is clear
that both of these esters destroy the fouling re-

sistance of the paint when used in excessive

amounts, presumably because of the resultant de-
pression of the solution rate of the matrix.

These experiments show that the proportion of
abietate is not critical in the formulation, and that
the appropriate proportion of other plasticizers
should be determined before comparing the results
with those of abietate-containing paints.

Selection of type and amount of toughener.' The
continued use and testing of 16X showed that the
paint film was too soft to give the best perform-

ance. The. film has therefore been strengthened by
the addition of resins of high molecular weight as
tougheners. Several experiments showed that the
addition of such tougheners had little or no effect
on the fouling resistance or physical performance
of the paint on static panel tests. An example of
these data is given in Table 9, in which the fouling
resistance and paint condition of the untoughened
formulations are compared with the averages of
the results of all of the toughened formulations

t
'-;$t
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TABLE 9. Performance of Toughened and Untoughened Paints
Exposed on Steel Panels for 8 Months at Miami, Florida

Fouling Paint
Resistance . Condition% %
97 (93-100) 93

93 (80-100) 92100 90

Plasticizer Used
H.M. Abietate-untoughened
H.M. Abietate-toughened,

average
Tricresyl Phosphate-untoughened
Tricresyl Phosphate-toughened

average
Chlorinated diphenyl-untoughened
Chlorinated diphenyl-toughened,

average
Bodied fish oil-un toughened
Bodied fish oil-toughened, average
Coumarone-indene resin-

untoughened
toughened, average

89 (73-100) 91
89 95

88 (66-100) 95
90 98
84 (79-92) 98

77 100
70 (34-88) 94

studied. In most cases the use of a toughener has

had negligible results on these properties of a
paint. On high-speed boats, or on the rotating
discs used to simulate conditions on such boats
TABLE 10. Resistance to Cold Flow of Various Modifications of

16X After Drying 24 Hours and Stationary Immersion in
the Sea of 55 Hours. Tested on Primed Steel Discs, 14"

in Diameter Rotated at 500 R.P.M. for 96 Hours
Resistance to Flow*

Plasticizer A B C D
H.M. Abietate 36 87 97 87
Chlorinated diphenyl 48 97 96 97
Coumarone-indene resin 36 96 94 83
Bodied fish oil 31 94 96 91

Tougheners used A-none
B-Chlorinated rubber

C-Cyclicized synthetic rubber
D-Benzyl cellulose.

. Arbitrary scale, 100 =perfect performance with no flow. The drying treat-
ment was selected as being a combination of times which would be commonly
encountered in service. The effects of drying and stationary immersion on the
performance of the paints has been described elsewhere (7, 8).

(7, 8), however, the toughened paints give much
more satisfactory service than the un toughened
paints. The results of one such test, studying three
tougheners in combination with four plasticizers,
are given in Table 10. The use of a toughener in
these paints may double or triple their resistance to
rapid motion through the water.

T,he effect of varying the proportion of the
TABLE 11. Effect of Varying the Amount of Toughener in the

Paint on the Fouling Resistance at Miami, and on the
Resistance to Flow when Rotated on Primed 14" Steel

Discs Rotated at 800 R.P.M. in Sea Water
Toughener % by Fouling Resistance Resistance to
Wt. of Dry Paint 8 Months Flow% %0* 92 151. 7* 91 603.4* 84 904.9* 82 906.1* 73 100

0#
1.#
3.4#
4.9#
6.1#

76
87
93
92
92

23
71
96
96
99

. Benzyl Cellulose in paint plasticized with H.M. abietate.
i Chlorinated rubber in paint plasticized with coumarone-indene resin.

toughener on both the fouling resistance on static
test panels and on the resistance to flow on rotating
discs is shown for two tougheners in Table 11. In-
creasing the amount of benzyl cellulose decreased
the fouling resistance of the paint progressively,

whereas the paints 'containing the three highest
amounts of chlorinated rubber gave the best foul-
ing resistance of the series. Both of the tougheners
improved the resistance to flow, most of the im-
provement being observed with the addition of a
small amount of toughener. For any given formula,
determination of the best substance to use as a

toughener must be made, since the toughener may
not give equivalent results in different vehicles.

These examples of studies designed to select the
best combination of ingredients in a simple

formula are merely ilustrative of the approach

which may be followed. With the vast number of
potential ingredients available, it is clear that

these experiments could be greatly extended.

Familarity with the properties of the materials
used, and their possible action in the paint, is
acquired only by long experience.

Pigmentation
The original pigmentation of 16X was selected

arbitrarily. The amount of cuprous oxide used
was similar to that in other formulations which had
been found to give adequate fouling resistance; the
diatomaceous silica was added to minimize the
settling and caking of the pigment on the storage
of the paint. Investigations of the pigmentation

of this formulation have included variations of the
total pigment volume obtained both by varying
the amount of cuprous oxide and the proportion of
cuprous oxide and diatomaceous silica. Substitu-
tions of various other nontoxic pigments for the
silca have also been made.

Selection of total pigment volume and amount of
toxic pigment: To determine the optimum total
pigment volume for this formulation, paints were
made containing 12, 18 and 24 per cent pigment
volume. Each of these pigment vólumes was ob-

tained with various combinations of cuprous oxide

and diatomaceous silca as the cuprous oxide rang-
ing from 2.4 to 24 per cent by volume in the vari-
ous paints.

The paints containing the higher volumes of
cuprous oxide were the most effective in prevent-
ing the attachment of fouling. None of the paints
which contained less than 8 per cent cuprous oxide
by volume gave satisfactory fouling resistance
after 10 months' immersion at Miami Beach,

Florida. Only three of the paints gave 100 per cent
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fouling resistance at this time, and these contained
18, 19.2, and 24 per cent cuprous oxide by volume.
Lower toxic pigment volumes gave progressively
poorer results, as shown in Table 12. The presence
or absence of diatomaceous silica appears to have a
negligible influence on the fouling resistance of the
formulation.

As the total pigment volume of this formula-
tion is increased, the physical condition of the

paint appears to improve slightly. Thus, the
average condition of the paint fim, after 10

months' immersion, for pigment volumes of 12,
18, and 24 per cent, are 80, 86, and 88 per cent,
respectively. There is no evidence that the pro-
portion of silica to cuprous oxide has any influence
on the physical performance of the paint in any of
the groups containing the same pigment volume.

Type of nontoxic pigment: Babel (1) has shown
that a wide variety of nontoxic pigments give

satisfactory results in a copper antifouling paint.
Others, however, which included talc, clay, mica,
and surface-treated precipitated calcium car-
bonate, showed less promise. Similar results have
been found in our experiments with 16X.

The effect of substituting various nontoxic pig-
ments for diatomaceous silica in the 16X formula-
tion was investigated in another experiment. Sev-
eral extender pigments were found to give better
physical performance and better fouling resistance
than the silicá after six months of immersion. Zinc
oxide, Venetian red, and Indian red all gave 100

per cent fouling resistance during the first 6 months
of exposure, compared to a fouling resistance of 90
per cent for the paint containing the silca. Only
one of the extenders was appreciably poorer than
the silca, namely, precipitated chalk. With the ex-
ception of precipitated chalk all of the extenders

tested gave somewhat better physical performance
than the silica during the 6 months' exposure. The
results of this experiment are summarized in Table
13.
To investigate whether a combination of tWQ

extender pigments would have more virtue than
one alone, zinc oxide was substituted for various
amounts of the extender pigments used in the
previous experiment. Its presenc'e appeared to

have beneficial effects only when combined with
precipitated chalk which, as shown above, gave
poor results when used alone. In the other paints
there was no consistent indication that the pres-
ence of zinc oxide was beneficiaL.

With regard to the appropriate pigmentation

of 16XM, these experiments show that a pigment
volume of 24 per cent and' a toxic volume of 16
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TABLE 12. Fouling Resistance and Condition of the Antit~uling
Paint Film of Paints Containing Various Amounts of Silica

and Cuprous Oxide after 10 Months' Immersion at
Miami Beach, Florida

Total Pigment C'lO Fouling Paint
Volume, % Volume, % * Resistance % Condition %12 12 80 759.6 75 828 75 806 84 854 ** **2.4 ** **
18 18

14.4
12
9
6
3.6

24 24
19.2
16 (16XM)
12
8
4.8

100 90
91 82
83 82
35 90
** **
** **

100 88
100 91
93 85
94 90
85 88
0 88

'" Rèmainder of pigment is diatomaceous silca.
.. Test terminated after 7 months because of severe fouling on the paneL.

per cent or more give the best results. A paint con-
taining 24 per cent cuprous oxide by volume is
satisfactory but probably wastefuL. The silica may
be increased to as much as one-third of the total
pigment without detriment to the performance of
this paint. Though diatomaceous silica is satisfac-
tory it does not appear to be as good as magnesium
silcate, Venetian red, Indian red, zinc oxide, or
barytes. It is appreciably better than precipitated
chalk.

The various experiments described show that
the original formula 16X can be greatly improved.
Although its resistance to fouling is excellent, its
physical properties are too poor for prolonged

service on fast boats. The resistance to water

erosion can be improved greatly by adding a
toughening agent to the fim. Changes in the com-

position of the pigment may also improve both
the physical and antifouling properties of the
paint.

The experiments presented in this chapter are
merely ilustrative of the types of investigation

necessary to study a formulation. A brief review

of the principal questions which require investiga-

tion may be usefuL.

TABLE 13. Effect of Substituting Various Pigments for Diatoma-
ceous Silica on the Fouling Resistance and Condition of the

Antifouling Paint Film After Exposure for Six Months
at Miami Beach, Florida

Fouling Resistance Paint Condition% %90 8593 100100 90100 89100 8895 9050 84

Pigment Used

Diatomaceous silica
Magnesium silicate
Venetian red
Indian red

Zinc Oxide
Barytes
Precipitated Chalk
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In the design of a paint with an insoluble matrix
it is necessary to determine: 1. the volume loading
of toxic required to insure adequate leaching

rates, and 2.) the optimum pigment volume for
adequate physical performance. The vehicle used
must be tough enough to form an adequate binder
for the volume of pigment r\quired.

In the design of a paint with a soluble matrix,

the volume of toxic required to insure adequate
leaching rates wil vary inversely with the rate of
solution of the matrix. For any given paint the
volume of toxic and the total pigment volume to
give optimum results must be determined. To
select the matrix composition, variations' in the

proportion of soluble resin to insoluble resins

should be studied. An increase of plasticizers wil
cause less decrease in the rate of solution of the

matrix than wil an equal increase of harder

materials used to toughen the film. Appropriate
juggling of these three constituents wil give a
matrix of any desired solution rate, within limits,
and the pigment content of each matrix wil vary
accordingly.
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CHAPTER 20

The Testing of Antifouling Paints
Tests are applied to antifouling paints for two

different purposes. The paint chemist uses them
as a guide in designing and improving his formula-
tions. The ship owner needs them to determine
whether specifications are met in an acceptable

way. A different program of testing is required
depending upon which of these objectives is
desired. This chapter wil attempt to defie the

purposes and virtues of the various test procedures
used, and to point out the precautions and condi- .
tions which must be observed in order to obtain
useful results. The Appendix presents directions
for some tests which have been developed recently
and are not adequately described in other publica-
tions. Other tests, well known to the paint in-
dustry and described elsewhere, are also necessary

for the complete study of paints.
The problem most frequently confronting the

paint chemist is the modification or improvement
of a standard formulation. Chemical technology

is constantly producing new materials which may
be used to advantage. Changes of composition

may be required because of cost or availability of
certain ingredients. During periods of war this
problem becomes acute because of shortages which
develop in materials previously used. The modi-
fication of a formulation may affect its physical,
chemical, or biological characteristics, and the
testing program should be designed to survey
these properties, and to eliminate the more un-
satisfactory paints by relatively simple procedures.
The more time consuming, expensive, and elabo-
rate tests which require exposure in the sea should
be applied only to formulations which preliminary
tests indicate wil give adequate performance.

The character of a paint depends upon the pro-
portions of the several ingredients it contains. A
large number of experimental formulations are re-
quired in order to define the characteristics of any
given combination of ingredients accurately. The
greater the number of ingredients, the larger the
number of possible variations. The properties of
the paint may be changed systematically either
by varying the proportion of one ingredient to all
the others, or by varying the proportions of two
ingredients, leaving the others unchanged. To in-
sure a complete test of the combination, and to
determine the limits of effectiveness, each com-

ponent should be varied to the point where it
gives unsatisfactory results. The less satisfactory
formulations are successively eliminated as each

test or group of tests is completed.
The preliminary tests should eliminate those

formulations which may be expected to give poor
physical performance and those which wil not

release the toxic embedded within the paint film.
These include the accelerated laboratory tests and
can be performed on large numbers of paints with
litte expenditure of time and effort. The paints

which give the best results on the preliminary tests
are submitted to selective survey tests. These
determine, under natural marine conditions, the
length of time the paint wil maintain an adequate
rate of toxic release and prevent the attachment
of fouling. Its adhesion and other physical prop-
erties are also defined by these tests. The results
may explain the reasons for the failure of the less
satisfactory paints, and suggest the kind of modi-
fication required to obtain the best formulation.

The conditions of application which wil give opti-
mum performance of the few best formulations
may then be studied in order to determine the
precautions which must be observed to avoid
failures and unsatisfactory results. The per-
formance of the paint should finally be compared
to that of similar paints, or ones previously used,

on the type of vessel and under the conditions for
which it is designed.

If the object of the tests is merely to determine
whether a given paint meets specifications, or is
more satisfactory than the paints in use, many of
these tests may be omitted. The panel test, to
determine the ability of the paint to prevent

fouling, and service tests, to compare the per-
formance of the paint with that of its predecessor,
are the most usefuL. If results are required quickly,
or if several paints are under consideration, the

accelerated chemical tests wil be useful in elimi-
nating the copper paints which release toxic too
slowly.

PRELIMINARY ELIMINATION TESTS

These tests are applied to the entire group of
formulations and eliminate those which wil be
unsatisfactory because of poor physical qualities
or inability to release suffcient toxic to prevent
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fouling. They do not eliminate the wasteful paints
which release toxic too rapidly with a resultant
short life. They include accelerated laboratory

tests which can be performed quickly on a large
number of samples.

Physical Tests

The physical tests include determinations of
flexibility, hardness, and adhesion. All of the
paints should be adjusted to a similar viscosity so
that uniform ease and thickness of application may
be obtained. These tests are '~dequately described
in standard works and wil not be reviewed here

(14).

Chemical Tests
Accelerated chemical tests have been developed

which eliminate many unsatisfactory formulations
of copper paints. They are designed to determine
whether a paint is capable of releasing the toxic

embedded within the film. The tests are based on
the assumption that the dissolution of paint in-
gredients is accelerated in artificial aging solutions
in the laboratory in a way related to the rate of
dissolution in the sea. Acid solutions, or ones con-
taining a substance which wil form a soluble

copper complex, are used to accelerate the dis-
solution of copper or cuprous oxide; alkaline solu-
tions are used to accelerate the dissolution of the
matrix. The theory of toxic release upon which
these tests are based is discussed in Chapter 16.

Two such accelerated tests have been developed
for paints containing copper as the toxic. They are
not applicable to paints which depend upon other
materials for their toxicity.

The Acid-Alkali Test
This test was designed by investigators of the

Mare Island Naval Shipyard (6), and depends

upon two successive extractions of a paint fim
applied to a paneL. The first of these extractions
is in sea water acidified to pH 4 with hydrochloric
acid. Under these conditions the cuprous oxide

~xposed on the paint surface is dissolved rapidly,
but the dissolution of the matrix is negligible.
After the exhaustion of the surface-exposed toxic,

the leaching rate in sea water is determined. The
panel is then transferred to a bath containing tap
water adjusted to pH 10.5 with sodium hydroxide.
In this alkaline solution the soluble components

of the matrix dissolve rapidly and thus uncover
stores of cuprous oxide which were originally
buried within the paint fim. After the panel has

been rinsed, the copper leaching rate in sea water is
measured again.

Comparison of the leaching rates after the suc-
cessive treatments with the acid and alkaline solu-
tions indicate whether the matrix has been dis-
solved by the alkaline solution.

1.) If the leaching rates in sea water are low

after both the acid and alkaline treatments, the

matrix of the paint was not soluble in the alkaline
solution, .and wil not dissolve in sea water. This
indicates that the paint wil not maintain an

adequate leaching rate in the sea. These formula-
tions may be eliminated from the further tests,
since experience shows that they are invariably

unsatisfactory.
2.) If the leaching rate in sea water is low after

the acid extraction and high after the alkaline
treatment, the matrix of the paint was dissolved

by the' alkaline solution. This indicates that the
paint wil permit continuous extraction of the toxic
by sea water and should be tested further.

3.) If the leaching rate in sea water is high after

the acid treatment the release of the toxic does not
depend on the solubility of the matrix. This in-
dicates, however, that the toxic is available and
suggests that the paint may be effective because

of some other mechanism. A permeable paint, one
with toxic particles in continuous contact, or one
with a matrix whose solubility is unaffected by the
pH of the solvent may behave in this way. These
paints must be tested further to determine their
effectiveness.

The details of the acid-alkali test are given II
the Appendix of this chapter.

Glycine Test

Sodium glycinate at pH 10.5 rapidly dissolves
both copper or cuprous oxide and a soluble
mátrix simultaneously (19, 23). The high pH
accelerates the rate of solution of the matrix in-

gredients; the dissolved copper is kept in solution
as copper glycinate complex. A paint capable of

liberating copper at an adequate rate in the sea
will liberate several thousand micrograms per
square centimeter during three days in this solu-
tion, irrespective of whether the release of toxic
depends on a soluble matrix or continuous contact
of toxic particles. The acceleration factor is about
one hundredfold, so that three days' extraction in
sodium glycinate is equivalent to almost a year of
extraction in the sea.

The results of the test can be evaluated by deter-
mining the amounts of copper and of matrix dis-
solved in the glycine solution. The copper can be
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measured either by the carbamate method, after
suitable dilution, or by direct colorimetry of the
blue copper glycinate. The matrix is determined
by acidifying and extracting with ether, the ether
extract being dried and weighed.

The correlation between the copper released
into the glycine solution during this test and the
average copper leaching rate for many typical
paints is given in Figure 1. The results of the test
may be evaluated as follows:

1.) The paints which liberate less than 1.3 mg.
of copper per square centimeter in 3 days in the

glycine solution wil not maintain adequate copper
leaching rates for 6 months of sea immersion.

These formulations may be eliminated from
further tests. .

2.) The paints which liberate more than 2.5 mg.
of copper per square centimeter can maintain

adequate average leaching rates for 6 months or
more. These paints should be tested further.

3.) The paints which liberate intermediate
amounts of copper mayor may not be satisfactory,
and require further testing.

The details of the glycine accelerated test are
given in the Appendix of this chapter.

Both accelerated chemical tests wil eliminate
many unsatisfactory formulations, and wil in-
dicate those formulations which are most likely to
give adequate leaching rates and resist fouling in
the sea. They do not permit a prediction of the
length of time a formulation wil maintain an

adequate leaching rate. The following example

may be given: a paint which wil leach in the sea
at an average rate of 20 micrograms per square

centimeter per day for 6 months might give the
same results in either of the accelerated tests as a
paint which would leach at a rate of 10 micro-

grams per square centimeter per day for a period
of 12 months. The first paint has an unnecessarily
high factor of safety and exhausts the stored

copper in the film too rapidly. The second paint
would, with the same amount of copper, prevent
fouling for twice as long. To determine the dura-
tion of the effective period, the more time-

consuming exposures in the sea are necessary.
The preliminary tests eliminate: a) all paints

which have unsatisfactory physical character-
istics, i.e., lack of adhesion, flexibility, toughness,
etc.; and b) all paints which are certain to give

poor antifouling performance.

SELECTIVE SURVEY TESTS
The purpose of the selective survey tests is to

compare more exactly the paints which the pre-
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liminary tests indicate to be promising. It is un-
necessary to apply these tests, which are time-
consuming and elaborate, to the paints eliminated
by the preliminary tests. All of the tests included
in this group require facilities for exposure to
natural conditions in the sea. Several commercial
test stations are now available, and a list of these
has been prepared by the American Coordinating
Commi ttee on Corrosion (1).
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FIGURE 1. The amount of copper dissolved in the glycine test during 3 days
compared to the copper leaching rates averaged between the second and sixth

. months of exposure for a variety of copper paints.

Chemical Tests
The rate of release of the toxic from the paint

film determines the effectiveness of the formula-
tion in preventing fouling (d. Chapters 14, 16).
This test has proved useful in determining the

direction which additional modifications should

take in order to obtain the most satisfactory re-
sults. Paints which depend upon either copper or
mercury may be evaluated in this way by the
methods described in the Appendix. Similar
methods have not been developed for other toxics.
The leaching rate of the paint shows its ability
to prevent fouling at the time the determination is
made, but is in no sense an accelerated test; i.e., it
does not predict the effectiveness of a paint after
exposure for a longer time.
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As stated in Chapter 14, a copper leaching rate
of 10 micrograms per square centimeter per day

has been found adequate to prevent fouling (3, 19,
21). Mercury leaching rates in excess of 2.0 micro-
grams per square centimeter per day are adequate,
(28, 29, 30). Barnes (4) finds that when the
mercury is released as a soap, which may be
formed in some paints, leaching rates of 6
t.g.jcm.2jday may be inadequate to prevent at-
tachment of fouling.

The change of leaching rate with time can be
measured most easily by 'periodic determinations
of the rate of release of the toxic in the laboratory
under controlled conditions, using panels soaked
in the sea between determinations (21, 29, 30).
This procedure requires fairly convenient seaside
facilities so that the panels can be brought into the
laboratory without drying and without too long

a period in a stagnant tank of sea water. Soaking

the panels in a limited volume of sea water is

not comparable to soaking in the sea because of
the excessive concentration of toxic or matrix in-
gredients that wil ultimately develop under these

conditions. If convenient seaside facilities are not
available, an average estimate of the leaching

rate of the paint can be obtained by analyzing the
toxic remaining on the panel after various periods
of exposure (22, 28). Several painted panels can be
immersed in the sea at any location, successive
specimens being removed, dried, and returned to
the laboratory at intervals for analysis. To give
significant results, the paint must lose an ap-
preciable proportion of its toxic during the ex-

pqsure. With a paint containing a large reserve of
toxic, this may require a long period of immersion,
during which time the leaching rate may change
greatly. The paint analysis technique is, therefore,
not always satisfactory as a method for determin-
ing the leaching rate.

Most antifouling paints which fail to prevent
fouling do so either because the toxic is bound
within the film and no adequate mechanism for its
release is provided, or because of exhaustion of the
toxic in the film. The paints in the former group
wil have been eliminated by the preliminary tests.
Even the best antifouling paints are effective only
for a fiite period of time, after which they release

toxic more slowly and are liable to fouL. The dura-
tion of the effective life of a paint is determined by
the rate of release of toxic and by the available
store of toxic within the fim. The best paints have
a nearly constant leaching rate which is high

enough to prevent fouling with a reasonable

factor of safety, but not so high as to cau.se the

premature exhaustion of the surface. These char-
acteristics are indicated by the leaching rate test.

Barnes (3) has compared the results of leaching
rate tests with the loss of cuprous oxide from raft-
exposed panels and service applications. The rate
of loss under service conditions was greatest. The
leaching rate test indicated 60 per cent, and the
panel test 50 per cent, of the actual loss of toxic
observed in service. Such results must reflect the
erosion of the paint surface as a result of the

activity of the ships. Paints with different re-
sistances to erosion would be expected to give
different proportions among the three tests.

The leaching rate test should always be con-
ducted simultaneously with tests of fouling re-
sistance of the paints. The results of these two
tests can then be accurately correlated.

Biological Tests
The panel test of the resistance of paints to

fouling is perhaps the oldest of the tests applied.

It continues to be one of the most important and
valuable, provided it is performed under proper
conditions. It evaluates the formulation in two
important ways: the ability of the paint to prevent
fouling, and the physical performance of the paint
film or system when exposed to natural conditions
in the sea.

In order to give useful results, panels must be
exposed in a location where the larvae of fouling
organisms are present in the water throughout the
year. Nontoxic control surfaces must be submerged'
simultaneously in order to evaluate the intensity

of fouling, which must be known to evaluate the
results. If the intensity of fouling at the test loca-
tion is low for several months of the year, an
unsatisfactory paint might appear to be effective
for a considerable time. If this same paint were
immersed under conditions of high intensity
fouling, it might foul immediately. All of the paints
which are effective under severe conditions, on the
other hand, are invariably effective under less
severe conditions. These considerations require
that the location of the testing service be in a

tropical . or subtropical area. The seasonal oc-
currence and intensity of fouling at various loca-
tions are described in Chapter 5.

In contrast to the panel tests, the leaching rate
tests can be performed in a location or at a time
at which the intensity of fouling is low. This is
actually an advantage, since the unsatisfactory

paints do not become fouled and their leaching
rates can be measured more accurately.

Several methods of rating panels for resistance
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to fouling and for physical performance have been
devised. All of these methods probably give

equivalent and satisfactory results, provided
ratings are made by the same observers for each
series. Intercomparison of the various systems is
diffcult since none of them depends entirely upon
objective measurements. The biological fluctua-
tions between places and from time to time are so
great that the results may vary considerably even
with the same paint. The only valid direct com-

o parisons of paint performance are those for ex-

posures in the same .location at the same time.
Generally, the paints either completely prevent

attachment or fail completely shortly after attach-
ment starts. Under conditions of continuous high
intensity fouling, the length of time a formulation
gives complete or nearly complete protection from
fouling attachment is probably the most useful

criterion. The panels should, however, be rated
periodically in order to determine the trend of
changes in effectiveness.

Two types of rating systems are in use, the
direct and the weighted rating. The direct ratings
may assess the number of individuals attached or
the percentage of surface area covered. The

weighted ratings attempt to give different penalties
depending upon the type of organism found. The
weighting may be based upon the importance of
the various organisms to ship resistance or other
practical considerations, or on their tolerance for

the toxic used. Since we do not have adequate data
on either of these points, the weighted ratings are
more subjective than the direct ratings. They al-
ways exaggerate the effect of differences in the
composition of the fouling community present at
the test site. Thus, if barnacles are rated most

severely, a test location where barnacles are rare
would inevitably give a better rating for a paint
than a location where barnacles are present in

large numbers.
The physical condition of the paint film is rated

on the basis of blistering, cracking, checking,
allgatoring, or adhesion failure. This is generally
based upon the area of the panel affected by the
type of failure observed. If the paint is applied to
steel over a suitable anticorrosive system, ratings
are also given for the prevention of corrosion and
the performance of the anticorrosive coating.

The methods of exposure and a description and
evaluation of several rating systems are given in
the Appendix to this chapter.

As a result of the selective survey tests, a few

of the formulations are chosen for additional study.
For a given type of formulation these should not
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exceed half a dozen paints. Sometimes only the
most promising paint is selected for further test.
The selected paints are studied to determine the
optimum conditions of application and exposure.

CONDITIONS OF APPLICATION
The results of tests to determine the optimum

conditions of application culminate in the direc-
tions for use which are provided the consumer to
insure that he wil obtain the best performance the
paint is capable of giving. Investigations of the
optimum drying time prior to immersion, the
optimum thickness of application, and the effect
of the conditions of the surface on the adhesion

of the paint are made. If carried out extensively

these tests can be extremely time-consuming. Cer-
tain generalizations can be made which may
simplify the investigations.

1. Thickness of application: Increasing the
thickness of coatings which operate because of a
soluble matrix will prolong their effective life.
When applied over steel, the prevention of cor-
rosion invariably improves as the paint film thick-
ness is increased. The primary disadvantage of
increasing the film thickness is that longer drying
is necessary to permit the evaporation of the

solvent. This may prolong the time in dock,
especially if multiple coats are to be applied.

Furthermore, the thicker the film, the more diff-
cult it is to prevent sagging and other physical

failures of the paint.
2. Drying time: The importance of drying time

as a factor influencing the fouling resistance of a

paint has probably beed unduly emphasized. The
conditions under which the paint is dried may be
more important than the actual time of drying.
Direct sunlight, for example, may result in the
formation of a skin on the paint surface which

sometimes retards the leaching of copper for a
short period. With modern paints it is not neces-
sary to undock the vessel immediately after the
application of the antifouling coating. Prompt un-
docking generally does no serious harm and has
the advantage that it frees the dock quickly. The
paint must, however, be given suffcient time to
harden adequately before the ship gets under way.
Otherwise, cold flow of the paint fim will result
(34). Hardening wil continue either during drying
in air or during stationary immersion in the sea.

The hardening period must be lengthened as the
thickness of the paint film is increased.

3. Surface preparation: The problem of surface
preparation for the application of shipbottom

paints is similar to those problems which arise with

.~t
rl
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any protective coating. Some paint systems give
the best results if the ship is cleaned to the bare
hull; others appear to benefit if applied over old,
firmly adhering paint films.

The evaluation of the experiments performed in
this category may utilize any of the tests men-
tioned above. Both the leaching rate and panel

tests have been used. The ability of the paint to
resist cold flow 0 can be tested by accelerated
methods. One of these, designed by the Norfolk
Naval Shipyard (25), uses a cylinder which is
rotated in the sea with a, surface speed of about

29 knots. Discs rotated under water at a peripheIal

speed of 30 knots have been used at Miami (32,
34). Both of these tests are described in the Ap-
pendix.

SERVICE TESTS

The selection of the best formulation must al-
ways depend upon the performance of the paint
on the type of vessel and under the conditions of

service for which it is designed. Such service tests
are the most expensive and time-consuming of all.
Two methods are commonly used in designing and
executing the service tests. One of these compares
two paints on the same vessel by applying them to
opposing sections of the hull of the ship. Thus, the
port bow and starboard quarter are coated with
one paint, and the starboard bow and port quarter
with the comparison paint. This system provides

large areas which are easily painted, eliminates
positional effects which are dependent upon the
normal docking or mooring position of the vessel,
and gives four junctions where the paint per-
formances may be directly compared. In order to
get a statistically dependable result, several vessels
must be used. This has the advantage of testing
the paint under different conditions of service and
exposure.

The application of several patches of two or
more test paints or systems permits several differ-
entcomparisons on the same vesseL. All of the
applications, however, are submitted to the same
conditions of exposure, and several vessels must be
used if exposure and service are also to be evalu-
ated. To obtain the most useful results, the
patches should be as large as possible while stil
giving an adequate number of comparisons. The

application of a patch test uses less of the experi-
mental paints, but requires careful supervision,

and this frequently results in more careful prepara-
tion of the surface where these tests are applied.

The bow and quarter test, on the other hand, is

generally no more diffcult to apply and requires

little more supervision than an over-all application
of a single paint or system.

Since the service tests must be waterborne for
considerable periods before the results can be ob-
served, and since they are relatively expensive to

apply, they are not useful in studying a large

number of paints. All of the unsatisfactory formu-
lations should have been eliminated on one count
or another before service tests are attempted.

This applies, whether the object is to aid in the
development of a new formulation or the deter-
mination of the best formulation for a given

service. Generally not more than two paints
should be compared in any service test or group of
tests, and it is obvious that reasonable assurance
should be had that the new paint is as good as, or
better than, its predecessor before these tests are

undertaken.
The use of the selected paint in standard pro-

cedure and service may be considered the final
test for an antifouling paint. Adequate means of
comparing the results obtained with those of
similar or previously used paints should be pro-
vided. This requires the inspection of the ship at
each docking period, and the comparison of suc-
cessive reports.

APPENDIX

Acid-Alkali Accelerated Leaching Test (6)
The paint is first extracted for 4 days in sea water

acidified to pH 4.0 with hydrochloric acid in order to re-
move surface available copper. After washing, the copper
leaching rate in sea water is determined. The panel is then
stirred in a bath of tap water adjusted to pH 10.5 with
sodium hydroxide, and another leaching rate in sea water
measured after appropriate washing with tap water.

1. Panels: A ground glass panel (7.5 X 10 em.) is painted
on both sides and dried for 4 hours.

II. Acidified sea water extraction: The painted panel is
immersed in a beaker containing 1,000 mL. of sea water
acidified to pH 4.0 with hydrochloric acid. The pH is deter-
mined with a glass electrode pH meter. The acidified sea
water is replaced daily, and the extraction is continued for
4 days, or until little additional solution of copper occurs
(d. Fig, 13, Chapter 16).

III. Leaching rate determination: The panels are rinsed

in tap water, then in sea water. Each panel is then attached
to a shaft of the rotating device ilustrated in Figure 2,

where it is held in a slot in a rubber stopper by rubber
bands. A beaker containing 1,500 mL. of sea water is moved
into position so that the panel is completely submerged. A
water jacket, through which tap water at 25°C. is circu-
lated, surrounds the beaker. The motor, geared to rotate
the panels at 100 r.p.m., is then started. The amount of
copper dissolved in the sea water during one hour is meas-
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ured by the carbamate test (d. Leaching rate test) and
expressed as mg./!.

iV. A lkaline extractions: The beaker of sea water in the
stirred leaching rate apparatus is replaced, after rinsing
the panels, by a beaker containing 1,500 m1. of tap water

adjusted with sodium hydroxide to pH 10.5 The painted
panels are stirred in this solution for 2 hours. The beaker
is then lowered and the panel rinsed thoroughly with tap
water.

V. The leaching rate determination in sea water (TII
above) is then repeater!.

FIGu"'E 2. Apparatus for the mechanical stirring of leaching rate panels used
in the acid~alkali test. The way the panel is held in a slot in a rubber stopper, and
the water jackets to maintain constant temperature in the beaker of sea \vater

are shown. (Mare Island Naval Shipyard oflcial photograph,)

Glycine Accelerated Leaching Test (19, 23)
The liberation of copper from effective copper paints

which operate either because of the solubility of the matrix
or continuous contact of toxic particles can be accelerated
about one hundredfold in an alkaline solution of glycine.
This test is conducted as follows:

i. Glycine solution (0.025 lvI Sodium Glycinate; 0.48 M
NaCl)

360 m1. of 1.25 N NaOH
33.75 grams glycine
504.0 grams NaCl
Distilled water to 18 liters.
II. Panels: Ground glass panels (7.5X10 em.) are

painted on both sides and all edges. After drying 4 days,
one panel is leached in 1,000 m1. of the glycine solution for

3 days. The solution is agitated by vigorous bubbling (d.
Leaching rate test).

III. The solution is analyzed for copper as follows:

A. If the copper concentration is below 100 mg./1. the

determinations are made by the carbamate test, using
2 or 5 m1. samples diluted to 50 m1. with distiled
water (d. Leaching rate test).

B. If the copper concentration is greater than 100 mg.j!.,

it is determined by direct colorimetry. With experi-
ence, the intensity of the blue color will indicate
whether this limit has been reached or not. An excess
of glycinate is required to develop the maximum
color.
1. To 5 m1. of 1.5 N sodium glycinate solution in a

test tube (112.605 gm. glycine, 250 m!. 6N NaOH,
dilute to 1 liter vvith dist. H20), add 5 m1. of the
unknown glycine leaching solution, and shake.

2. Read in a properly calibrated photometer, using

a red filter with a spectral transmission range of
640-700 ¡YOlJ.

3. Standardization of glycine colorimetry.
a. Place 10 m!. of a copper standard, containing

about 5 mg. of copper per m1. in a 100 m!.
volumetric flask.

b. Add about 2 '111. of a strong N aOH solution
until precipitation appears.

c. Add about 2 m!. of 1.5 N Na glycinate, until
precipitate clears.

d. Dilute to 100 m1. with the 0.025 M Na gly-
cinate solution.

e. Place 1, 3 and 5 m1. of the standard solution

thus obtained (0.5 mg.jm1.) in test tubes con-
taining 5 m1. of the 1.5 N glycinate. Make up
to 10 m1. volume by adding the appropriate
amount of the 0.025 M Na glycinate solution.

£. Read in the photometer as in 4 above. Calcu-
late factors to give answers in mg./1., i.e.,

m!. standardXmg. Cu per m!.X1,000-.-----.-------------=factor.
Photometer reading

The factors calculated for the various solu-
tions should agree with a maximum error of 2
per cent.

iV. The matrix in solution is measured as follows:
1. To 100 m1. of the solution (filtered if it is not clear)

in a 250 m1. separatory funnel, add 2-3 m1. concen-

trated HCl, and 50 m1. of ether, and shake vigor-
ously.

2. After separation of the phases, draw off and discard

the bottom aqueous phase. 'Wash the ether solution
twice with 10 m1. of distiled water.

3. Drain the ether solution into a weighed 50 m1. Erlen-

meyer flask, and evaporate on a steam bath with a
filtered stream of air playing on the ether surface.

Caution: Do not place the ether solution on the
steam bath without this air stream to aid in the
evaporation. Unless some means is employed to re-
move the heat from the solution, an excessive vapor
pressure wil develop at the bottom of the flask and
will be released explosively, causing the solution to
be thrown out of the flask.

4, 'Wipe the flask and remove the last traces of water
in a vacuum dessicator.

5. 'Weigh, and repeat the drying in vacuo until 2 suc-
cessive weights agree within 0.2 mg.

6. Multiply the weight of residue by the factor 10.5 to.
convert to miligrams of matrix per liter of the gly-
cinate solution. (The factor is 10.5 and not 10.0, be-

cause one ether extraction of the aqueous solution

removes only about 95 per cent of the matrix.)
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FIGURE 3. Leaching rate setup in which agitation is obtained by bubbling air
through the sea water, as used at \Voods Hole. One panel (150 sq. em.) is leached
in 750 ce. of sea water. The arrangement of beakers, panels, compressed air lines
and sampling flasks is shO\vI1.

Copper Leaching Rates (5, 18, 20, 21)
The copper leaching rate should be measured after vari-

ous times of soaking in the sea or in running sea water to
determine how this characteristic of the paint changes
with time. Aging of the panel in stagnant sea water, in arti-
ficial sea water, or in salt solutions is not comparable to
aging in the sea, because materials dissolved from the paint
accumulate in the solution and interfere with the leaching
process. The set-up used for the determination of leaching

rates is shown in Figure 3. The method described here is the
one developed at the Woods Hole Oceanographic Institu-
tion. The method used by British investigators differs from
this mainly in the size of panels used and in the holder they
have developed for the leaching rate panels (d. Fig. 4).

1. Panels: Sandblasted glass panels, 7.5XlO em., are
painted on both sides. Similar results are obtained if
primed steel panels are used, but the presence of iron in
solution interferes with the colorimetric determination of
copper. After painting, the panels are allowed to dry for
1 to 4 days. Prolonged drying times change the results ob-
tained with some paints.

II. Leaching solution: Clean aerated sea water is used as

the leaching solution. The pH of the solution should be
between 8.0 and 8.2, and the chlorinity of the sea water
should be 1'i parts per thousand. The temperature is ad-
justed to 19 to 23°C. In this range a change of 1°C. results
in a 3 per cent change in the rate of solution of cuprous

oxide (d. Chapter 15). The ratio of the area of paint ex-
posed (in square centimeters) to the volume of leaching

solution (in cubic centimeters) is 1: 5. Thus, one panel
(150 sq. em.) is leached in 750 m1. of sea water, two panels
in 1,500 m1., etc. If panels of a different size are to be used,
the volume of solution should be selected to maintain this

ratio. The British investigators use an area: volume ratio

of 1:8, and leach the paint at 25°C. (18).
III. Agitation: The leaching bath is stirred by a vigorous

stream of air bubbles (20 bubbles per second or more)

liberated at the bottom of the beaker. Each air line must
have a water trap followed by a cotton trap to remove oil
and dirt. The agitation must be more vigorous the faster
the leaching rate. Above a leaching rate of about 100
lJg./cm2/day, bubbling is inadequate, and mechanical
stirring must be used for accurate results.

IV. Time of sampling: The sample should be taken be-
fore the concentration of copper in solution exceeds 0.5

microgram per m1. Above this concentration the rate of
solution from the paint decreases, and insoluble compounds
of copper are precipitated. Specific times may be selected
for routine work. Sampling at one hour gives accurate
values for leaching rates up to 60; two hours up to 30;
four hours up to 15 lJg.jcm2/day, etc.

V. Soaking: The panels are soaked in the sea, and
leaching rates determined at monthly intervals to discover
how they change with aging of the paint. The paint must
not be allowed to dry during the transfer between the sea

and the leaching bath. Figures 5 and 6 show the float and
racks used for the immersion of these panels at \V oods

Hole.
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FIGURE 4. Diagram of arrangement used by British investigators in which two
panels (11 Xi XO.3 em.) with a total painted area of 250 sq. em. are leached in
one liter of sea ,,yater. The panels are held in slots in a shellac-impregnated cork
,,vhich is, in turn, supported by a hollow wooden shaft through which the com-
pressed air tube of glass passes. (After Kenworthy, 18).
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FIGURE 5. Various locations for the exposure of antifouling paints in the sea.
A. Barge used by Mare Island Naval Shipyard at Point Reyes, California.

Mare Island Naval Shipyard ofiidal photograph.
B. Racks of Subtropical Test Service at Tahiti Beach, Florida.
C. Raft used by Woods Hole Oceanographic Institution for the expsoure of

leaching rate panels.

D. Exposure station at Miami Beach Boat Slips used by Woods Hole Oceano-
graphic Institution for the c:\-posure of fouling test panels.

E. The raft at Caernarvon, England, used by the Marine Corrosion Sub~

Committee. (From Hudson, 16).
F. Bureau of Ships, U. S. Navy Department Test Station at Miami Beach,

Florida.
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FIGURE 6. Racks used for suspension of painted test panels.
A. Racks used to hold leaching rate panels at the Woods Hole Oceanographic

Institution.
B. Rack used by Sapolin and Woolsey Paint Laboratories at North Florida

Test Station. The racks are of :tEcarta, and the panels are bolted in place
with brass bolts.

C. Rack used to hold wooden panels at the testing station at Miami Beach
lL Boat Slips.

D. :Metal rack designed to hold 10 steel panels lO'/X12" in size. Used. by Mare
Island Naval Shipyard Test Station at Point Reyes, California.

E. \Vooden rack designed to hold 6 steel panels 10'~ X 12" in size. Similar
racks hold 8 steel or wood panels 8" X 10'1 in size. Used at Buships Test Sta-
tion, :l1iami Beachi Florida.

F. Racks used at Plymouth, England, by Marine Corrosion Sub. Committee
(16).

See also Techniques for sea water corrosion tests (24).
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VI. Calculation of leaching rates: The leaching rate is
calculated from the copper concentration by the following
equation:

Volume (mL.)L.R.=mg.jl.X . X24.
Area (cm.2) XTime (hrs.)

For the standard panels and volume this becomes:

120
L.R.=mg./l.X. . -,ug.jcm.2/day

Time (hrs.)

vir. Copper determination-carbamate method: The di-

ethyl dithiocarbamate colorimetric method described by
Callan and Henderson (7) and Coulson (8) is used with
only slight modifications.

1. A 50 ml. aliquot of the leaching solution is placed in
a 100 ml. volumetric flask. The solution should con-
tain between 0.3 and 2.0 mg. of copper per liter.

2. Add small piece of red litmus paper, 0.5 ml. of a 50%
citric acid solution, and 10 to 12 drops of NH40H
until the solution is neutralized, then add 3 more
drops of NH40H.

3. Add 2 ml. of the carbamate reagent, (0.1 % aqueous
solution), and 10 ml. of amyl acetate (amyl alcohol or
carbon tetrachloride can also be used to extract the
copper carbamate complex).

4. Stopper and shake for 5 minutes or longer until all
the color.is in the acetate layer.

5. Add distiled water to raise the acetate into neck of
flask and draw off the acetate layer down to about
~ inch from water. Filter (to remove water) into a
test tube.

6. Measure copper content in a colorimeter or properly
standardized photometer as soon as possible, because
the color changes in light, and the evaporation of the
acetate wil increase the concentration of the colored

materiaL. We have used a Klett-Summerson photo-
electric colorimeter. For solutions containing between
0.3 and 2.0 mg./l., a green filter (No. 54, approximate
spectral range 520-580 'milimicrons) was used. For
solutions containing less than 0.4 mg.jl., a blue :fter

(No. 42, approximate spectral range 400-465 milli-
microns) gives more accurate results.

7. Standardization, calculation of factors:
a. A strong copper sulfate solution (Cu = 5 mg./ml.)

is made by dissolving a weighed amount of pure
copper metal in nitric acid, and boiling with two
additions of sulfuric acid (to remove nitrates) un-
til white fumes appear. Dilute with about 10 vol-
umes of water and boil again until white fumes
appear. Dilute the solution to a known volume,
and compare the concentration with any previous
standard both by titration with thiosulfate and
by the colorimetric method. Record the concen-

tration on the flask in mg.jml. This standard is
made in large batches (2 liters) and stored in
sealed glass containers each one of which contains
about 200 ml.

b. Dilute the standard copper solution (5 mg. Cu
per ml.) to obtain a solution containing 0.01 mg.
Cu per ml. Place 5 and 10 ml. samples of this di-
luted solution in 100 ml. volumetric flasks, dilute
to about 50 ml., and continue steps 1 to 6 above.
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The dilute solution should be prepared fresh each
time a standardization is performed.

c. Calculate the factor as follows:

ml. of standardXmg. Cu per ml.
= factor (f).

Photometer reading

The factor should be calculated separately for each
solution, and should agree with all others with an
error not greater than 2%. The average factor is
used. When calculating copper in terms of mg.jl.
the above factor should be multiplied by the dilu- ,
tion factor. Thus, if a 50 ml. sample is used,

20XlXphotometer reading gives the result in mg.
Cu per liter.

d. The calibration must be checked weekly, and also

whenever any change in the photometer (bulb,
:fters, tubes, etc.) is made.

VIII. Mercury determination-dithizone method:1 The

analysis depends on the reaction of mercury with dithi-
zone (diphenylthiocarbazone) which changes from its nor-
mal green to a bright orange color. Titration volumes for
the unknown may be compared with those of standards
run simultaneously, or the change in color may be meas-
ured photometrically (Winkler, 35). The method described
below is the one developed by Barnes (2).

1. An aliquot of 92 ml. of the leaching solution is placed
in a 250 ml. separatory funnel, 2 ml. 25% by volume
HNOa added. After shaking, add 1 ml. hydroxylamine
hydrochloride, and shake.

2. Add 5 ml. of 10% cobalticyanide solution, shake, and
allow to stand 10 minutes. This forms a copper com-
plex, stable in acid solutions, and prevents interfer-
ence with the analysis.

3. Add 10 ml. of dithizone solution and shake for 1 min-
ute at approximately four shakes per second. The

dithizone is purified by repeated extraction with am"
monia (Sandell, 31). A stock solution containing 1
g.jl. in chloroform may be stored in a refrigerator.
This is diluted :ftyfold just before use, giving a fial

strength of approximately 20 mg./l.
4. Insert a roll of filter paper in the stem of the funnel,

and draw off the chloroform layer into the photometer
celL.

5. Determine transmission in a properly calibrated pho-
tometer, using a blue-green :fter. Barnes (2) used an
Ilord 603 :fter in a Spekker Photoelectric Absorp-

tiometer. The reading must be taken rapidly since the
color changes when exposed to intense light. The vol-
umes for solution and dithizone must be strictly ob-
served, both for unknowns and for standards, in order
to obtain the same equilibrium conditions for the
dithizone-mercury reaction and for the extraction of
the products.

The copper leaching rate measured in this way is charac-
teristic of the paint and is an indication of the amount of
toxic exposed on the paint surface at the time the deter-

mination is made. Variations in the conditions of the test
wil influence the determined leaching rate value. The most
important variables include the size of the panels relative
to the volume of the leaching solution, the rate of agitation
of the bath, and the pH, temperature, and chloride content

~
,""~

É
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1 Barnes (2) describes a method by which both copper and mercury are esti-
mated with dithizone.
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of the sea water used. The effect of these variables on the
solution rate of cuprous oxide has been discussed in Chap-
ter 15. A brief review of these results, indicating where
possible the effect which departures from the standard
method have upon the leaching rate of the paint, is in-
cluded here.

In addition to these variables which influence the rate of

solution of the exposed toxic, the temperature of the sea
during the soaking period which precedes the determina-

tion also influences the value observed. This is probably
because it determines the amount of cuprous oxide ex-

posed on the surface of the paint.
i. Area of paint and volume of solution: The amount of

copper dissolved in the leaching bath at any given time is

directly related to the area of the panel, and inversely re-

lated to the volume of the solution. The standard method
uses a paint area of 150 square centimeters in a volume of
750 ml. of sea water (21). Any change in area or volume
requires the selection of an appropriate time so that the
value areaXtimejvolume remains equal to that defined in
the standard procedure. The relation between the concen-

tration of copper and the value of this quantity has been
presented in Figure 11, Chapter 15.

II. Rate of agitation: Experience has shown that agita-
tion by means of a stream of air bubbles is adequate for
most leaching rate measurements. If the leaching rate of
the paint is greater than about 100 t.g.jcm2jday, bubbling
is inadequate, since the rate of solution of the cuprous

.oxide is limited by diffusion. Figure 4, Chapter 15, pre-
sents the relation between the rate of mechanical agitation
and the leaching rate of two paints with high leaching rates.
Since agitation by bubbling gives an adequate measure-
ment of the leaching rate up to values about ten times the
minimum essential leaching rate, it is satisfactory for all
routine procedures.

III. Temperature of leaching bath: Th~ rate of solution of
.cuprous oxide increases with an increase in the temperature
of the leaching bath. The relation between the solution rate
of cuprous oxide and temperature is shown in Figures 5
and 6 of Chapter 15. In the vicinity of 20°C. the change
in leaching rate is 3% per degree (10). It is recommended
that the leaching rate be 'measured at 20°; if, however, it
is necessary to measure it at a different temperature, the
following table of correction factors may be found usefuL.

TABLE 1. Factors for Correcting Leaching Rates to
Standard Temperature (20°C.)

Temperature of Measurement Factor to Con'ect L.R. 10 20°C.o 2.575 2.0610 1.5515 1.2218 1 .0720 1 .0022 0 . 9424 0.8826 0 . 8228 O. 7730 0.73
IV. pH of the leaching bath: The rate of solution of

cuprous oxide, and consequently the value obtained for the
leaching rate of the paint, is directly proportional to the
hydrogen ion concentration (10, 12). This relationship is
shown in Figure 7, Chapter 15. The solubilty of rosin, a
common constituent of the matrix of a paint, on the other
hand, is directly proportional to the hydroxyl ion concen-
tration (Figures 1 and 2, Chapter 17) . Variations in the

pH of the sea water wil, therefore, have a direct effect on
the measured leaching rate, including both the effect on
the amount of cuprous oxide exposed on the surface after
the period of sea soaking, and on the rate of solution of the
cuprous oxide in the leaching bath. If clean aerated sea

water is used both for the soaking and for the leaching rate
bath, the pH will be found to be generally between 8.0

and 8.2. This variation wil have litte effect on the deter-
mined leaching rate. If, however, the pH of the leaching
bath is very different from this range, it should be ad-

justed.
V. Chloride ion content of the leaching bath: The solution

rate of cuprous oxide is a linear function of the square of
the chloride ion concentration when measured at a constant
ionic strength (Figure 8, Chapter 15). In sea water diluted
with distilled water, however, the leaching rate is propor-
tional to the chloride ion concentration (10,11, 13). This
condition is commonly encountered with sea water diluted
with rain or drainage. The sea water used in the leaching

bath should have a chloride ion concentration of 17 parts
per thousand as determined by the standard method of
titration (26). At this chlorinity the specific gravity is

1.0235 at 17.5°C., referred to distiled water at the same
temperature. If the chlorinity is greater than this, the
solution may be diluted the appropriate amount with dis-
tiled water. If suitable sea water cannot be obtained, the
following artificial solution has been found to give ap-
proximately similar results with a cold plastic paint:
sodium chloride, 0.48 moles per liter (28.0 g. per liter);
sodium bicarbonate, 17 mg. per liter; sodium carbonate,
3 mg. per liter, aerated to reach equilibrium with at-
mospheric carbon dioxide (20). -

VI. Temperature of sea during soaking period: The tem-
perature of the sea water in which the panels are soaked
will influence the rate of solution of both the matrix and
the toxic. The net result will be to determine the amount
of the toxic exposed on the surface, which, in turn, deter-
mines the value of the leaching rate measured in the

laboratory under standard conditions. The sea tempera-
ture during the soaking period may also influence the
formation of surface deposits which have been shown to
affect the leaching rate, (Figure 15, Chapter 16). It is im-
possible to predict, a priori, what the net effect of these

changes wil be upon the leaching rate of the paint. It has
been found that the soaking temperature has little or no
effect on the leaching rate of 143, a Navy cold plastic
paint. Both 16X and BK-1, however, give higher leaching
rates following a period of soaking in cold water (0°-9.9°

C.) than following a period of soaking in warmer water
(10°-22°C.). The amount of variation among individual
determinations is, however, greater than the difference ob-
served at the two extremes of temperature. It seems prob-

able, therefore, that these differences may be neglected for
practical routine purposes (36).

Barnes (5) has studied the accuracy of leaching rate
determinations and found a coeffcient of variance of
13.6% for a group of paints studied over an exposure period
of 215 days. The variation was less than this for paints
which consistently prevented the attachment of fouling.
The variability arising from laboratory work was found
to be comparatively small, and it was concluded that

further refinements of the leaching rate technique are un-
necessary unless the errors arising from composition, paint-
ing and exposure conditions are brought under more ade-
quate control.
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Leaching Rates by Paint Analysis (22)
An~lysis of the p~int film after various times of soaking

permits the calculation of average leaching rates and may
also give valuable information concerning the r~te of dis-
integration of the entire paint. The process is more labor-
ious and less accurate than the standard method of measur-
ing leaching rates after various times of soaking, but l1ay
be useful for laboratories located too far from the sea to
permit t~e convenient testing of paints for the leaching
rate, which must be done before they have dried. The
panels for paint analysis may be submerged at any of the
marine testing stations, washed, air-dried, and returned to
the laboratory for analysis. If only the copper content of
the fim is desired, the paint is digested from the panel
(C: be!ow~; if matrix studies are also contemplated, the
paint is dissolved from the panel by paint solvents (E.
below).

A. Several weighed ground-glass panels of any con-

venient size are painted with each formulation. These
ar~ dried to constant weight to determine weight of
paint. The amount of copper on each panel is com-
puted from the analysis of the coating on one of the
panels.

B. The remaining panels are immersed in the sea in
appropriate racks, and at various times one is sacri-
ficed for analysis. Before digestion the paint is
soaked in distiled water overnight, to remove sea

salts, and is dried to constant weight. The difference
between this and the initial weight is the total loss
of paint.

C. The paint is digested from the panel as follows:
1. The panel is broken and placed in a 500 mL

Kjeldahl flask with 25 mL of concentrated H2S04
and a boiling chip.

2. Warm carefully and then heat to boiling. The
paint will char and come off the glass. When the
flask is full of sulfuric acid fumes, remove it from
the flame and cool in a hood.

3. Ad~ 25 mL of concentrated HN03(cp) and heat
until all brown fumes are: gone and white sulfuric
acid fumes fil the flask. Cool in hood. If the solu-
tion is clear or clear green, the digestion is com-
plete. If the solution is yellowish, muddy, reddish,
black, or yellow-green, add another 25 mL of
HNOa and boil until the flask is full of white
f~mes. Continue adding nitric acid in 25 mL por-
tions and boiling until the solution is clear or
green.

4. When the flask is cool, add 50 mL of distiled
water. Heat very gently at first to prevent bump-
ing, and boil until white sulfuric acid fumes fil
the flask. Cool to room temperature. Add 100 mL
of distiled water; heat gently at first. then boil
vigorously for 10 to 15 minutes. This i~ necessary

to get rid of all remaining nitric acid, which inter-
feres with the titration.

5. Cool, dilute to about 200 mI., and fiter the solu-

tion into a 500 mL volumetric flask, using No. 40
Whatman fiter paper. Wash, dilute to volume,
and shake.

6. Remove all glass from the Kjeldahl flask (being
sure to recover all chips), dry, and weigh. This
weight wil agree with the original if none of the
panel was lost.
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D. The copper is determined by titration as follows:
1. To 50 mL of the solution (about 1 gram/I.) in a

250 mL Erlenmeyer flask, add 10 mL of KI solu-
tion (200 g./L). This wil produce a cloudy, yellow-
orange solution, owing to liberation of free iodine.

2. Titrate with sodium thiosulfate (5 g./L) until the
yellow-orange color turns to a creamy color, then
add 5 mL of a 1% starch solution, which wil re-
sult in a blue-black color. Complete the titration
by adding sodium thiosulfate until one drop
changes the color from a'pinkish-violet to white.

3. Standardize the thiosulfate against a standard

copper solution (about 1 gram/I.), adding 5 mL
of 6 N H2S04 before adding the KI solution.

4. Compute final Cu20 by multiplying the weight of
paint after exposure by the per cent CUzO in the

digested sample.

5. Interferences with the titration method: Samples
containing large amounts of iron, mercury, oxides
of nitrogen, ammonia, and acetates can not be
titrated since the end points are not sharp or are
too high. The oxides of nitrogen wil be removed
by the procedure described. Samples containing

the other impurities may be diluted and analyzed
by the carbamate method.

E. Analysis of paint for both copper and matrix.
1. Dissolve the paint from the panel in a volatile

solvent, (the solvent to be used wil depend on
the nature and composition of the paint). Evap-
orate the solvent on a steam bath with a stream
of fitered air playing on the surface. Dry in

vacuum dessicator to constant weight.
2. Cover dried paint with about 40 mL 50% HCI

and 30 mL ether, stopper and shake vigorously.
This wil dissolve all the Cu20 and matrix of most
paints. If matrix ingredients insoluble in ether are
used, suitable solvents must be selected. Inert
pigments wil not ûissolve and are fitered off.

3. Transfer to separatory funnel and draw off the
aqueous phase. Wash the ether twice with dis-
tilled water, and add washings to the aqueous
portion. Wash the aqueous portion twice with
ether, and add to the ether portion.

4. Warm the aqueous solution to remove ether and
dilute to volume. Determine copper as in D above
adding 5 mL of 6 N H2S04 before the KI as i~
done with the standard copper solutions. '

5. Dry the ether residue to constant weight to

determine the total matrix.

Panel Testing,
The exposure of painted panels to natural conditions is

both the oldest and one of the most useful techniques avail-
able for the study of antifouling paints. Metallic panels

were immersed in the sea by Sir Humphry Davy in 1824
in his study of copper for metallc sheathing of wooden

vessels (9). Since that time panel tests have been conducted
increasingly, until today many commercial marine ex-
posure stations are available to the paint chemist (1). In
spite of this long experience the advantages of panel tests
are still not fully exploited in many cases. This is because
adequate controls of the exposures are not always used

and the biological factors which determine the usefulness
of a testing location are not appreciated.



344 MARINE FOULING AND ITS PREVENTION

SELECTION OF A TEST SITE

The testing station is preferably located in a region
where the larvae of fouling organisms are present in the
water and attaching to surfaces at all seasons of the year.
Under these conditions the duration of the effective life of
the coating can be accurately determined regardless of the
time of immersion of the paneL. If, on the other hand,

there are long periods when the larval forms are not pres-
ent, a paint may appear to give satisfactory performance
merely because of this paucity of life. The only locations
where continuous settling populations are found are in
tropical or subtropical waters.

The mere selection of a location in tropical or subtropical
waters does not insure, however, that continuous attach-
ment of fouling organisms wil be found. The general char-
acteristics of the ecological habitat are equally important.
The adults of fouling organisms must be common nearby.
The quickest and best way to find out whether a given
location has the desired population is to expose nontoxic

test panels periodically and observe the growth. The chap-
ters on the geographical and seasonal distribution of fouling
organisms summarize much information which wil be help-
ful in selecting sites for exposures.

CONTROL EXPOSURES

Regardless of the location of the testing service, it is es-
sential to-expose control, nontoxic surfaces in order to take
a census of the attaching organisms throughout the year.
Two types of immersion of control panels should be used. A
nontoxic panel should be submerged with each set of test
paints and allowed to remain in the water for the duration
of the test. A control panel should also be immersed at
monthly or bi-weekly intervals throughout the year. Panels
which are exposed in parallel with the test surfaces give a
picture of the accumulation of fouling during the course of
the test, but such panels may foul heavily during the first
months of exposure and give little information on subse-
quent conditions. The panels exposed monthly give a
picture of the number of fouling organisms in the water
each month. If such panels do not accumulate any fouling
during a given period, it is clear that the test panels can
not be expected to foul even though their toxicity has
failed. If, however, a large population of fouling organism
attaches to a monthly control panel, it is clear that the
unfouled test panels are stil effectively preventing fouling

at that time.

There has been considerable controversy in the past as
to the ideal surface to use for the control paneL. No surface
has been found which gives a complete sample of the avail-
able population. The populations found on various mate-
rials have been described in Chapter' 13. Cement blocks
have been used at the Mare Island Naval Shipyard, and

the fouling is removed and weighed at monthly intervals.
Wood and glass panels have been used by the Norfolk
Naval Shipyard and the Woods Hole Oceanographic In-

stitution"where the population has been assessed by weigh-

ing of the organisms after removal and by counting indi-
vidual specimens. While it is probably true that none of

these surfaces gives a complete census of the population,
they all give a significant indication of the severity of the
conditions. The seasonal distribution of fouling organisms
is discussed in Chapter 5.

The use of a standard paint or paint series as toxic con-
trols is also to be recommended. Comparison of the test

results with the fouling on the standard paints gives a
clearer appreciation of the value of the new paint; and if a
standard series with known leaching rates is used a bio-
logical estimate of the leaching rate may be obtained. This
is of especial value if the paint contains a toxic substance
not measured in the leaching test.

METHODS OF EXPOSING PANELS

The physical requirements for a testing station may be
met in a variety of ways, each of which has its advantages.
The panels may be hung individually or in racks from a
permanent dock or pier. Rafts and floats of various sorts
have also been used and are especially desirable where the
rise and fall of tide is great. Algae are the forms which are
most seriously affected by the structure from which the
panels are suspended. In locations where dense shade pre-

vails, or where the panels are suspended more than a
meter or so below the surface, the growth of algae is
seriously limited. For these sea forms the use of floats or
rafts where the panels may be hung near the surface, and
may remain at the same depth of all stages of the tide, is
advantageous. These same conditions, however, may de-
crease the intensity of barnacle sets.

The barnacles and various other sedentary organisms

attach more rapidly to dark surfaces, and the best way to
collect them is on the under-side of a dark, horizontally.
suspended paneL. If, however, the fouling intensity is
suffcient, an adequate number of barnacles and other
fouling forms will always be found on panels hung verti-
cally in the sea. Since this method of suspension is easier and
more conservative of space, it is the method most fre-
quently used. Figure 5 shows' various testing stations
which are in use for the submersion of antifouling paints.

The painted panels are frequently grouped in racks
which may hold eight to a dozen different panels. In-
vestigations at Miami have shown that there is no sig-
nificant difference in the populations found in different
positions in racks with 3-inch spacing, though the barnacles
on the outer panels were most frequently consumed by fish.
In some cases this may result in premature physical failure
of the paint. It was also found that adjacent panels do not
influence one another when spaced 3 inches apart. The
insertion of highly toxic paints 3 inches from glass panels in'

these racks had no effect on the population accumulating
on the glass. At this same location orienting the panels so
that their surfaces were parallel to the tidal current resulted
in a 34 per cent increase in the population, compared to
panels oriented at an angle of approximately 30 degrees to
the current.

Various types of racks have been used to hold the test
panels, and several are ilustrated in Figure 6. Wooden
racks are convenient to make and use, and may be' pro-
tected from fouling and from teredo and other wood
destroying organisms by painting with an antifouling paint.
The effect of the paint on the test panels is negligible, being
restricted to a narrow band at the points of contact. Steel
racks are more permanent, but are heavy and unwieldly
to handle, and appropriate gear must be provided. They
should also be protected from fouling and corrosion by

suitable paint systems. Racks of brass have been used, and
need no painting for protection, but the danger of gal-
vanically accelerated corrosiOn of steel panels in these

racks is always present. The panels may also be suspended
separately from ropes, chains, or wires. The panels must be
hung far enough apart to avoid banging together, and this
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requires much more space than an equal number of panels
in racks.

Panels of diverse sizes have been used. The large panels
are unwieldly and diffcult to handle; small panels may
give erroneous results because of the relatively large in-
fluence of the edges, where failure frequently begins. The
panels used generally lie within the limits of area between
150 to 700 square inches, including both sides of the paneL.
The c('mmon sizes are, in inches: 6X12, 8X1O, lOX12,
1OX15, 12X18, and 18X18. In comparing a large number
of formulations the British investigators sometimes use

panels 2 feet square, each side of which is subdivided into
6 patches (8 X 12) for the application of the test and con-
trol paints (16). Where comparisons have been made, no
differences in the performance of paints on panels within
this range of sizes have been found. The conditions of
exposure may be used to determine the most convenient
panel size.
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the surface area covered. The results are frequently .ex-
pressed as fouling resistance which is 100 per cent minus
the assigned penalty. The paints exposed for the Navy
are penalized 5 per cent for slime, scum, and incipient
fouling, and all subsequent penalties are deducted from 95
per cent. The Miami testing station deducts one per cent
for each individual specimen attached;. encrusting or
spreading forms are assessed by the surface area covered.

The Mare Island and Norfolk Naval Shipyards base their
ratings on percentage of the area which has permitted
attachment. It is not neçessary for the surface to be com-

pletely covered, however, since a splinkling of forms

evenly distributed on the surface indicates that the entire
area is permitting attachment. Both of these systems rate
fouling performance severely, and are most useful in deter-
mining how long a surface prevents fouling completely.

The paints generally rate either better than 80 per cent
or less than 20 per cent with these systems. Very few paints

TABLE 2. Wéighted Ratingsfor Fouling Attached to Test Panels. The Numbers in the Table are Penalties to be
Subtracted from 100% to give Final Rating. (Modified after Jackson, 17)

Per Cent Fila- Borers, En-Area mentous Teredos, crustingCovered Grading Algae Bryozoa Hydroids Sponges Tunicates Annelids Barnacles eli;. Bryozoa Mollusks0 0 0 0 0 0 0 0 0 0 05 X 2 1 1 1 2 3 3 12 2 210 X 3 3 4 4 5 6 6 14 4 420 XX 5 5 6 6 7 9 10 17 7 640 XXX 7 7 9 8 9 12 15 20 10 1060 XXXX 9 9 12 10 11 15 20 30 13 1580 XXXXX 10 12 16 12 14 15 30 40 18 18100 XXXXX 10 15 20 15 15 15 40 50 20 30

RATING EXPOSURE TESTS

The panels submerged for fouling tests should be rated
for the resistance of the paint to the attachment and
growth of fouling, the physical performance of the paint,
and, if steel panels are being used, the ability of the paint
system to prevent corrosion. Supplementary observations,
such as color changes and chalking of the paint fim, may
be desirable for special purposes. It should be remembered,
however, that effective copper antifouling paints generally
accumulate a noticeable deposit of greenish copper com-
pound on the surface within a short time after exposure.
Such a deposit should not, under any circumstances, de-

crease the rating of the paint fim.
"The criterion of failure of a test area by fouling should

be a clearly defied all-or-none matter. As soon as any

kind of fouling appears on a test plate or ship, the anti-
fouling mechanism has failed; the rest is merely a matter of
allowing the fouling time to grow to a size large enough

to be a serious impediment to the vesseL" This statement,
which summarizes the viewpoint of British investigators
(15), should be generally accepted. Ratings may be as-
signed in different ways, but a paint must completely pre-
vent fouling to be considered a success, and the length of
time a paint is successful is considered its most important
characteristic. The simplest rating system is to consider
that the paint has reached the end of its effective life when
a panel has either fouled or rusted, or both, to such an ex-
tent that repainting should be carried out in practice. The
panels should be inspected at monthly intervals, and an
evaluation of the surface given. Two types of ratings are
used for this purpose, the direct and the weighted rating.

The direct rating of the fouling on the paint film depends
either upon counts of individuals or upon an estimate of

are rated between these values, apparently because once.

fouling starts to attach to more than a small area of the
surface it quickly covers the entire paneL. The paint is
considered satisfactory only so long as it rates 95 to 100

per cent. Ratings below 80 per cent are unsatisfactory.
Intermediate ratings are considered to indicate good or
fair performance.

The weighted rating system assigns graded penalties for
different types of organisms. One such system is shown in
Table 2, which gives the penalties assigned for various
organisms present to different extents (17). Intermediate
values are given for different sizes of the organisms. When
inspected in the field, the amounts of each type of organism
present are rated in percentages. By reference to Table 2

the appropriate penalties for these amounts of fouling are
found. These are added together and subtracted from 100

per cent to give the fial rating. This rating system is more
lenient than the direct system described above. For ex-

ample, a panel whose surface was covered as follows: 5%
algae, 40% hydroids, 20% barnacles, and 30% annelids
would rate zero on the direct system (95%- (5+40+20
+30)). The same panel would rate 67%, (100- (2+9+ 10
+ 12)), on the weighted rating. Complete coverage of the
panel with any single fouling form would never give a
rating of zero on the weighted system. A wort4less paint
exposed in waters where only filamentous bryozoa were

settling would stil be rated 85 per cent, even though
completely covered. If exposed under more severe condi-
tions, the rating for the same paint would decrease accord-
ingly, not because the paint is any worse, but because the
biological conditions to which it is exposed are worse.

If the relative tolerance of the .various forms to tnxics

were known accurately, a weighted system might be ùe-
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TABLE 3. Sènsitivity Factors of Common Fouling Organisms
at Milport, England (27)

Type of OrganismSensitivity
of

Organism
Low

Sensitivity
Factor

0.5
1.0

AnimalPlant
Amphiprora (D)
Ulothrix (G)

Acanthes (D)

Enteromorpha (G)
Hecatonema (B)
Ectocarpus (B)

Fragilaria (D)
Red Algae
Cladophora (G)
DIva (B)
Laminaria (B)
Desmarestia (B)

Pomatoceros (T)
Mytilus (M)
Anomia (M)
J assia (C)
Membranipora (P)
Didemnum (A)

Tubularia (H)

High

2.0
3.0
5.0
5.5
6.0
8.0
9.0

10.0

Balanus (Ba)
Obelia (H)

D-Diatom
G-Green Algae
H-Hydroid
B-Brown Algae

Ba-Barnacle
T-Tubeworm
M-Mollusc
C-Crustacea
P-Polyzoa (Bryozoa)
A-Ascidian (Tunicate)

vised which would give results directly related to the
toxicity of the paint. This information is not available, and,
until it is, weighted ratings will give an unwarranted il-
lusion of precision.

The British investigators have assessed the sensitivity
of various organisms insofar as it is known, and have as-
signed them sensitivity factors which are given in Table 3
(27). In inspecting the panels, each fouling form is assessed
on a geometrical scale from 0 to 7 on the basis of numbers
of organisms settled. Each rating with a value of 1 or
more is then multiplied by the sensitivity factor for the
organism. These products are added together, and the sum
is divided by the number of kinds of organisms to obtain
the adjusted rating. Fouling on nontoxic surfaces is treated
in a similar way, and the ratio between the adjusted

ratings of the toxic and nontoxic surfaces gives an estimate
of the antifouling properties of the paint (27).

Thé authors' own assessment of this method of rating is
that it "has been successful to a limited extent, but should

be capable of wider application with a fuller knowledge of
the amounts of fouling occurring on paints of known
toxicity." It is also pointed out 'that the sensitivity factors
used apply to plates immersed at a depth of roughly 18
inches, and that algal sensitivity wil vary with the depth
of immersion and the resulting change in light intensity.
Adjustments of the correcting factor may be necessary at
various times during the fouling season, based upon the
population of the fòrm in the water.

The sensitivity of various organisms, and their geo-
graphical and seasonal distributions are not suffciently
well known to make this system applicable to all testing
stations. Its use would require the determination of sensi-
tivity factors for the forms present at each location. For
example, it has been found at Miami that Balanus am-
phitrite niveus is more resistant to copper paints than
either B. improvisus or B. eburneus. It is apparent that a

sensitivity factor of 5.5 for all barnacles of the genus
Balanus would not be applicable at Miami. The encrusting
bryozoan, Watersipora cucullata, is more resistant to copper
than any of these barnacles. It is, however, less resistant to
mercury than is B. amphitrite niveus (33). A single factor

could not be applied to either of these two forms unless the
tests are restricted to paints containing only one of these
toxics.

This system seems too complicated for general applica-
tion since it requires accurate identification and enumera-
tion of each species of organisms present, as well as deter-
mination of their sensitivity factors. It requires an in-
spector of great experience and wide biological knowledge,
and is, to say the least, time consuming. If the position is
taken that the attachment of any macroscopic fouling on

the paint indicates its failure, the elaborate rating systems
are unnecessary. A list of the type of fouling present, and a
direct rating of the paint on the basis of either numbers or
per cent of surface covered, gives as useful information as
any of the weighted or adjusted methods. The direct
method also gives results which are more nearly compar-
able between different places and times, provided the foul-
ing intensities are high, since the rating is independent of
the kind of organisms present, and depends merely upon
the numbers which can attach to the test surfaces.

Resistance to Erosion
Many paints which may be otherwise satisfactory are

eroded rapidly as a result of motion through the water.
Two devices have been developed to give an accelerated
test of the resistance of the paint fim to water erosion.

They depend upon the rotation of a cylinder or of a disc
underwater to simulate the motion of a ship. In these tests
centrifugal forces which have no counterpart under service
conditions are applied to the paint film. Pronounced

thinning of the paint fim, or cold flow with resultant

stripping of the fim, are evidences of failure.
The apparatus designed by the Norfolk Naval Shipyard

(25) consists of Ys-inch mild steel cylindrical sleeves 12
inches in diameter and 8 inches long. One of these is
mounted on and insulated from a vertical steel shaft
which is belt-driven by a 3-horsepower motor through a
Reeves variable speed drive. The shaft, with its painted
cylinder, can be raised for inspection or for changing the
sleeve. In use, the cylinder is submerged to a depth of
about 3 feet and rotated to give a surface speed of approxi-

mately 29 knots. One of the painted steel cylinders
attached to the shaft is shown in Figure 7B.

The apparatus used at Miami (32) is also shown in
Figure 7(A & C). This consists of 14-inch diameter steel or
plywood discs, which are rotated under water at 820 r.p.m.,
giving a peripheral speed of about 30 knots. The discs are
bolted to a ,%-inch cold rolled steel shaft, which is belt-
driven, with appropriate reduction, by a 3-horsepower

motor. Six shafts are individually mounted on wooden
2 X 4's by means of three adjustable babbit bearings of the
shaft hanger type. The vertical posts are bolted to guides
which are part of the main motor and shaft assembly

framework. Each shaft may be removed separately for
inspection or for replacement of the disc.

Both of these tests submit a paint fim or system to a
severe test, but direct correlations with service conditions

have not been made. Failures may be observed in the first
few hours .of rotation, and the tests are seldom run for more
than a few days. The apparatus has been found particularly
useful in comparing the effects of adding various large
molecular weight resins to simple paint formulae (25, 32),
and in determining the effect of thickness of the paint
fim on the time necessary to permit its hardening (34).

~
;~~.~

T
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FIGURE 7. Apparatus for testing erosion of antifouling paints. A and C show the rotating disc device used at Miami, Florida. B shmvs the rotating
cylinder used by Norfolk Naval Shipyard. For explanation see text.
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CHAPTER 21

The Fouling of Metallic Surfaces
Sheathing with copper appears to have been the

first adequate method of preventing the fouling of
ships' bottoms, and was also the most successful

technique employed for this purpose. The use of
lead sheathing by the ancients, which was also

current at the time copper sheathing was in-

troduced, was doubtless intended as a protection
against borers or for other purposes, since lead

gives practically no antifouling protection.

The first record of the use of copper sheathing
is found in the Navy Board's report to the Ad-

miralty on His Majesty's Ship Alarm, which, in

1761, returned from a twenty month's voyage to
the West Indies (21). This report, which is re-
printed in the Appendix to Chapter 11, showed

that the ship's bottom had remained clean during
this period. It was noted that the copper covering
the rudder had fouled with barnacles, which was

accounted for by the fact that the plates there had
been fastened with iron nails "to vary the experi-
ment," and it was thought that the rust from these
nails had drained down and spread over the surface
so as to occasion the fouling. The effect which the
copper had upon the iron where the two metals
touched was also noted with surprise, for it was
found that the rudder iron, the fastenings of the
false keel, the pintles, etc., were corroded and
eaten. Thus, in the earliest extant account of a
copper-sheathed ship we find recorded two' great
limitations of copper sheathing, namely, the cor-
rosion of adjacent iron parts and the inactivation
of the copper as a nonfouling surface under this

, association.

The sheathing on the bows of the Alarm was
wasted away by the erosive action of the sea so that
only the edges and fastenings remained as first
put on. The life of the copper sheathing of sailing
vessels was, in general, about four or five years, so
that the upkeep of the bottom was a considerable

expense. In spite of this diffculty, copper re-

mained the approved method of treating ships'
bottoms until the use of iron in the construction
of ships became prevalent, when the galvanic
corrosion of iron induced by the copper plating
led to great diffculties. It was necessary to in-

sulate the hull from the sheathing by means of a
wood backing or in some other way. The pro-
cedure was expensive and, though done with great

care, the insulation was never perfect. Danger al-

ways existed that damage to the insulation would
expose a small area of the ship's plating to very

severe corrosion. In spite of this diffculty, United
States batteships and many cruisers of foreign
powers were sheathed with wood and copper as
late as 1900, the antifouling virtues of the method
having been amply demonstrated during the
Spanish-American war (1).

The expense and diffculty of insulating copper
sheathing stimulated the development of antifoul-
ing paints. As these became effective, the economy
and ease of application of such coatings gradually
caused the disuse of copper sheathing even on
small wooden vessels. Now the employment of me-
tallc sheathing is usually restricted to the protec-

tion of wood hulls from the abrasive action of ice
and the like, or to situations where the superior

protection against the worm warrants the initial
expense.

It is reported that in The Netherlands Navy,
where copper sheathing is used as a protection
against worms in East Indian waters, 50 per cent
of the sheathing must be replaced annually.

Sheathing is not only damaged by grounding but is
torn away by the seas and by high speed operation.
Consequently, it is not recommended for speeds
over 15 knots, and is unsuited to modern high-

speed vessels.
At the time of the introduction of iron into the

construction of ships' hulls, zinc sheathing was
seriously suggested as a substitute for copper (4).
Zinc sheets were tried on several ships, notably the
Italian battleship Italia (1), but did not prove a
great success. While its use may have served to
protect the iron hull from corrosion, it can have
had little value as an antifouling surface. This fact,
coupled with the diffculty and expense of attach-
ing the zinc plates to the steel hull, evidently led to
its early abandonment.1

Alloys of copper, particularly Muntz or yellow
metal, have been employed as substitutes for
copper in sheathing wood bottoms because of
economy and the greater resistance of these alloys
to erosion. Muntz metal is not a very effective
antifouling surface, and it is found to be an ad-
vantage to use antifouling paint over the sheath-
mg.

1 Zinc coatings, applied directly by galvanizing, are currently used in the con-
struction of light Naval vessels to reduce corrosion within the bilges. Antifoulng
paints are applied over tbe outer galvanied surface of the ships' plates.
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Recently, copper-nickel sheathing (copper 70

per cent, nickel 30 per cent) has been employed by
the United States Coast Guard as a sheathing for
motor lifeboats which are exposed to ice abrasion
as well as to fouling (12).

Although the use of metallc sheathing has been
,largely abandoned, the fouling of copper alloys
has a practical application in connection with

localized structures, such as the propellers, propel-
ler struts, the salt water piping systems of vessels,
and specialized underwater equipments including
sound gear, and the like. Special aspects of these
problems are discussed in Chapter 1. The general
principles involved in the use of metals for struc-
tures which should remain free of fouling when
exposed in sea water are reviewed below.

RESISTANCE OF METALLIC SURFACES
TO FO ULING

The relative tendency of metallc surfaces to
foul was studied by Parker, who rated the fouling
which accumulated on panels submerged for 53
days in mid-summer in the Eel Pond, Woods
Hole, Massachusetts, as follows (23) :

Aluminum-10 Iron-10 Lead-lO Tin-6
Zinc-0.2 Copper-O

Similar results from exposure in Hawaii are re-
ported by Edmondson and Ingram, who add to the
list German silver, an alloy of copper, zinc and
nickel, as superior to zinc in resistance to fouling

(8).
Tests at Point Reyes, California, have shown

Admiralty Bras,
with As
with Sb
with P

Adnic
Ambrac
Arsenical Copper
Beryllum Copper
Brass, Leaded Free Cutting
Brasses, more than 65% Copper
Brasses-Tin with more than 80% Cu
Bronzes-Tin
Bronze-Camp. G
Bronze-Camp. M
Bronze-Nickel
Cartridge Brass
Chain Bronze
Commercial Bronze
Copper
Copper Nickel Alloys less than 30% Ni & less than 0.15% Fe
Duronze
Everdur
German Silver (Nickel Silver)
Gilding Metal
Government Bronze
Gun Metal
Hardware Bronze
Herculoy
Low Brass
Olympic Bronze
Ounce Metal
Phosphor Bronze
Rich Low Brass
Silicon Bronze
P.M.G. Bronze
Red Brass, Cast
Red Brass, Wrought

TABLE 1

Group I-Metals and Alloys Least Likely to Foul
Cu 70
Cu 70
Cu 70
Cu 70
Cu 70
Cu 75
Cu 99.5
Cu 97.4
Cu ?65
Cu ?65
Cu ?80
Cu ?80
Cu 88
Cu 88
Cu ?80
Cu 70
Cu 95
Cu 90
Cu99+
Cu ? 70
Cu 97
Cu 96
Cu 64
Cu 96
Cu 88
Cu 88
Cu 89
Cu 96
Cu 80
Cu 96.5
Cu 85
Sn 4-10
Cu 85
Cu 97
Cu 95 . 5
Cu 85
Cu 85

Zn 29 Sn 1

Zn 29 Sn 1

Zn 29 Sn 1

Zn 29 Sn 1

Sn 1 Ni 29
Zn 5 Ni 20
As 0.3
Ni 0.25 Be 2.3
Pb 1.5 Zn balance
Zn ,35
Sn 1-2.5 Zn balance
Sn ,10
Zn 2 Sn 10
Zn 3 Sn 6.5
Ni 1-10
Zn 30
Sn 5
Zn 10

As
Sb
P

0.05
0.05
0.02

Pb 1.5

Ni ,30 Fe, .15
Sn 2 Si 1

Si 3
Zn 18 Ni 18
Zn 4
Zn 2 Sn 10
Zn 2 Sn 10
Zn 9 Pb 2
Sn 0.5 Si 3.25
Zn 20
Zn 1 Si 2.75
Zn 5 Sn 5 Pb 5
Cu balance
Zn 15
Si 3
Fe 1.5 Si 3
Zn 5 Sn 5 Pb 5
.Zn 15

Group II-Metals and Alloys Variable in Fouling Tendency
Brasses with less than 65% Copper Cu ,65 Zn balanceCommon Brass Cu 65 Zn 35
Copper Nickel Alloys, less than 30% Ni & more than 0.15% Fe Ou ?70 Ni ,30 Fe? .15Copper Nickel Alloys 30 to 40% Ni '. ' eu 60-70 Ni 30-40High Brass (Yellow brass) eu 65 Zn 35Leaded High Brass Cu 65 Zn 34 Pb 1Manganese Bronze Cu 58 Zn 40 Mn 2Muntz Metal Cu 60 Zn 40Naval Brass (Tobin Bronze) Cu 60 Zn 39 Sn 1
SilverSterling Silver Cu 7,5 Ag 92,5Zinc' Zn 99+

.I
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TABLE 1 (continued)

Group III-Metals and Alloys Likely to Foul
Aluminum
Aluminum Alloys
Aluminum Brass with or without dezincification inhibitors eu 76 Zn 22 Al 2
Aluminum Bronze Cu 90 Al 10
Antimonial Lead
Antinomy
Armco Iron Fe 99+
Babbitt Cu 35 Sn 89 Sb 7.5
Cadmium Plate
Cast Iron

Cast Steel
Chemical Lead
Chromium Plate
Cobalt
Constanten Cu 55 Ni 45
Copper Steel Cu .25 Fe 99+
Copper Nickel Alloys more than 40% Ni Cu ,60 Ni ?40
Dowmetal (Magnesium alloys)
Duraluffin
Duriron Fe 82 Si 14.5
Galvanized Steel
Gold
Hastelloy A Fe 22 Mo 22 Ni balance
Hastelloy B Fe 6 Mo 32 Ni balance
Hastelloy C Cr 17 Fe 6 Mo 19 W 5 Ni balance

Hastelloy D Cu 3 Si 10 Ni balance
Inconel Cr 13 Fe 6.5 Ni balance
Ingot Iron
Invar Ni 36 Fe 64
Iron
K-Monel Cu 29 Ni 66 Fe 0.9 Al 2.75
Lead
Lead Tin Alloys
Magnesium
Magnesium Alloys
Manganese Steel Mn 11-15 Fe balance
Monel Cu 30 Ni 67 Fe 1.4
Nichrome Ni 62 Cr 15 Fe balance
Nickel
Nickel Alumin Bronze Cu 92 Ni 4 Al 4
Nickel Chromium Alloys
Nickel Chromium Iron Alloys
Ni-Resist Cu 5-7 Ni 12-15 Fe balance
Nitrided Steel

Palladium
Pewter Sn 85-90 Pb balance
Platinum
S-Monel Cu 30 Ni 63 Fe 2 Si 4
Silver Solder Cu 16 Zn 17 Ag 50
Soft Solder Sn 50 Pb 50
Stainless Steels

S tell te
Tin
Tin Lead Alloys
Wiping Solder Sn 40 Pb 60
Worthite Ni 24 Cr 19 Mo 3 Fe balance

Wrought Iron

that copper panels remained free of gross fouling
for at least twelve months, but that brass and an
alloy of copper and nickel (Cu 70 Ni 30) fouled
lightly, and galvanized iron fouled heavily after
the first four months (19).

Friend (9) had previously reported that of a
large number of ferröus and nonferrous metals and
alloys exposed for three years at Southampton
Dock, "the shell fauna did not collect in any ap-
preciable numbers on the copper or alloys rich in
copper, although all the other bars were covered,

even the lead. . . and zinc bars."

The fouling of a large number of materials,
exposed for three months at Miami, has been dis-
cussed in Chapter 13 and the results presented in
Table 2 of that chapter. Among the metals the

intensity of fouling with barnacles was as follows:

Number of Barnacles Per Square Foot (24)Lead 396Nickel 126Steel 88Galv. Iron Pipe 27Galv. Iron 6Monel 6Zinc 0Copper 0
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TABLE 2. Relative Merit of Copper Alloys in Resisting Fouling During One Year's Exposure at Miami

Months to Areafouled
foul ? U after 1 year LaQue

Alloy Composition-per cent surface per cent Rating
Copper Cu 99.9 ?12 ,25 I
Copper, deoxidized Cu 99.96 P 0.02 ?12 ,25
Everdur Cu 95.61 Si 3.14 Zn 0.15 . Fe 0.12 Mn 0.92 ?12 ,25 I
Aluminum Bronze Cu 99.88 Al 0.12 ?12 ,25
Aluminum Bronze Cu 99.82 Al 0.18 ?12 traces
Aluminum Bronze Cu 99.47 Al 0.53 ?12 ,25
Commercial Bronze Cu 90.01 Zn 9.97 Pb 0.01 Fe 0.01 ?12 ,25 ISilcon Brass Cu 81.00 Zn 15.5 Si 3.5 ?12 ,25
Admiralty Cu 70.58 Zn 28.33 Sn 1.06 Fe 0.01 Pb 0.02 As 0.004 12 ,25 IEverdur Cu 98.32 Si 1.21 Fe 0.13 Mn 0.22 12 25-50
Phosphor Bronze Cu 94.39 Sn 5.42 Pb 0.01 Fe 0.01 P 0.17 12 25-50 IRed Brass Cu 85.22 Zn 14.76 Pb 0.005 Fe 0.01 12 25-50 I
Arsenical Admiralty Cu 71.11 Zn 27.87 Sn 0.98 Fe 0.01 Pb 0.01 As 0.02 12 25-50
Copper, arsenical deox. Cu 99.64 As 0.29 11 25-50
Aluminum Bronze Cu 98.96 Al 1.04 11 25-50
Cupro-nickel Cu 94.18 Ni 5.42 Mn 0.27 11 ,25 I
Super-nickel Cu 69.05 Ni 30.26 Zn 0.15 Fe 0.06 Pb 0.002 Mn 0.48 11 50-75 I
Naval brass Cu 60.50 Zn 38.65 Sn 0.85 11 25-50 IICopper, tough pitch Cu 99.96 10 50-75 I
Copper, silver bearing Cu 99.86 Ag 0.093 As 0.00 10 50-75
Cupro-nickel Cu 89.26 Ni 10.13 Mn 0.41 10 50-75 I
Cupro-nickel Cu 92.56 Ni 5.34 Fe 1.15 10 25-50 II
Tobin Bronze Cu 60.09 Zn 39.20 Sn 0.65 Fe 0.02 Pb 0.04 10 50-75 II
Brass, 70-30 Cu 70.61 Zn 29.33 Fe 0.02 Pb 0.04 9 50-75 I
Hi tensiloy Cu 57.25 Zn 39.90 Ni 1. 75 Pb 1.1 9 ?75
Ti-nic-o-sil #10 Cu 47.10 Zn 37.80 Ni 10.50 fe 1.0 Pb 1.6 Mn 1. 0 9 ?75
Ti-nic-o-sil #14 Cu 42.00 Zn 43.00 Ni 15.00 9 25-50
Cupro-nickel Cu 83.89 Ni 15.37 Mn 0.46 8 ?75 ' I
Aluminum Bronze Cu 97.94 Al 2.06 7 ?75
Nickel Silver Cu 64.23 Zn 17.10 Ni 18.30 Fe 0.07 Pb 0.01 Mn 0.29 7 ?75 I
Ti-nic-o-sil #54 Cu 46.75 Zn 38.5 Ni 10.50 Pb 2.25 Mn 2.0 7 50-75
Cupro-nickel Cu 79.54 Ni 19.76 Mn 0.46 6 ?75 I
Cupro-nickel Cu 68.09 Ni 29.88 Fe 0.49 4 ?75 II
Ambrac B Cu 64.63 Zn 5.46 Ni 29.37 Mn 0.54 4 ?75
Nickel Silver Cu 68.08 Zn 21. 55 Ni 10.37 4 ?75
Super-nickel Cu 68.90 Ni 30.07 Zn 0.15 Fe 0.41 Mn 0.46 3 ?75 II
Muntz Metal Cu 61. 00 Zn 38.94 Sn 0.02 Fe 0.01 Pb 0.025 3 ?75 II
Cupro-nickel Cu 88.43 Ni 10.06 Fe 0.79 2 50-75 II
Phosphor Bronze Cu 89.99 Sn 9.76 Zn 0.10 Pb 0.02 Fe 0.01 P 0.12 2 ?75 I
Cupro-nickel Cu 66.88 Ni 32.52 Fe 0.02 Mn 0.45 2 ?75 II
Cupro-nickel Cu 59.26 Ni 40.30 Mn 0.35 2 ?75 II
Cupro-nickel Cu 53.54 Ni 44.71 Fe 0.12 Mn 1. 02 2 ?75 III
Cupro-nickel Cu 83.57 Ni 15.39 Fe 0.62 2 ?75 II
Cupro-nickel Cu 79.81 Ni 19.88 Fe 0.58 2 ?75 II
Ambrac A Cu 73.39 Zn 6.08 Ni 19.89 Fe 0.07 Pb 0.01 Mn 0.56 2 ?75 I
Ambraloy Cu 94.94 Al 4.85 Zn 0.10 Ni 0.05 Fe 0.06 2 ?75
Ambraloy Cu 76.51 Al 2.12 Zn 21.30 Fe 0.04 As 0.017 Pb 0.005 2 '?75 III
Aluminum Bronze Cu 94.45 Al 5.05 1 ?75
Aluminum Bronze Cu 90.19 Al 9.81 1 ?75 III
Aluminum Brass Cu 68.00 Al 2.00 Zn 30.00 1 ?75 III
Resistaloy Cu 59.25 Al 2.00 Zn 37.65 Ni 1.1 1 ?75 III
Monel Cu 31.18 Ni 66.03 Fe 1.68 Si 0.05 Mn 1. 68 1 ?75 III
Monel, CIF-349 Cu 16.94 Ni 81.58 Fe 0.41 Si 0.05 Mn 0.41 1 ?75 III
Nickel Ni 100 1 ?75 III

On the basis of very extensive observations, Zinc appears to resist fouling only temporarily.
made in the course of corrosion tests, LaQue (15) Thus British observers (20) have noted that zinc-
has arranged the common metals and alloys in coated specimens of steel may remain relatively
three groups depending on t?e probability that free of fouling for six months under conditions
they wil foul when exposed in the sea. The lists when control surfaces foul heavily. The protective
are given in Table 1. Of the many metals which action of galvanizing, however, is usually lost as
have been tested, only copper (and its alloys), the surface becomes coated with corrosion prod-
silver, and zinc appear to resist fouling to a degree ucts.
greater than that of other hard smooth surfaces. Pure silver also appears to have limited resist-
The metals listed by LaQue as least likely to foul ance to fouling. In tests conducted at Miami it was
all contain copper in excess of 64 per cent. Among found that pure silver commenced to foul during
those with a variable tendency to foul the only the first month or two of exposure and became
pure metals are zinc and silver. heavily fouled by the fourth month. In contrast,
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2 3 4

FIGURE 1. The development of fouling on a specimen of copper-nickel (30 Cu :20 Ni), The numbers indicate the months of exposure,

coin silver, which contains 10 per cent of copper,
remained free of fouling for twelve months (26).

The alloys of copper are extensively used for
underwater construction because of their resistance'
to corrosion and other appropriate physical prop-

erties. Their selection is commonly made without
regard for their antifouling properties, which are
variable. No attempt appears to have been made
to develop alloys combining particularly good

resistance to marine growth with other desirable
qualities. Extensive tests have recently been made
at Miami to compare the resistance of a large
variety of copper alloys to fouling (25).

The fouling of the alloys, excepting those which
become covered completely in the first month or
two, is a gradual process. The growth is localized
at first, the intervening areas being quite clean.
Only gradually does the growth encroach on the
unfouled areas to cover the entire surface. Figure
1 ilustrates this characteristic in the case of a

copper-nickel alloy. It is not possible to separate

the alloys into those which do or do not foul;
rather, they must be rated in accordance with the

time of exposure required to develop some stand-

ard degree of fouling, such as the time at which
one-half the surface is covered.

The results of these tests during one year of
exposure are given in Table 2, in which the metals
are arranged in accordance with the time required
for one-quarter of the surface to become covered

with fouling. With some exceptions the ratings
assigned on this basis agree with those of LaQue,
but it is possible to draw finer distinctions within

the group designated by him as least likely to
fouL. None of the metals remained completely free
of fouling for the entire year.

Alloys containing small quantities of silver, tin,
silcon, and zinc can not be distinguished with as-

surance from pure copper by their resistance to
fouling. Additions of aluminum of 0.5 per cent or
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less appear to postpone the onset of fouling. Addi-
tions of larger amounts of aluminum, tin, nickel,
and zinc shorten the time required for fouling to a
degree which increases as the percentage of copper
in 'the alloy decreases. The effect of a given pro-
portion of these alloying ingredients is to decrease
the time in the following order

Aluminum Tin Nickel Zinc
as shown in Figure 2.
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FIGUR 2. Relation of copper content to time required for alloys of copper with
aluminum, tin) nickel, and zinc to develop fouling covering more than 2S per cent
of surface.

Additions of a third component to an alloy some-
times increased and sometimes decreased the

tendency to fouL. Small additions of iron invariably
shorten the time required for copper-nickel alloys

to fouL. Similarly, additions of aluminum to
brasses cause these copper-zinc alloys to foul
quickly. Small quantities of tin, on the other hand,
when present, in copper-zinc alloys as in Ad-
miralty, Naval, and Tobin bronze, prolong the

time of fouling when compared to simple brasses
of the same copper content. (See Figure 3.)

The nickel-silvers are alloys of copper, zinc, and
nickel which are combined in various proportions.
Some of the resultant alloys resisted fouling very
much longer than was to be expected from their
copper content. Thus Ti-nic-o-sil #10 and Ti-nic-o-
sil #14 containing 47 and 42 per cent copper,

respectively, compared favorably with brass con-
taining 70 per cent copper in the time required for
half the surface to become fouled. None of the
nickel silver, however, had outstanding fouling
resistance.

THE THEORY OF ANTIFOULING ACTION
OF METALLIC SURFACES

There has been much discussion about whether
metals prevent fouling because they dissolve or
exfoliate too rapidly, or whether the action is a
toxic one.

Exfoliation
Gross exfoliation was put forward by Sir John

Hay in 1860 as the reason for the failure of copper
to fouL. He wrote (1),

"We fid that copper oxidizes in parallel layers
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FIGURE 3. Effect of additions of tin and aluminum on the time required for
brass (alloys of copper and zinc) to develop fouling covering more than 25 per cent
of surface.

and that it shreds off in very thin layers, so that

the substances which cause the fouling of the ship
lose their hold and are detached by the continual
exfoliation of the copper."

A somewhat more subtle form of exfoliation
theory was proposed by Van Meerten (1), who
suggested that a slightly soluble oxide of copper is
formed between the scales of the barnacles and
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the metal, which through its solubility is washed
away, preventing the barnacles from adhering

firmly to the metallc copper. It is diffcult to see
how this view differs from gross mechanical ex-
foliation in principle, since both theories depend on
the sloughing off of the fouling as the result of
corrosive processes at the surface of the metal.

There can be little doubt that iron and zinc
remain free of fouling because of exfoliation when
corrosion is accelerated by galvanic effects due to
contact with more noble metals. The same is
probably true of cadmium, aluminum, and mag-

Parker (23) also associated antifouling action
with the solution rate. He concluded that marine
animals wil grow upon any heavy metal, provided
that metal does not liberate ions or soluble com-

pounds.
There can be no doubt that while solubilty may

be a prerequisite for antifouling action, it is not a
suffcient cause unless the rate is inordinately high,
The copper alloys exert a specific action which
must be due to the chemical properties of that
element, that is, to a true toxic effect. As evidence
for this, the following facts may be cited:

FIGURE 4. Prevention of fouling on \yood surface adjacent to metallC' copper.
The central coupon was fastened with galvanized iron nails, which have sup-

nesium. It has been pointed out in Chapter 13

that the critical rate of corrosion required to

prevent the fouling of iron is between 4 and 9
mg.jcm.2jday. This is well in excess of the normal
corrosion rate of iron, which is about 0.25

mg.jcm.2jday. On the other hand, copper alloys
do not foul when corroding at a rate as low as 0.05
mg.jcm.2jday, and it seems very unlikely that
such a rate of exfoliation is suffcient to account for
the èffect.

Toxic Action
Antifouling action has been associated with the

rate of solution or corrosion of the metal since the
days of Sir Humphry Davy. He observed that
when copper is coupled to iron or zinc it is likely to
foul, and he realized that under these conditions

the solution of the copper is prevented. Conse-

quently, he drew the conclusion (6):
"There is nothing in the poisonous nature of the

metal which prevents these adhesions. It is the
solution by which they are prevented-the wear
of surface."

pressed the solution of copper by galvanic action, and have permitted fouling to
grow close to the metallic copper,

1. Copper occurs in proportions greater than 64
per cent in all the metals which are listed in Table
1 as least likely to fouL.

2. Copper prevents the fouling of neutral sur-
faces at a short distance. This can only be in-
terpreted as action of a toxic nature by dissolved

copper. The effect is ilustrated in Figure 4, which
shows several pieces of sheet copper nailed to a
wooden board. Only in the case of the piece
fastened with galvanized nails which have sup-
pressed the solution of the copper, has the fouling

occurred close to the copper.

3. The evidence discussed in Chapter 14 makes
it clear that specific differences occur in the

toxicity of metallic ions. Of the metals suitable for
structural purposes, copper and silver are much
the most toxic. The liability of silver to foul is
presumably due to its low solubility in sea water.

Rate of Corrosion and Leaching
LaQue has attempted to determine the rate of

corrosion required to free enough copper to prevent
fouling in copper-nickel alloys. In a series of alloys
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exposed at Barnegat Bay, New Jersey, and at Kil rate, or to a difference in the mechanism of dissolu-
van Kull, New York Harbor, all specimens con- tion of a metallc surface as compared to that of a
taining 50 per cent copper or less fouled heavily. pain t.
From the weight loss of the specimens, LaQue To check these alternatives, measurements were
estimated that a rate of solution of 7 to 10 mili- made of the weight loss due to corrosion and of the
grams of copper per square decimeter per day was leaching rates of the series of copper alloys, whose
suffcient to prevent the growth of fouling or- fouling characteristics are recorded in Table 2. It
ganisms (12). Subsequent experiments at Wilming- was found that the losses of copper as measured
ton, North Carolina, indicated that the critical rate by weighing did not agree well with the average

TABLE 3. Corrosion and Fouling of Copper Base Alloys Exposed to Sea Water 8 Months at Kure Beach, North Carolinal

Corrosion Rate mg./dm.2/day Fouling3
Composition-per cent Total Copper LOSS2

per cent

Cu 99.9 0 0.04 9.8 9.8 4
Cu 99.9 P 0.01 9.4 9.4 6
Cu 99.9 P 0.02 As 0.33 10.8 10.8 2
Cu 98.0 Sn 2 9.6 9.6 2
Cu 97.5 Sn 1.5 Si 1.0 9.4 9.2 2
Cu 97 Si 3 Fe 0.10 10.2 9.9 2
Cu 95 Sn 5 P 0.1 7.6 7.2 8
Cu 95 Al 5 10.6 10.0 66
Cu 95 Al 5 As 0.25 6.5 6.2 82
Cu 91 Al 7 Si 2 6.8 6.2 64
Cu 90 Zn 10 10.8 9.6 4
eu 85 Zn 15 10.2 8.8 8
Cu 80 Zn 20 11.0 8.8 16
Cu 76 Zn 22 Al 2 As 0.02 4.5 3.4 92
Cu 75 Zn 25 10.8 8.2 8
Cu 70 Zn 30 12.0 8.4 2
Cu 70 Zn 29 Sn 1 10.1 7.0 2
Cu 70 Zn 29 Sn 1 As 0.04 9.0 6.4 1
Cu 70 Ni 30 Fe 0.42 2.2 1.6 62
Cu 70 Ni 30 Fe 0.03 C 0.08 10.4 7.2 12
Cu 70 Ni 30 Fe 0.02 C 0.04 13.5 9.4 20
Cu 66 Zn 34 9.8 6.4 8
Cu 63 Zn 37 As 0.10 12.8 8.1 32
Cu 62 Zn 37 Sn 0.75 10.0 6.2 5
Cu 61 Zn 38 As 0.21 Pb 0.30 9.2 5.8 45
Cu 60 Zn 40 12.6 7.6 48
Cu 60 Zn 39 Sn 0.75 As 0.07 10.8 6.4 4
Cu 59 Zn 39 Sn 0.75 Fe 1.0 11.6 6.8 ¡;

1 Tbis table is based on graphs kindly supplied by C. L. Bulow, Bridgeport Brass Company.
2 Copper loss is estimated on the assumption that the material lost by corrosion contains copper in the proportion in which it is present in the alloy.
3 Fouling is estimated as per cent of surface covered by macro-organisms.

of solution required to prevent fouling with

copper-nickel alloys is between 4.5 and 7 mg. per
square decimeter per day (14).

The rate of corrosion and fouling of a large
series of copper base alloys. has been determined
by Bulow, and is summarized in Table 3. Most of
the alloys lost copper by corrosion at rates of 6
to 10 mg. per dm.2 per day, and fouled only

lightly. Others, corroding at comparable rates,
fouled heavily. Heavy fouling occurred on all those
alloys which lost less than 6 mg. per dm.2 per day.

It is evident that fouling on copper alloys may
occur at corrosion rates which indicate a loss of
copper much greater than' the leaching rate of
1.0 mg.jdm.2jday which is known to prevent
fouling on paints pigmented with metallc copper
or cuprous oxide. This difference might be due to
some difference between the methöd of measure- '
ment of copper loss by corrosion and by leaching

leaching rates as measured by the standard

method used in testing antifouling paints. The
weight loss method gave results which averaged
0.4 to 0.3 the leaching rate value. This difference

can not explain the discrepancy in the critical
rates of solution required to prevent fouling in the
case of paints and copper alloys, since it is in the
wrong direction. The experiments indicated that
the resistance of copper alloys to fouling corre-

lated with the leaching rate, and confirm the view
that copper must be given off at much greater
rates to prevent fouling than in the case of paints.

When freshly exposed in the sea, copper dis-
solves at a rate which is relatively great. During
prolonged exposure, the rate of solution declines
regularly for about six months, after which it
becomes almost constant at a value about one-

tenth the initial rate. (See Figure 5.) The alloys

of copper behave similarly, but with initial and
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fial rates of solution which are characteristic of

the kind and quantity of alloying metal. In general
it was found that the metals did not foul until
the leaching rates had fallen from their initial
high values. Those which fouled heavily in the
first month or two were characterized by relatively
low initial leaching rates. Within each group of
similar alloys the tendency to foul increased and
the leaching rate decreased as the proportion of

copper in the alloy was less.
In the case of the copper-zinc alloys it was

possible to show a close statistical correlation
between the fouling at any time and the leaching
rate of the alloy after a corresponding period of

exposure. This correlation is presented in Table 4,

TABLE 4. Correlation of Fouling (at Miami) and Copper Leaching
Rate (at Woods Hole) of Specimens of Copper-Zinc Alloys
After Corresponding Periods from One to Twelve Months

of Exposure in the Sea. The Numbers Indicate the
Number of Cases in Each Class

Fouling Rating
Leaching Rate
mg./dm.2/day 0 1/2 1 2 3 4

0-0.9 1 4
1-1. 9 1 2
2-2.9 .1 4 2 2
3-3.9 3 7 1 1

4-4.9 1 1 5 1

5-5.9 5 2
6-6.9 4 1

7-7.9 1

8-8.9 1

9-9.9 1

?1O 7

Fouling Rating 0 ~no fouling
t ~incipient fouling
1 = ':25 per cent surface covered
2 =25-50 per cent surface covered
3 =50-75 per cent surface covered
4 = :; 75 per cent surface covered

which shows that fouling may be expected to begin
when the leaching rate falls to about 6 mg.jdm.2
j day and wil be complete with leaching rates of
2 mg.ldm.2jday. A very similar correlation was
obtained in the case of a selected group of alloys

by comparing the average cDpper leaching rate
after prolonged exposure with the fouling at that

time. This relation is shown in Figu~e 6, and ap-
plies to the data for the specimens of aluminum
bronze, silicon bronze, brass, and tin brass. With
pure copper, tin bronze,' and the alloys of nickel,
leaching and fouling are less closely correlated,
and in general fouling may occur at higher leaching
rates (25).

LaQue suggests (16) that the copper alloys which
do not dezincify may be divided into at least
two broad classes which corrode in sea water in
quite different ways, and which show in conse-
quence quite different behavior when solution
rates are related to the tendency to fouL.
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FIGURE 5. Copper leacbing rates of four specimens of metallc copper during
prolonged exposure in the sea at Woods Hole,

The first class includes copper, copper-silicon

alloys, copper-nickel alloys of low iron content
containing less than 30 per cent nickel, copper-

nickel-zinc alloys (nickel silvers), brasses contain-
ing less than 15 per cent zinc, and true tin bronzes.
These are characterized by uniform corrosion of
the whole surface.

The second class includes copper-nickel alloys
containing more than 40 per cent nickel (or a lesser
amount of nickel when small percentages of iron
or aluminum are present) and aluminum bronzes.
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These alloys are characterized by non-uniform
corrosion. The attack is confined chiefly to well
defied areas, while the rest of the surface is

attacked only slightly or not at alL. Fouling can

occur readily on the unattacked areas, even though
copper may dissolve at high rates from the attacked
areas.

It is probable that inequalities in the leaching

rate of different parts of the surface of metals of
of the second class are responsible for the anoma-
lous fouling characteristics of copper base alloys.
The distinction between the types of corrosion

on which the classes depend is not rigid. Pre-
sumably, it depends on characteristics of the corro-
sion films which passivate the surface. In metals
of the first class these are relatively uniform and
stable. In those of the second class, they are less
stable and ténd to break down locally, forming
anodic areas which corrode, and at the same time
prótect the remainder of the surface, which

becomes cathodic, against corrosion.

MODIFICATIONS IN TOXICITY OF
METALLIC SURF ACES

Corrosion Products
When fresh surfaces of zinc or galvanized iron

are exposed in the sea, fouling is retarded for
some time, but ultimately the surface may become
completely covered with a dense growth of or-
ganisms. Orton observed that zinc fouled after
about 3 mOnths' exposure at Plymouth (22). Cop-
per sheathing also appears to lose its antifoul-
ing properties at times, but the testimony is

somewhat conflicting, indicating that the phe-
nomena may vary greatly depending on unknown
circumstances. The sheathing on the Alarm appar-
ently prevented fouling during a period of 20

months. It is stated, on the other hand, by Young
(29) that the ships of th,e British Navy commonly
had to be cleaned after 10 months' service.

While there can be litte doubt that copper

sheathing frequently fails to protect ships after
some time, it is far from clear that this is a regular
happening, or what the circumstances are which

lead to its occurrence. Van Meerten, who was
Chief Constructor of the Dutch Navy, has re-
ported (1), "From time to time I have docked

copper-sheathed ships badly fouled, without

having discovered any apparent reason for this
fouling. And, curiously enough, copper which
has lost its antifouling properties seems not to be
able to recover them. Copper once fouled, either
by electro-negativing it with zinc, or through

other unknown reasons, however well cleaned in

dock, soon becomes again fouled. Some permanent
setting of the molecules must be the cause of this
strange circumstance."

Observations by Edmondson and Ingram (8)
may have some bearing on this experience. They
state that copper and brass panels which are

relatively effective in preventing fouling appar-
ently no longer possess this effciency upon re-

exposure after short-time removal from the water.
Copper plates free from organisms after one

month in the sea were exposed to the air for 30
days, after which they were replaced in water.
In 26 days they had fouled heavily with serpulid
worms, Bugula, and a few barnacles, which from
their size were judged to have made attachment
immediately following resubmergence. Unfortu-
nately, no control is recorded to show that a similar
plate would not have fouled had it not been

exposed to the air.
LaQue (16) has observed that corrosion products

formed by exposure to the atmosphere may have a
temporary effect on the resistance of copper to
fouling. Some specimens which had been previ-
ously exposed in the sea were cleaned to remove
salt water corrosion products, and were stored

for a year or more. When re-exposed in the sea
these specimens fouled. After two to three months,
however, the fouling disappeared and the speci-
mens became indistinguishable from controls
which had been sand blasted and had remained

free of fouling at all times.
In order to test the effect of exposure to air on

the fouling of copper, two panels were exposed at
Miami respectively to corrosion in the sea and in
a moist situation in the air. After 172 days both
had become covered with a green deposit. The
panel which ha,d been in the air was then immersed
in the sea, whereupon it fouled lightly. This
seems to support the idea that corrosion in the

air favors the attachment of fouling to copper. On
the other hand, a third panel which had been

corroded in the sea was exposed to the air for 7
days. On returning the panel to the sea, it remained
free of fouling. In other experiments copper

panels were allowed to corrode in the sea for 1

month, and others for 8 months, and were then
allowed to dry in the air for periods ranging from
1 to 6 weeks before being reimmersed in the

sea. Fouling was limited to a few colonies of a
bryozoan, Wateripora cucullata, which is excep-
tionally resistant to copper poisoning, and to an
occasional small barnacle. No relation between the
duration of drying and the tendency to foul was

evident.
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It is natural to attribute changes in the fouling

resistance of exposed metallc surfaces to the
accumulation of corrosion products on the metal
surface.2 These deposits were described in some
detail by Sir Humphry Davy (7) who wrote,
"When copper has been applied to the bottom of
a ship for a certain time, a green coating or rust

consisting of oxide submuriate and carbonate of
copper, and carbonate of magnesia, forms upon

it to which weeds and shellfish adhere.
"As long as the whole surface of the copper

changes or corrodes, no such adhesiOns can

occur."
While Davy considered that the corrosion prod-

ucts favored the adhesion of fouling, Holtzapfel
(10) attributed the antifouling action of copper to

the toxic nature of this materiaL. This view has

its modern counterpart in the suggestion that

deposits of basic cupric carbonate are an indica-
tion of good antifouling. action in paints (see
Chapter 14). In favor of Holtzapfel's view, as

against Davy's, it may be pointed out that the
copper surfaces which remain free of fouling after
long exposure to sea water are invariably covered

with a green deposit.
A consideration of the leaching behavior of

copper and its alloys throws light on the relation-
ship of corrosion products to fouling. As the data
ilustrated in Figure 5 show, the rate of solution

of copper is greatly depressed as time permits the
corrosion products to accumulate. It is diffcult
and perhaps meaningless to state whether the
toxicity of the surface is due to copper ions derived
from the solution of the original copper or from

the deposit. The important point is that the over-
all solution rate on which antifouling action

depends is reduced with the accumulation of the
deposit, and may be reduced to levels which per-
mit fouling.

There is some evidence that over long periods
of immersion the protection afforded by corrosion
products increases. Thus, in Figure 5, the leaching
rate of copper shows a progressive decline, at
least for a while. Studies of the corrosion rate of

copper exposed at half-tide level by Tracy, Thomp-
son, and Freeman (2~), indicate that the weight
loss declines with time during the first and second
year of exposure. From their data the following
average daily solution rates may be calculated.

During first 72 year 90 mg.jdm.2jday
During second Y2 year 26 mg.jdm.2jday
During second year 21 mg.jdm.2jday .

2 The chemical character of the corrosion products whicb result from inter-
action of copper and sea water are discused in Cbapter 15.
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LaQue and Clapp (17) show that the corrosion
rates of copper and copper-nickel alloys of high
copper content decrease with time of exposure to
sea water. In the case of copper, the weight loss

is at a rate of 37 mg. per dm.2 per day in the first
10 days. After prolonged exposure the rate is re-
duced to about 10 mg. per dm.2 per day (16). These
observations may be associated with the fact men-
tioned in Chapter 15 that basic cupric carbonate

becomes less soluble on ageing in sea water.

Galvanic Action
The occasional or ultimate fouling of copper

sheathing has been attributed'by Kühl (11) to the
presence òf impurities giving rise to electrolytic
effects. There can be little doubt that in many
cases the failure of copper to protect is due to the
presence of dissimilar metals in contact with the
copper sheathing. It wil be recalled that On the

Alarm fouling was noted on the rudder where iron
nails had been used to attach the copper plates.
Sir Humphry Davy observed (7), "In general in
ships in the Navy, the first effect of the adhesion
of weeds is perceived upon the heads of the mixed
metal nails which consist of copper alloyed by a
small quantity of tin."

A ship's bóat was recently exhibited at the Mare
Island Navy Yard in which the sheathing was

heavily fouled along the edges of the plates over
the fastenings. A yacht examined at Miami was
found to have a large copper plate attached to the
bottom with Everdur screws. This plate had fouled
ov:er the screw heads.

A striking example of the inactivation of the
copper sheathing of a wooden vessel is shown in
Figure 7. Heavy fouling has occurred over an
area of 100 -square feet about the propeller struts

and rudders on which zincs were mounted. Resist-
ance measurements showed in this case that the
zincs were not properly insulated from the copper
sheathing of the hulL. Extending forward from the
inactivated area, a heavy slimy fouling occurred

for a distance of five or six feet. The remainder
of the underbody was unfouled except that each
seam overlap of the copper plates and each nail
head were lined or coated with heavy slime which

may be seen in the figure hanging down.
Although the action of the base metals in inacti-

vating the antifouling property of copper sheathing
was noted in the report on the Alarm, the first
to explain the nature of this action was Sir

Humphry Davy, who had been asked by the
Admiralty to consider methods of reducing the
rapid erosion of copper sheathing employed on
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men-of-war. Davy was aware that, when two
metals were brought in contact with one another
and with sea water, an electro-chemical couple is
set up, with the result that the baser metal dis-

solves and the solution of the nobler metal is
inhibited (5). He consequently proposed that the
dissolution of the copper plates on ships could be
suppressed by placing bars of base metal, such as
zinc or iron, in contact with the ship's plating.

copper by the galvanic couple formed with the

iron or zinc. Davy's experiment, showing that

copper wil foul when coupled with a baser metal,
has been repeated by Parker (23), who found, in
addition, that zinc also loses its somewhat mild
antifouling action when coupled with aluminum.
Davy's experiment has also been confirmed by

Copenhagen (3), K ühl (11) , LaQue (12), and
doubtless many others.

FIGURE 7. Fouling of copper sheathing in the neighborhood of propeller struts on which zincs .were mounted. The areas of the hull in the upper
left hand corner, "\vhich appear dark, are unfouled except over the nail heads and along the seams.

His experiments showed that extremely small sur-
faces of iron or zinc would serve to protect areas
of copper more than 150 times as great from
corrosion. 'When protective bars of iron were

attached to the plates on the bows of a swift
ship, the wearing away of the copper plates was
reduced to less than one-third the value observed

when the plates were unprotected (6). The use
of protectors introduced by Davy stil finds its
counterpart in the zincs which are applied to

modern vessels to minimize corrosion.
Unfortunately, Dayy's protectors also protected

the fouling oÊganisms from the toxic action of the
copper surface, an effect which he correctly attrib-
uted to the suppression of the solubility of the

The fundamental observations required for pre-
dicting galvanic effects were first made by Volta.
He showed that the metals could be arranged in
a series so that, when two metals were coupled
by a salt solution, the metals higher in the series

were electronegative to the lower ones. The work
of physical chemists at the end of the last century

led to the view that when a metal is immersed in
an aqueous solution, positive metal ions dissolve
from the surface, leaving the metal negatively

charged. This reaction continues until the resulting
polarization at the metallc surface checks further
solution. When this condition is reached, the
metal is found to have a potential, relative to the
liquid, which is characteristic of the kind of metal.
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The order of these potentials agrees with the
position of the metal in the galvanic series, and it
may be assumed as a first approximation that the
strength of a galvanic couple wil be equal to the

difference in potential of the two metals which
form the couple.

It is undoubtedly true that the couples which

exist on ships' bottoms, due to the juxtaposition
of copper sheathing and nails and other hardware,
depart rather widely from these ideal conditions,
since equilibrium is doubtless rarely reached

between the metal and the sea water. Otherwise,
the metal would not continue to corrode. Also,
the reaction products formed at the surface

between sea water constituents and metals modify
the conditions at the surface greatly.

TABLE 5. Galvanic Series in Sea Water After LaQue and Cox (18)

Magnesium, magnesium alloys
Zinc, galvanized steel, galvanized wrought iron
Aluminum 52SH, 4S, 3S, 2S, 53S-T, alclad
Cadmium
Aluminum A17S-T, 17S-T, 24S-T
Mild steel, wrought iron, cast iron
Ni-Resist
13% chromium stainless steel type 410 (active)
Lead tin solder 50-50
Stainless steel 18-8 type 304, 18-8-3 type 316 (active)
Lead, tin
Muntz metal, manganese bronze, Naval brass
Nickel (active), inconel (active)
Yellow brass, Admiralty brass, aluminum bronze, red brass, cop-

per, silicon bronze, ambrac, copper nickel 70-30, camp. G-
bronze, camp. M-bronze

Nickel (passive), inconel (passive)
Monel
Stainless steel 18-8 type 304, 18-8-3 type 316 (passive)

LaQue and Cox (18) have made a careful study
of the potentials existing between a variety of
metals and flowing sea water. Their results show
that in a general way the potentials observed

under this condition follow the same order as the
potentials of metals in equilibrium with solutions

of their own salts. The values of the potentials

observed, however, were somewhat different and
showed a striking change with time. In general,
the potentials became more positive during the
first month and then returned to their original
values, and in some cases became even more
negative. Different metals varied in the intensity
and regularity of these effects, as is shown in Figure
8. In spite of this diffculty, LaQue and Cox have
grouped the commoner metals in a series of increas-
ing potentials as shown in Table 5. Within each
group the members may change places depending
on conditions of exposure. The range of variation
in potential as commonly observed is shown in

Figure 9.
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From these results it may be seen that the vari-
ous alloys of copper do not differ greatly in the
ranges of their potentials, and it is probable fliat
these alloys may be coupled without inducing
serious corrosion. This fact is commonly taken
into account in the construction of vessels and

equipment to be exposed to salt water. On the
other hand, it is quite evident that small differences
in potential can exist between these metals,

provided the state of activity of the coupled

members does not vary in the same way. At present
there appear to be no measurements to show the
potentials which actually exist with such perma-
nent couples in sea water.
Experiments have been conducted in Miami

with a view to determining whether the coupling

of metals which differ only slightly in position in
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the galvanic series, would lead to the inactivation
of the antifouling properties of copper and its

alloys. This experiment was arranged so that 6 by
18-inch plates of Muntz metal, soft copper, brass,
and nickel-silver were coupled each with 6 by 6-
inch plates of one of a number of metals chosen
so as to cover a wide range of potentials. These

plates were exposed to the sea at Miami for 12

months. Zinc, galvanized iron, and aluminum
completely inactivated the various copper alloys,
as was to be expected. These metals differ in
potential from the copper alloys by more than 200
milivolts. Lead did not produce or increase fouling

of any of the copper alloys.
Stainless steel, Monel, and brass appeared to

increase the fouling which occurred on Muntz
metal and nickel-silver. There was no clear evi-
dence that the smaller pieces of inconel, nickel,
nickel-silver, or Muntz metal influenced the anti-
fouling action of the larger pieces of any of the
metals. However, when the influence of the
larger pieces on the fouling of the smaller was

examined, it was found that Muntz metal caused
. light fouling on copper and increased the fouling

on nickel-silver. There was some evidence that
Muntz metal and nickel-silver inactivated the
brass.

The experiment also brought out the interesting
fact that the resistance to fouling of small pieces

of Muntz metal was improved when coupled to
larger pieces of nickel-silver or brass. The same
effect was observed with a small piece of nickel-
silver when coupled with larger pieces of copper.
Neither of these fouled in twelve months, though
uncoupled specimens fouled after the first few
months of exposure.

While the results of this experiment were not
suffciently clear cut to permit arranging the
several alloys in a series which would enable pre-
dictions to be made as to which metal would influ-
ence another, they indicate that metals closely

associated in the electro-chemical grouping shown
in Table 5 may, nevertheless, influence the fouling
resistance of one another when coupled. Three
factors may be discerned which appear to deter-
mine whether one metal inactivates another. These
are:

1. electro-chemical potential

2. relative size of the two coupled surfaces
3. inherent solution rate

The influence of electro-chemical potential is
evident in the action of zinc, iron, and aluminum.
The observations that Muntz metal influenced or

was influenced by other copper alloys may be
associated in part with the fact that it is slightly
more electronegative than the others. The in-

creased antifouling action produced by coupling
Muntz metal with copper is particularly interest-
ing since it indicates that galvanic action has

increased the solution rate of Muntz metal, as it
should on electro-chemical grounds.

The influence of the relative area of the coupled
members is in agreement with the well established
facts of corrosion. It is known that the corrosion
of iron when coupled to copper is proportional to
the ratio of the area of copper to that of iron (13).

The influence of the inherent solution rate of
the metal is particularly important in the inacti-
vation of antifouling surfaces, since a fairly defiite

solution rate determines whether the fouling does

or does not occur. It ìs noteworthy that the

metals which were most definitely influenced by
coupling to other alloys are Muntz metal and
nickel-silver, both of which fouled lightly when
coupled with themselves. Apparently, these metals

give off copper nearly at the critical rate. Obvi-
ously, the lower the natural rate of solutìon from

the metallic surface, the less potential difference

is required to suppress solution to below the critical
leveL. This matter can be formulated in a quantita-
tive manner.

Theoretically, the rate of solution of an anodal
surface is proportional to the current density

across the surface. Copper dissolves at a rate of

28.4 mg. per day per miliampere, assuming the

product is CuH (or 56.8 mg. per day per mili-
ampere, assuming Cu+ to be the' product). Pre-
sumably, the solution rate is decreased in the same
ratio at the cathode. It is not clear whether the

product is Cu++ or Cu+, or on what conditions
their ratio depend. However, some rather rough
experiments with copper/iron couples in sea water,
made by G. T. Scott, have indicated that applied
potentials increase the rate of solution of the copper
by about 35 mg. per cm.2 per day for each mili-
ampere per cm.2 when the copper is the anode.
When the current flowing through a couple as
the result of its inherent electromotive force was
decreased by introducing resistance between the
electrodes, it was found that the solution rate of
the copper cathode increased about 35 mg. per
dm.2 per day for each miliampere per cm.2 drop

in the galvanic current.
This result is of interest because it indicates

what very small current densities are required to
suppress the solution of- copper from a surface.
Copper has a solution rate of about 0.07 mg. per

.~
Br
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cm.2 per day after a few months' exposure to the

sea, as shown in Figure 5. Solution of copper would
be entirely suppressed hy a current density of

0.002 miliampere per cm.2 A potential difference
due to galvanic coupling of 1 millvolt would yield
this current density, provided the conductance of
the system exceeded 0.002 mho. per square centi-
meter of,surface.

There is every reason to believe that propellers
as commonly mounted form effective galvanic
couples with the iron or steel structures of the ship.
In large vessels the propeller shaft is frequently

composed of steel. In small boats it is more
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is proposed that the damage caused by the field
in promoting corrosion of the steel hull, and in
suppressing the antifouling properties of the

bronze propellers, may be remedied by placing a
nonconducting insulation between the propeller
shaft and the propeller, since this would serve to
break the galvanic couple.

METALLIC COATINGS
Various attempts have been made from time to

time to apply coatings of copper directly to the
steel plates of ships or to wood. For this purpose,
copper has been deposited on the metal by elec-
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FIGURE 10. Electric field surrounding U.S,S. Fareiliolt (D,D. 491). Potentials in volts relative to calomel electrode, From Reference 2.

commonly made of bronze, so that the entire
assembly exposed to the sea water appears to be

composed of the same metal. However, inside the
vessel the propeller shaft is coupled to the iron of
the engine, which in turn makes contact with sea
water through the circulation of cooling water.
It is, consequently, not at all surprising that

propellels are generally inactivated and Úequently
foul before other parts of the under water surface.

Extensive measurements have been made of
the potential field surrounding the propellers of

Naval vessels (2). It has been found that when a .
submarine is launched and before the propeller
shafts have been connected with the machinery,
a current of about 2l amperes may tlow through
an ammeter connecting the shaft to the hull. The
shaft bearings on the strut and on the stern are
of lignum vitae or Bakelite, which serve as an

insulation. It was estimated that the current
density entering the propeller surface is about 25
miliamperes per square foot. This is suffcient to
suppress a natural solution rate of 95 mg. per dm.2
per day, which is 13 times the probable leaching

rate of the propeller. The potential field surround-
ing the propeller is illustrated in Figure 10. Similar
fields are found to surround the bronze structures
at the mouths of torpedo tubes of submarines. It

trolysis, by spraying, or by suspending it in a
matrix in powder form as in a "bronze" paint~

Atherton (1) has described several early attempts
to coat the steel plates of vessels electrolytically.
Cofferdams were constructed to fit various sec-
tions of the ship and were filled with the electrolyte,
so that the entire bottom could be covered with a
deposit of copper. A tug which was treated in this
way was found to be so badly damaged after two
years, owing to galvanic action, that the treatment
was abandoned. In the United States a method

known as Crane's System for copper plating the
entire hull of a ship was favorably reported on to
the Government after trials lasting four years.
The method does not seem to have come into
general use.

Experiments to determine the practicability of
spraying wooden boat bottoms with copper
have been conducted by the U.S. Naval Engineer-

ing Experiment Station (28). Copper sprayed on
the planks of the bottom of a wooden boat were

found to be superior in condition to copper-

painted surfaces after 311 days. Although the
coating had been dislodged over a number of
small areas, these areas showed no appreciable

fouling. This method of treatment does not yet
appear to have received any general use.

.~
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The application of metallic copper in powder or
flake form as a paint has been considered in the

chapters dealing with paints. The tendency of
such coatings to accelerate corrosion, and to
become inactivated by galvanic action, wil be
discussed in the following chapter.
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CHAPTER 22

Interaction of Antifouling Paints and Steel
The chief impetus for the development of anti-

fouling paints came from the tendency of copper
sheathing to corrode iron or steel hulls through
galvanic action. Quite naturally suspicion has

existed that copper and mercury paints may also
accelerate the corrosion of ships' plates through
some similar action. Atherton (2) stated that
metallc copper, when introduced into antifouling
compositions, sometimes does great injury to ships'
plates, although paints of this type answer the
purpose very well when used on small wooden

yachts.
When metallc copper is in contact with iron or

zinc, the solution of the copper and the attendant
antifouling action is suppressed by galvanic action.
Since the inhibition of antifouling action of copper
is complementary to the. increased corrosion of
the baser metal in a galvanic couple, it is reason-
able to expect that any corrosive action of the
paint may also be accompanied by a destruction of
the antifouling properties of the composition.

The present chapter contains a discussion of the
available information on these two aspects of the
interaction between antifouling paints and metallc
structures. No attempt is made to consider the
subject of anticorrosive coatings more generally.l

ACCELERATED CORROSION DUE
TO PAINT

The corrosive effects of copper paints have been
investigated by Young, Seagren, Schneider, and
Zehner (17). They exposed primed and un primed
steel panels coated with various paints containing
either metallc copper or cuprous oxide to the sea

for several months. The coatings were previously
scribed diagonally. In one experiment in which a
paint containing metallic copper was compared
with one in which barytes was substituted for the
toxic, it was found after eight months' immersion
that there was somewhat more severe attack under
the former, and this was increased on the unprimed
paneL.

1 The material in this chapter was collected at the request of the Advisory
Committee on Marine Coatings and Corrosion, and issued in substantially its
present form as a report by Section II, N.D.R.C. (12). Acknowledgment is made
to Stoner-Mudge, Inc., Multiple Industrial Fellowship in Protective Coatings at
Mellon Institute for the preparation for the Committee of a report (9) on Ac-
celerated Corrosion of Steel Coated with Antifouling Paints in which experiments
by DiS. G. H. Young and G. W. Seagren are summarized. Other previously un-
published observations have been made available by the Bakelite Corporation,
working under contract with Division II, N.D.R.C.) and by Dr. F. L. LaQue
of the International Nickel Co.

In other experiments, the unprimed panels

showed much more severe pitting than the primed
panels, but, in general, the distribution and

severity of pitting under the paint coating away
from the scribe marks appeared to be substantially
independent of the toxic concentration and even
of its type. The scribe marks were much more
heavily pitted than the surfaces protected by

paint. The depth of corrosion along the scribe

mark was generally much greater in the unprimed
than in the primed specimens. In both cases the

corrosive action, as indicated by the depth of the
scribed marks after four months' exposure, in-
creased roughly in proportion to the concentration

of copper in the dry paint film, as the figures in
Table 1 show.

TABLE 1. Effect of Presence of Primer, and Type and
Concentration of Copper Pigment on Corrosion at

Interruptions of Paint Surface

A verage Scribe Depth-mils
Copper in ----
Pigment Primed Unprimed

Pigment Weight % Panels Panels
Cu powder 68 5.2 18.0

43 3.3 5.2
14.5 2.1 0.7

Cu paste* 55 4.4 14.5
38.5 5.3 9.4
12 2.7 3.6

Cu2O# 38 4.4 7.2
33.5 1.4 5.2
22 1. 7 4.5

* Propietary metallc copper pigment-Phelps Dodge Corporation.
# Cu,O and ZnO in equal proportions.

These experiments appear to demonstrate that

copper paints accelerate corrosion, at least at
localized bare àreas of steel. The attack was
actually as severe with cuprous oxide paints as
with those containing metallc copper, when the
per cent of copper in the paints was comparable.

Similar experiments have been conducted by
the Woods Hole Oceanographic Institution at
Miami Beach, using a series of modifications of
the metallic copper paint AF23. One series of
panels was painted with coatIngs in which the
percentage of metallc copper was progressively
reduced. The other series was coated with paints
in which cuprous oxide was substituted for metallic
copper so as to give the same quantities of copper
as those present in the corresponding members of
the first series. The paints were applied to steel
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TABLE 2. Effect of Type and Concentration of Copper Pigment on
the Corrosion of Steel in Scribe Marks through

the Paint Surface

Average Depth of Scribe (mils)

% Cu by
Dry Weight

76.2
57.2
38.2
27.7
19.1
11.8
7.6
3.8

Ciiprous Oxide
Pigment

18.0
18.0
13.8
12.4
8.6
8.6
3.8

Metallic Copper
Pigment

35.8
27.0
20.4
16.6
20.2
6.6

12.2
5.4

panels primed with one coat of PS primer and were
each scribed longitudinally before immersion in the
sea. The average depths of corrosion in the scribe
marks after 112 days' exposure are given in Table 2

The results confirm the conclusion that depth
of corrosion is related to the concentration of

copper in the film. It is clear, however, that with
these paints, metallic copper is more active in
accelerating corrosion than is cuprous oxide, par-
ticularly with the higher loadings.

Previously, Hudson (5) had reported an experi-
ment which showed that a l-inch bare spot in a
panel painted with red lead and red oxide corroded
to a depth of 80 mils on 15 months' exposure to

the sea, a rate greatly in excess of the normal corro-
sion rate of 5 mils per year. He also described

numerous cases of localized corrosion of steel ships
which were attributed to accelerated action on
areas from which the paint has been accidentally
scraped off.

British investigations (8) have also demonstrated
increased corrosion of holidays on steel panels
coated with a variety of antifouling compositions

applied over the usual anticorrosive systems. These
experiments showed that the depth of attack

varied widely, depending on the character of the

painting scheme. The causes for these differences
were not analyzed.

The Mellon Institute investigation (10, 19)
confirmed these observations, using a paint sys-

tem consisting of one coat of Navy standard zinc
chromate primer, 52P18, and two coats of S-1471

anticorrosive, a blue lead pigmented oleo-resinous

phenolic paint. It was found that the depth of cor-
rosion in a holiday decreases as the area of un-

painted surface is increased. After six months' ex-
posure, the results recorded in the first two col-
umns of Part A in Table 3 were obtained. It should
be noted that, below a certain size, the inverse re-
lation of area to depth of corrosion does not hold,

as shown by the reduced attack in a scribe mark.
When antifouling paints containing metallc

copper or cuprous oxide were substituted for the
second coat of anticorrosive, results were obtained
which depended on the paint formula. A paint con-
taining metallic copper (S-1379B) caused greatly
accelerated corrosion of the bare areas of all sizes.
The smaller holidays were completely penetrated.
The cuprous oxide paint (ER-169) caused some-

what less corrosion, yet definitely more than did
the nontoxic surface. The Navy cold plastic, on
the other hand, gave no evidence of corrosive
action greater than that due to the nontoxic sur-

face. (See Table 3, Part A.)
When deliberate contact was made between the

metal and the antifouling coating which might
establish a galvanic couple between the paint and
the steel, it was found that the corrosive effect was
increased with the coating containing metallc

copper but not with those containing cuprous

oxide. (Compare Parts A and B, Table 3.)
In another experiment, the effect of the sizè of

the holiday on the depth of corrosion occasioned by

a paint system topped with the metallc copper

TABLE 3. Depth of Corrosion of Bare Metal Areas after 6 Months' Immersion at Daytona Beach. Steel Panels 3j32-Inch Thick
Coated with One Coat 52(P)18 Primer, One Coat S-1471 Anticorrosive and Topped with the Coating Indicated.

Paint System

Top Coating S-1471 S-1379B ER-169 Navy 143E
Toxic None Metallic Cu Cu20 CitzO

Size of Holiday Inches Average Depth of Corrosion in Mils

0.25XO.25 28-22 P 0.5XO.5 P 0.25XO.25 20-0
0.85XO.85 10-11 28-26 14-5 5-4
1.90X1.90 4-4 9-8 10-3 7-3
Scribe Mark 6-2 14-12 9-8 5-3

0.25XO.25 P 0.5XO.5 P 0.13XO.13 11-6
0.85XO.85 P1.0X1.0 16-9 13-5
1. 90X1. 90 19-13 8-5 4-4
Scribe Mark 24-20 7-7 4-4

Part A

Part B

Part A: No deliberate contact between antifouling coat and steel.
Part B: Deliberate contact between antifouling coat and steel.
P indicates panel penetrated by corrosion. The following numbers indicate dimension of the hole in inches.
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antifouling composition S-1379 was studied more
extensively (10, 19). In one series of tests, a single
holiday of varying size was left on each paneL. In

another test, holidays of the various sizes were all
included on a single paneL. The resulting corrosive
attack is recorded in Table 4.

When the holidays were on separate panels, the
depth of attack varied inversely with the size of
the exposed area down to areas as little as 1/16-
inch wide. A very narrow area (1/64-inch), like a
scribe mark, was less deeply corroded. When the
holidays were all on the same panel, the relation
between depth of corrosion and area is no longer
apparent, and all areas appear to corrode more or
less equally.

Similar experiments have been conducted at
Miami Beach,. using standard or experimental
Navy paints containing metallc copper or cuprous

TABLE 4. Average Depth of Corrosion on Bare Areas of Steel
Panels Coated with 2 Coats Navy 52 P18, 1 Coat Stoner-

Mudge ER-I73, and 1 Coat S-1379 Copper Metal
Antifouling Paint. Area of Panel: 6X12 inches

Dimensions of Holidays Average Depth of Attack (Mils)

Dimensions
inches

!X8
iX8
lX8
lX8
lX!
lX!

i.X 1

-hX8

Area
square inches

4
3
2
1
1i6
1i6
1i6
1
Ii

Holidays on
Separate Panels

4.5
7
5
6.5
9

13
13

2

Holidays on

Same Panel*
7
6
4
3
4
5
4

. Total area of all holidays 103/16 square inches.

oxide as pigment. The paints were applied over a
single coat of P8 primer to steel panels 8 by 10
inches in area. Holidays about 7 inches long and of
different widths were left in the center of each
paneL. The results obtained after 112 days' ex-
posure at Miami are shown in Table 5.

With all four paints the depth of corrosion de-
creases as the area of the holiday increases, except
that in holidays of 1/16-inch width or less, cor-
rosion is stifled presumably by its own products, as
described by the Mellon Institute investigators.

The results again demonstrate the greater cor-
rosive effect of metallc copper. The cuprous oxide
paints, regardless of the type of matrix, all produce
much less corrosion in a holiday of the same size.
There is no clear evidence that the amount of
corrosion produced by these cuprous oxide paints
is related to the percentage of copper in the coat-
ings. This may be because of differences in the
matrices of the several paints.
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TABLE 5. Effect of Dimensions of Holiday on Corrosion

Paint AF23 AF14 143E 16X
Pigment Cu Cu20 Cu20 Cu20
% Cu (dry wt.) 76.2 74.7* 36.3* 46.3*

Average Depth of Corrosion (Mils)
Width of Holiday
Knife scribe 36.0 8.8 16.8 5.0
i. inch 30.2 19.8 7.6
l inch 40.4 14.6 6.4 13.4
l inch 33.6 6.8 11.0
! inch 17.6 7.8 6.8 8.8
1 inch 11.6 4.6 3.8 6.6
* Computed as copper, not as CU20.

THE MECHANISM OF CORROSIVE
ACTION OF PAINT

It is important to understand the mechanism

responsible for the corrosive effects of copper

pain ts if measures are to be taken to eliminate
them. The corrosion of a bare area through the in-
fluence of neighboring painted surfaces involves

some sort of "action at a distance." Two hy-
potheses present themselves.

One hypothesis assumes that copper ions, dis-
solving from the paint, diffuse across the surface
and are deposited as metallic copper by electro-
chemical displacement on the exposed steel of the
holidays (18). Localized galvanic cells are set up
between the metallc copper deposited on the
holiday and the steel, and this results in cor-
rosion of the latter. This view is plausible because
of the demonstrated fact that copper diffuses from
active paint surfaces in suffcient concentration to
inhibit fouling over a distance of one-half centi-

meter or more (see Chapter 14). On the other
hand, it is diffcult to see why the presence of a
priming coat should interfere with an action of this
sort. It is also diffcult to understand the area rela-
tions which are so clearly demonstrated.2

The alternative hypothesis would assume some
sort of electrochemical interaction between paint
and bare steeL. This view would be quite adequate
in the case of metallc copper paints if it could be
shown that the metallc copper particles actually
contacted one another and the steel, so as to de-
velop a bimetallc couple. It would have the ad-
vantage of explaining adequately the area rela-
tions, for it is known that in a copper/iron couple
the galvanic activity is limited by the area of the
cathode (13). This would be represented by the

t

2 Young and Seagren (18) have advanced in support of this hypothesis the
observation that steel coupons attached to wood panels painted with metallc
copper and cuprous oxide paints, but carefully insulated from the paint surface,
corrode at a rate approximately five times that considered normal to steel in sea
water. This observation is at variance with the results recorded in Table 6 in
which galvanized iron strips attached to cuprous oxide paints and certain metallc
paints corroded no faster than control strips attached to bare wood. Quite aside
from theoretical considerations, the degree to which bare or galvanized iron struc-
tures are endangered by the proximity of copper paint surfaces is an important
one which deserves further examination.



368 M~ARINE FOULING AND ITS PREVENTION

FIGURE 1. Coppery deposit formed under a commercial yacht paint applied
directly to zinc The paint has been removed wIth organic solvent. Exposure 4

weeks) upper third of panel unpainted.

area of the panel and would be essentially the
same, regardless of the area of a small holiday.

Consequently, the current density would be in-
versely proportioned to the area of the bare spot,
and corrosion would be deeper in the smaller

holidays. On the same grounds, equal corrosion of
areas of different size, when these are on the same
panel, is to be understood, since these all are sub-
ject to attack by the same current density, being a
part of the same galvanic system. The protective

effects of priming coatings, and the increased cor-
rosion observed when the metallic copper com-

position was in contact with the steel, are also
understandable, since these factors would in-
fluence the resistance of the galvanic circuit.

Young, Seagren, and Zehner (19) appear to
doubt the possibility that the usual metallic
copper paint surfaces can form gross galvanic

couples with the steel, because of resistance meas-
urements which they have made which they con-
sider to preclude suffcient current flow. Alexander
and Benemelis (1) have also measured the re-
sistance of films of highly pigmented metallc
copper paints, and have confirmed the conclusion

that even such films do not possess suffciently low

resistances to perform as a cathode where coupled

to steel. A more compelling diffculty is the im-
possibility of explaining the corrosive action of
cuprous oxide on these grounds.

Young and Seagren have presented a theory
which, by combining features of the two hy-
potheses discussed above, appears to account for
most of the observations. They propose that the
copper pigment dissolves within the paint film and,
on coming in contact with the underlying metal,
is deposited on it as metallic copper by galvanic
displacement. In this way, a bimetallic cell is
formed in which the uncoated area is the anode,
and it corrodes in consequence. The corrosion

which takes place under the surface of unin-
terrupted coatings or when ineffective priming
systems are employed, could result from inequal-
ities in the copper deposit, which would cause

localized galvanic reactions, pitting, and blistering.
Young, Seagren, and Zehner (19) have shown

that a thin "flash" of copper deposited on the steel

prior to painting wil accelerate the corrosion in

holidays in the same way that copper paints do. In
order to test whether copper is actually deposited
under paint, as required by the hypotheses, the

following experiment was made at Woods Hole.
Unprimed steel and zinc panels were painted with
cuprous oxide paints, leaving an unpainted area
on the panel to accentuate galvanic action. When,
after a week or more of exposure in the sea, the
paint was removed with organic solvent, a
granular coppery deposit was found on the surface
which had been painted. In the case of the steel
panels the deposit was light, and the possibility
that the deposit consisted of a residue of the paint

film was not precluded. In the case of the zinc, the
deposit was much heavier and had every appear-
ance of metallic copper.

Figure 1 shows the deposit formed under the

paint coating of a zinc paneL. The deposit is

heaviest near the margin of the unpainted area and
near the edges of the panel where presumably the
paint film was broken.

Young and Seagren's theory does not, by any
means, exclude the possibility that metallic copper
compositions may also accelerate corrosion by
direct galvanic coupling. They have demon-
strated that a steel coupon directly contacting a

metallic copper coating, applied to wood, corrodes
more rapidly than a similar coupon carefully in-
sulated from the paint surface (18). A number of
experiments performed at the 'Voods Hole Oceano-

graphic Institution's testing station at Miami
show very clearly that metallic copper paint films
may cause severe corrosion of iron under condi-
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tions which have every resemblance to bimetallic
galvanic coupling.

When iron (or galvanized iron) strips are at-
tached to wood surfaces painted with metallic
copper paints, very severe corrosion of the strip
may follow immersion in the sea.3 The result of one
experiment is recorded in Table 6. Similar results
have been noted with some commercial bronze

yacht paints and with the Navy formula AF23. It
should be noted that some commercial paints re-
puted to contain metallc copper have failed to
produce accelerated corrosion. Paints containing
cuprous oxide did not increase the corrosion of
galvanized iron in this experiment.

The rate of corrosion has,been found to depend
upon the concentration of metallic copper in the
paint film, as shown by the experiment sum-

marized in Tiible 7. It is interesting to note that
the corrosive action parallels the leaching rate of

TABLE 6. Weight Loss of Galvanized Iron Strips Attached to
Painted Wood Panels during Immersion at Miami Beach

Weight Loss (grams)
Paint

PT 10
AF 12
Commercial Paint "A"
Commercial Paint "B"
AF 22
143
Bare wood

Toxic'

Cu Met~l
Cu Metal
Cu Metal
Cu, Cu,O etc.
Cu20
Cu,O
None

0-30 days

7.3
9.7
0.1
0.1
0.1
0.1
0.1

30-60 days

3.5
7.0
0.1
0.1
0.1
0.1
0.1

TABLE 7. Weight Loss of Steel Coupons (area 3 square inches)
Coupled to Dilutions of AF12, a Metallc Copper Paint,

after One Month's Immersion at Miami
Weight Loss Leaching Raie*

grams jLg.jcm.'jday
14.6 19
16.5 19
23.4 21
16.0 21
11.0 152.4 4.82.1 1.92.0 0.7

Paint
12

121
122
123
124
125
126
127

% Copper
90
67
45
31.5
22.5
13.5
9.0
4.5

* Leaching rate of uncoupled paint surface.

the uncoupled panel closely, and that both drop
abruptly when the per cent of copper falls below
about 22 per cent. It is thought that at about this
concentration the metallic particles are no longer
effectively in continuous contact, and thus their
participation in the bimetallic couple, as well as

the rate of dissolution of the paint surface, is
hindered.

The rate of corrosion is also influenced by the
area of the paint surface with which the metal is
in contact, as would be expected if the system acts

3 The experimental set up is shown in Figure 3, which ilustrates also the at-
tendant fouling phenomena.

TABLE 8. Weight Loss of Steel Coupons 3iX1Xfi Inch in Size
Attached to Surfaces of Varying Length Painted with AF23.

Exposure 92 Days

Length of Painted Siiiface, Weight Loss of Steel Coupon,Inches Grams1 1.052 1.094 1.388 1.2116 2.0532 1.9264 1.37
Control on unpainted wood lost 0.35-0.64 gram.
Control on copper sheet 5 inches long lost 2.74 grams.

like a copper/iron galvanic couple. In an experi-

ment in which steel coupons were fastened across
the middle of wood surfaces painted with AF23
and exposed to flowing sea water, the weight loss
of the steel due to corrosion increased with the

length of the painted surface, as shown in Table 8.
The influence of the painted surface evidently de-
creased with its distance from the steel, since
corrosion was not increased by painted areas

greater than 16 inches long-i.e., by paint more
than 8 inches from the metal.

Metallc copper paint appears to lose its tend-
ency to attack iron rapidly after exposure to the

sea. If the paint is soaked for some time prior to
the attachment of the iron, it is found that the
rate of attack is diminished and may be neg-
ligible after a period of two months. In an experi-
ment to test this point, made by C. M. Weiss, the
results shown in Table 9 were obtained, using the
standard Navy AF23 metallc copper paint.

This phenomenon may be due to an increased
resistance of the paint film on soaking such as that
observed in some of the experiments of Young,

Seagren and Zehner (19). Dr. Young suggests that
it may result from the breaking of the contacts

between pigment particles by the swelling and
gelatinization of the vehicle, or to the conversion

of their metallc surfaces to a nonmetallic condi-

tion as they corrode (personal communication).
These experiments appear to indicate that the

corrosive action of metallc copper paints is due

TABLE 9. Effect of Soaking a Metallc Copper Paint on the
Corrosion of Galvanized Iron Subsequently Attached

Days of Soaking Prior to
Attachment of
Iron Strip

o
15
30
30
45
60
60
75
90

Weight Loss of Strip in
30 Days (Grams)

13.1
10.8
8.1
5.0
2.5
2.1
o
o
o
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FIGURE 2, Fouling of a commercial l;rand of yacht paint when coupled with galvanized iron. Surfaces coupled with copper
and brass and uncoupled remain unfouled. Exposure 60 days.

to the formation of galvanic couples with iron. Dis-

cussion wil be delayed until the effect of such
couples on the fouling of the paint is described,

since these effects afford additional evidence of the
nature of the phenomenon.

INACTIVATION OF ANTIFOULING
PAINTS ASSOCIATED WITH

CORROSION
Many metallic copper paints when applied to a

wood panel lose their antifouling action com-
pletely if the paint is in contact with iron or zinc.

This has been demonstrated by exposures at
Miami using three commercial brands of yacht
paint, four different metallc copper paints sub-
mitted for use on PT boats, and Bakelite Corpora-
tion AF12 and AF23 (14, 15, 16). Figure 2 shows
the fouling on one brand of yacht paint induced by
contact with galvanized iron after 60 days' im-

mersion. The Stoner-Mudge S-1379, used in an
experiment described by Young and Seagren (11,
18), was also inactivated for a distance of two

inches about an attached steel coupon.

TABLE 10. Weight Loss of Iron Strips Applied to Paints over
Wood, and Distance, Measured from the Iron Strip, over

Which Antifouling Action was Inactivated
Weight
Loss of
Iron

Couple
grams
18.8
34.5
0.5
0.7

Paint
Period of

Immersion
days

135
135
180
180

Inactiva-
tion

Distance
inches

10
36

Pigment

PT 10
AF 12
AF 22
143
.Commercial

Paint "A" Cu
'Commercial

Paint "B"
-Control

Cu
Cu
Cu20
Cu,O

none
none

135 0.3

0.4
0.4

none

Cu, Cu,O, etc. 135
180

none
none

A number of metallic copper paints. fail to be
inactivated when coupled with iron or zinc. This
has been the experience at Miami Beach with a
commercial paint and with one sample of PT paint
tested. There is a close relation between corrosion
of the coupled metal and inactivation of the paint;
paints which increase corrosion are inactivated,
while paints which do not increase corrosion are
not inactivated.

In none of the experiments conducted at Miami
Beach has a paint known to contain only cuprous
oxide as a toxic been inactivated by contact with
an iron or zinc strip, except where heavy deposits
of rust spread out over the paint from the metal.

These relations between corrosion and inactiva-
tion are demonstrated in Table 10 and ilustrated
in Figure 3.

Young and Seagren (9) suggest that to produce
such gross inactivation effects as have been de-
scribed, the coating would have t¿ be an exception
rather than an orthodox paint. However, the ef-
fects have been observed not only on three ordi-
nary commercial bronze yacht paints but also on

TABLE 11. Fouling Resistance of Coupled and Uncoupled Surfaces
of Diluted Samples of AF23 and Weight Loss by Corrosion

of the Coupled Steel Coupon in 30 Days
Per Cent Fouling Resistance# Weight Loss of
Copper ------- Steel Couple

No. (dry weight) Uncoupled Coupled (grams)23 76 100 0 25.1231 57 100 0 24.6232 38 100 0 18. 1233 26.6 92 * 4.7234 19 91 91 3.4235 11.4 0 0 2.2236 7 . 6 0 0 2 . 1237 3.8 0 0 2.6
. Paint fouled only close to steel strip.
# 100 =no fouling 0 =complete fouling.



INTERACTION OF ANTIFOULING PAINTS AND STEEL 371

FIGURE 3. Inactivation of antifouling action of metallic copper paints, PTIO
and AFI2 when coupled to galvanized iron. No inactivation occurs with the
cuprous oxide paints AF22 and 143E or 1,,,ith Commercial Paint "B". Commercial

Paint "A" fouled whether coupled or not. Exposure 91 days. U, uncoupled B,
bare wood, C, coupled.

AF23, a paint at one time used by the Navy, and
on a number of paints, such as PT10, submitted
by the industry for use on high-speed wooden

vessels.
The occurrence of inactivation can be shown to

be associated with high pigment loading. Table

11 shows the result of an experiment in which
the relative proportions of pigment and binder
were varied, with the result that both corrosion

and inactivation of the antifouling action dropped
abruptly when the per cent of copper in the dry
paint film was reduced to about 25 per cent. A
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FIGURE 4. Fouling of series of dilutions of metallc copper paint, AF12, applied to wood when uncoupled and when coupled to steel.
The more heayily loaded samples, AF12 to AF124, are inactivated by coupling. Exposure 30 days.

very similar relation was demonstrated in the
experiment recorded in Table 7 in which AF12
was employed, the results of which are recorded in
Figure 4. Inactivation was evident in all samples

containing 22.5 per cent of Cu or more.

The distance over which inactivation extends
from the metal strip also appears to depend very
largely on the loading of the paint with metallic

copper. Figure 5 ilustrates the extent of inactiva-
tion in a series of dilutions of AF23. In Table 12,
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FIGURE S. Distance of inactivation of a series of dilutions of AF23 containing various amounts of metallc copper. Dilution increases from right to left.

observations on a number of paints are recorded
which also demonstrate this relation. Irregularities
in the correlation are, no doubt, due to differences

in the matrix and perhaps to other causes, such as

the characteristics of the metallic copper pigment
used in the various paints. Figure 6 ilustrates the

extreme effect observed in which inactivation ex-
tended for 9 feet from the galvanized iron strip.

The great distances over which these effects
may occur, the dependence of the result on the
loading, and hence, presumably, on the con-

ductivity of the film, and the absence of the effect
when cuprous oxide is employed, all point to the
phenomenon being one of bimetallic galvanic
coupling in which the solution of the copper is sup-
pressed in proportion to the increased corrosion of

the anodic metal.

In addition, it has been found that similar

results are not obtained if strips of copper or brass
are applied to the metallc copper paint instead of
a more base metal (see Figure 2). Inactivation is
not obtained if the iron is not in contact with the
metallic copper paint film. If a 2-inch band of

cuprous oxide paint, such as 143, separates the
iron from the metallic copper paint AF12, the lat-
ter is completely protected from inactivation,
though without this protection it would foul for a
distance of several feet. The corrosion of the metal
is also reduced to normal values by this degree of
insulation. Thus, the results shown in Table 13

were obtained in an experiment of 115 days'

duration, and are ilustrated in part in Figure 7.

This and other experiments show that wood does

not contribute effectively to completing the sup-
posed galvanic circuit.

Young and Seagren (11, 18) also found that
when the metal piece was insulated from the paint
surface (5-1379) by plastic insulators, the paint
was not inactivated, as it was on direct contact.

\Vhen strips of iron or zinc are attached to
metallic paints, the surface of the paint becomes

darkened in the immediate neighborhood of the
metallic strip on exposure to sea water. The
darkened area gradually extends to some distance

depending on the galvanic activity of the paint and
the composition of the metallc strip. Figure 8 il-
lustrates this effect. Darkening has just com-
menced about the iron coupon, but has spread for

TABLE 12. Metallc Copper Content and Distance of
Inactivation by Galvanic Coupling

Distance of
Inactivation

9 feet
2.5 feet
1. 5 feet
1 foot
2 inches

)- 8 inches
)- 8 inches
1 inch
o inches
o inches
o inches

Paint % Cu
90
76

AF 12
AF 23
Commercial Paint "C"
Pt 10
S-1471
Commercial Paint "D"
AF 232
AF 233
AF 234
AF 125
Commercial Paint "A'"

40

38
26.6
19
13.5
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several inches from the galvanized iron coupon,

and has covered the entire panel to which zinc
was attached. This darkening has proved to be an
invariable precursor to the subsequent fouling of

the paint. The correspondence between the
darkening and the subsequent extent of fouling is
ilustrated in Figure 9. Metallc copper paint when
applied to wood is also frequently observed to
blister severely near an attached strip of iron or
zllc.

It has also been demonstrated that the electrical
resistance of the paint films becomes greatly re-

TABLE 13. Effect of Insulating a Metallc Coupon from Metallc
Copper Paints by a Protective Band of Cuprous Oxide Paint, 143

Protective Weight Loss Fouling of
Band of 143 of Iron kletallic Paint
present 0.4 gram none
absent 108. grams fouled Iieavily
present 0.7 gram none
absent 130. grams fouled Iieavily

0.5 gram none

Paint
AF 23
AF 23
AF 12
AF 12
143

FIGURE 6. Inactivation of metallc copper paint AF12 extending more than 9
feet from galvanized iron coupon. The coupon was attached at the upper end of
the right plank. The uncoupled plank, to which marks are attached at one-foot
intc7Yals, has not fouled, Exposure 3 months.

duced in the inactivated regions marked by the
dark discoloration. This may be demonstrated by
applying the terminals of an ohmmeter to the
surface of a painted panel which has been removed
from the sea water. In exploring the surface it is
found that the resistance drops abruptly as the

margin of the discolored zone surrounding the

iron or zinc coupon is crossed.
If a piece of glass is set into the face of the panel

and covered by a coating of metallc paint, and a
zinc coupon contacts the paint surface, the same
effects are observed. This shows that the phenome-
non does not depend on the conductivity of the
underlying wood, and that it is the lateral re-
sistance of the paint layer which is altered. The
magnitude of these effects and the time required
for their development are ilustrated by Table 14.

These observations suggest that inactivation
accompanies a redeposition of metallc copper in
the cathodic paint film surrounding the anodic

coupon, and that this process spreads across the
paint, aided by the improved conductivity of the
portions of the deposit already laid down nearer
to the anodic area. In this wayan iron or zinc
coupon alters the structure of the paint in its
neighborhood so that it forms the cathodic member
of a very effective galvanic couple.

This conclusion is supported by studies by Alex-
ander and Benemelis of the electrical properties of
films of metallc copper paint (1). They observed
that when films having a pigment volume ratio of
30 or 35 per cent metallic copper were coupled to
steel and soaked in artificial sea water, a galvanic
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FIGtJRE 7. Protection of metallc copper paint, AF 12 from inactivation by a galvanized iron coupon by surrounding the coupon
with an area painted \vith the cuprous oxide coating 143E. Exposure 60 days.

FIGURE 8. Discoloration of metallc copper paint AF23 surrounding coupons of iron, galvanized iron and zInc. Exposure 5 days.

TABLE 14. Resistance of Metallc Copper Paint Films Discolored by Coupling to Metallc Zinc.
Resistance, in Ohms, between Points about 1 Inch Apart.

Paiiit AF23 Commercial Paiiit "C"

Exposure 24 hours 48 fiours 10 days 24 hours 48 hours 10 days
Resistance of unchanged portion of

* *paint over wood 3-5,000 1,5-2,500 15,000 5,000
Resistance Df discolored portion of

pain t over wood 250 50-250 10-25 0-5 0-5 0-5
Resistance of portion of paint over

glass 50,000 5-10,000 100-150 70,000 0-5 0-5

* No tinchangcd paint. areas left for measurement.
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FIGURE 9. Discoloration of metallic copper paint AF23 preceding inactivation of antifouling action by coupling to galvanized iron
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.FI.GURE 10. Ga~vanic current from copper-steel couple (above) and from metal-
hc copper paint-steel couple (below). From Alexander and Benemelis (1).

current developed which increased markedly after
an initial period when little or no current flowed.

Figure 10 shows the current produced by such a
couple during immersion, and also that produced

by a similar couple of copper and steel. At the time
of its maximum development the current produced
by the paint-steel couple is as great or greater than
that of the copper-steel couple. The resistance of

the paint films was also shown to decrease during
coupling to values characteristic of good con-

ductors. This change in resistance did not occur

if the paint films were soaked without being

coupled to steel, and is evidently the result of some
change produced in the paint as the result of

coupling. These phenomena did not occur in
films having apigment-volumeratio of 25 per cent
or less, which is close to the limit mentioned on a
previous page below which inactivation of antifoul-
ing action does not occur.

Alexander and Benemelis conclude that, when
placed in the role of a cathode, the copper par-

ticles of a metallc copper paint undergo some
change in their position relative to each other,
either because a breakdown occurs in the re-
sistance of intervening barrier insulators formed by
envelopes of the matrix, or because copper passes

into solution and redeposits according to the

theory of Young, Seagren and Zehner (19). Below



INTERACTION OF ANTIFOULING PAINTS AND STEEL

a critical value of the pigment-volume ratio, the
distance between the majority of the pigment

particles is so great that the insulating properties
of the organic matrix are not disturbed by the

applied potential, and no significant change occurs
in the resistance of the film. Above this critical
value, when the paint is coupled with steel,
nullification of the antifouling properties and an
acceleration of the rate of corrosion of the steel

should follow.
Whatever the nature of the change in the paint

film may be which results from coupling a metallic
copper paint with steel, it is very difficult to be-
lieve that the phenomenon of inactivation de-
scribed above can depend on any mechanism other
than an electrochemical one. When the phenomena
relative to corrosion and inactivation are con-

sidered together, it seems quite clear that the

severe corrosive reactions which result when
metallc copper paints are in direct contact with
steel are also the result of the formation of

bimetallc galvanic couples.

EFFECT OF CORROSION ON THE
FOULING RESISTANCE OF

CUPROUS OXIDE PAINTS
A report of the British Corrosion Committee

(8) concludes that the behavior of an antifouling
composition is indissolubly connected with that
of the protective paint beneath it, and can only be
fully satisfactory when the latter prevents any
rusting of the steel. This is in accord with the
experience of all those who have conducted ex-
tensive panel tests with antifouling paints. Young
and Seagren (9) state that antifouling effciency
over unprimed steel is almost always poor, and
that over nonmetallic surfaces antifouling action
is nearly always better than over corrodable

metal surfaces, even though these are primed in
the conventional manner.

It is not easy to determine whether the fouling

which accompanies the corrosion of a badly pro-
tected steel surface results merely from the op-
portunities which are afforded by the interruption
of the antifouling coating when the underlying

metal corrodes away, or whether the corrosion
products have some direct action in inhibiting the
antifouling action of the toxics in the paint.

Where metallic copper paints are involved, it is
reasonable to believe that bimetallic galvanic cells
are formed between the steel and the metallc
copper pigment if the undercoating is absent or
inadequate. These depress the solution of the
copper and lead to fouling. This effect is il-
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FIGURE 11. Fouling of a series of dilutions of metallic copper paint, AF12, apa
plied to steel over a single coat of P8 primer. Exposure 30 days. Note that the
more heavily loaded samples, AF12 to AF122, are inactivated. Compare Figure 4
for controls on wood panels.

lustrated in Figure 11, w:hich shows the fouling of a

series of dilutions of AF12, applied to steel over a
single coat of P8 primer, after one month's ex-

posure at Miami. The copper contents of these
pain ts are recorded in Table 7, and their fouling
when applied to wood, coupled or uncoupled, is
ilustrated in Figure 4. The more heavily loaded
coatings AF12, 121, 122, have fouled heavily, just
as they did when applied to wood and coupled to
steel. The less heavily loaded coatings AF123 and
124 have retained some fouling resistance. The
most dilute coatings, AF125, 126, 127, fouled from
inadequate toxicity, as they did when applied to
wood without coupling. The result of this experi-
ment parallels that of the coupled wood applica-

tion so closely as to leave little doubt that the
failure of the heavily loaded coatings is attribut-
able to galvanic action.

Where cuprous oxide paints are involved, this
simple explanation wil not hold. It is conceivable
that if dissolved copper plates out under the paint
film, as discussed on page 368 above, localized
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FIGURE 12. Fouling on rust deposit which formed downstream from a holiday
in antifouling paint. Exposure 5 months. Reproduced by courtesy of F. L. LaQue,
International Nickel Company.

electric fields may be set up suffciently strong to
prevent copper ions, dissolved from the cuprous

oxide, from leaving the paint surface. Localized

suppression of the leaching rate would then offer
an opportunity for fouling.

Experiments indicate that the leaching rate of
cuprous oxide paints applied without primers to
steel panels is depressed after corrosion has set in.
However, it is not clear whether less copper has
left the panel or whether some dissolved copper has
been picked up by the corrosion products and as a
result is not measured by the procedure.

Young and Seagren (9, 18) call attention to the
fact, which has doubtless been observed by others,
that when heavy localized corrosion of iron occurs
in proximity to a painted surface, iron corrosion

products tend to spread over the neighboring

paint, with the result that the antifouling action is

interfered with. Figure 12 ilustrates fouling on

antifouling paint adjacent to a corroding holiday

which was distributed in the direction in which
corrosion products were carried by the movement
of the sea water.

Young and Seagren (18) suggest that a soluble
iron complex arises from the corroding iron which
is washed along and through the slimy interface
region at the surface of the paint, where it reacts
with and precipitates the dissolved copper arising

from the coating. The result is an inactivation of
the antifouling paint. Harris (4) questions this

explanation on two grounds: that it is doubtful
that conditions are such as to encourage the forma-
tion of such complexes; and that similar inactiva-

tion may be observed in paints which rely largely
or entirely on organic poisons. He suggests that
ferrous ions passing into solution at anodic regions
of the bare steel are oxidized and deposited as

Fe(OH)3 near the cathodic alkaline regions of the
paint, forming an anodic rust coating. This affects
the antifouling properties in two ways: in the
presence of alkali in the cathodic regions, copper

wil be rendered less soluble and rust wil be de-
posited in the pores of the paint surface, prevent-
ing the normal loss of copper from the surface.

PRACTICAL CONSIDERATIONS
It seems clear from the foregoing discussion

that, on steel construction, accelerated corrosion

may be expected if paints containing either copper
metal or cuprous oxide are applied unless adequate
barrier coats are employed. If the coating contains
metallic copper as a pigment, and the barrier coat
is inadequate, more serious pitting may result at
holidays or breaks in the paint surface. The pro-
tection afforded by the paint against fouling wil

be decreased whenever the cónditions lead to
increased corrosion, and this may, in fact, be a

more serious consequence than the damage to the

steel or the destruction of the paint film by cor-

rosive action.

The theoretical discussion has brought out the
probability that the corrosive action is dependent
upon the formation of either gross or localized
galvanic couples. The gross couples depend upon
contact between particles in the paint and with the
underlying steel, and are limited to highly loaded
metallic paints. .ìvlore generally, the effects appear
to be explained by the diffusion of dissolved copper
through the barrier coat where it is deposited to
form local galvanic couples.

The logical method of overcoming corrosive

effects of the latter sort appears to lie in the use of
barrier coats which, through their impermeability
and electrical insulating properties, wil interfere
with the formation and operation of localized
galvanic couples beneath the paint. On the one
hand, they should prevent dissolved copper from

reaching the metallic surface, and on the other,
should insulate the surface from sea water so as
to prevent the completion of local circuits through
that medium. Young, Seagren, Schneider, and
Zehner (17) have pointed out that these findings
confirm best shipyard practice, namely, the use of
multiple barrier coats or of very heavy undercoats,
beneath antifouling paints. They further suggest
that relatively impermeable barrier coats, topped
by medium coats of antifouling paints, should give
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FIGVRE 13. Fouling of metallic copper paint AF23 induced by a gilvanizeJ iron patch whic1i may be seen to right of pro~el1er. The cuprous oxide p.:int AF22
coatIng the port quarter has not been inactivated. The uncoupled AF 23 on the port bow quarter was also unfouled.

better corrosion protection, combined with efficient
antifouling action, than can be had with light
priming coats and a heavy antifouling layer.

The possibility of decreasing corrosive attack by
proper formulation of the antifouling composition

itself should not be overlooked. The evidence given
in Chapter 16 indicates that the plastic paints
currently used by the Navy are attacked by sea
water largely at the outer surface, and that rela-
tively little solution of cuprous oxide takes place
in the deeper layers of the paint. That such an
impermeable paint does, indeed, cause less severe
corrosive attack at holidays is indicated by an ex-
periment of the Mellon Institute investigators with
Navy formulation 143, the results of which are
given in Table 3.

It is also probable that by correct formulation
the corrosive effects of metallic copper paints may
be reduced and perhaps kept as small as those of
cuprous oxide paints. It is not clear that this can
be done and stil retain the advantage of an ample
reserve toxicity. Only two of the commercial me-
tallc copper paints examined at Woods Hole have

shown no excessive corrosive tendencies, and these
are not very satisfactory antifouling paints when
compared to the best Navy coatings now avail-
able. On the whole, in view of the demonstrated
tendency of metallic copper paints to form gross
galvanic couples with steel, and of the attendant
corrosion and loss of protection against fouling,
their use on steel construction should not be en-
couraged until compensating advantages have

been demonstrated.
On wood construction, the danger of corrosion

and inactivation are much less serious. Young and
Seagren (18) suggest that accidental contact of
chain, rudder posts, and similar ironware with the
antifouling paint on a wood hull would have very
little deteriorating effect on antifouling effciency,
unless the contact area be large. However, experi-
ments show that heavily loaded metallc copper
paints of the type recently developed may result

in severe corrosion of galvanized iron fittings and
fastenings which they contact. Fouling of the paint
in the neighborhood of metallc contacts may also
result. This is ilustrated by Figure 13, which
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shows an area of the hull of a torpedo retriever
which had been painted with AF23. The painted
surface of the wood planking has fouled over the
entire quarter of the bottom to which a galvanized
iron plate had been applied to repair damage to the
planking.

If the fittings and fastenings are of bronze or
brass, )r if they are protected by a coat of cuprous
oxide paint applied so that contact between the
fitting and the metallc paint is avoided, these

effects wil not take place. The disadvantages of
attempting such protection must be weighed

against the supposed advantage of using' the
metallic pigment.

THE USE OF PAINT TO PROTECT
GALVANICALLY COUPLED

METALS
When it is necessary to expose dissimilar metals

in contact under sea water, the corrosive effects
of the resulting galvanic couples may be reduced
by the usêof protective coatings. LaQue (6, 7) has
recordedjhe effect of painting either or both
members of a couple consisting of steel and copper.
The following was found to be the order of prefer-
ence in the application of the paint:

1st choice-Paint both the copper and the steel.
2nd choice-Paint the copper and leave the steel

bare.
3rd choice-Leave both metals bare.
4th choice-Paint the steel and leave the copper

bare.

The reason for not painting the steel, if the
copper is not painted, is that imperfections in the
paint coating may lead to severe localized attack
which, on the whole, is more harmful than the
uniformly distributed corrosion which occurs on
bare steel.

In additional experiments, it was found that if
the steel member of a copper/steel couple was

painted with an adequate anticorrosive system, the
antifouling action of the copper was no longer in-
activated, and the copper remained free of fouling.
It was also possible to prevent fouling on the

copper member of a couple by painting it with an
adequate barrier coat topped off with a metallc
copper paint. That is to say, the inactivating
action of the steel on the copper member did not
extend through the barrier coat to influence the
overlying metallc copper paint. The practice of
painting Muntz metal sheathing with antifouling
paint may have justification in this principle.

BLISTERING OF PAINT FILMS BY
ELECTROL YTIC REACTIONS

The discussion of the acceleration of corrosion
has emphasized the importance of local electrolytic
p'Ç:acesses resulting from interaction between cop-
pér paints and the underlying steel when .adequate

barrier coats are not present. A report from the
Bakelite Corporation (3) points out that blistering
can be induced by coupling a painted steel panel
with either copper or zinc. With a zinc coupling,

the steel is cathodic and becomes the site of hydro-
gen liberation accompanied by increased hydroxyl
ion concentration. The steel beneath the blisters
is found to be bright and clean. With .a copper

coupling, the steel is anodic and severe corrosion
occurs in isolated imperfections in the paint film.
Blisters are not formed as readily, but when pres-
ent they are filled with rust. On several uncoupled
panels, both types of blisters were observed to be
present as litte as l inch apart. This ilustrates

the effects produced by local electrolytic cells, and
shows that greater activity may exist at small,
isolated points.

Since blistering, arising from electrolytic proc-
esses, is thought to be a frequent cause of paint
failure, especial attention should be given to de-
veloping anticorrosive coatings which discourage
such effects. The Bakelite report (3) recommends
the use of steel panels to which small pieces of

zinc or copper are coupled to test the resistance of
barrier coats to conditions which produce electro-
lytic blistering.
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Abietic acid, 289, 302-306, 308-309
Abrasion, 217, 296, 299, 304

Accelera ted tes ts (see T es ts)
Acid-alkali accelerated leaching test, 332, 336-337
Acorn barnacles (see Barnacles)
Aetinaria, 167-168, 170

Aglaophenia, 170

Algae, 10, 14-15, 38-40, 42, 45-46, 54, 91-93, 102-104, 107,109,
112-113, 155-162, 167-169,231,236,243,344345

blue-green, 156-157, 167-169
brown, 112, 156-157, 160-162, 167-169

corallne, 93

green, 93, 112, 156-159, 167-169
red, 112, 157-160, 167-169

Aluminum, 224, 226, 242, 350, 354-355, 357, 360, 362
Amaroucium, 149, 151
Amphineura, 131, 135, 139, 167-168
Amphipods, 55,57,92,94,128-131,167-168,173

Anchors, 8, 41, 110, 113
Anemones (see Sea anemones)
Angle of exposure, 233-235
Annelids, 50, 137-141, 167-168,345
Anomia, 56-57, 133, 136, 174, 346
Antedon,154-155
Anticorrosive coatings, 30, 211, 217, 226, 313-314, 318, 321, 335,

366
Antifouling compositions (see Antifouling paints)
Antifouling devices, 226-228
Antifouling paints, 6, 211, 230, 236-237, 241

adhesion, 313, 323

application, 218, 314, 316-317, 323, 331-332, 335-336
availability, 315
characteristics of, 313-322
color, 315
design of, 323-330
drying time, 314,316, 335

durability, 313, 316-317, 323, 326-327, 329, 333
expense, 315, 317
history, 216-218
interaction with steel, 365-380
matrix, solution of, 302-312
patents, 224-227
physical performance, 323, 325-331, 333-336
storage, 310, 325, 328
surface preparation, 335-336
tests of, 331-348
toxic loading, 323-326, 328-330
toxic, release of, 277-300
toxicity of, 252-261

Antimony, 215, 224-225
Area, 134, 136

Ark shell (see Area)
Arsenic, 216-217, 226-227, 241-242

compounds, 225, 241-242, 319, 320-321
Arthropods, 121-131, 167-168

Aseidia, 45-46, 174, 232 (see also Tunicates)
Astrangia danae, 147-148
Atacamite, 266-267
Attachment (see Fouling in relation to)

B.C.C. (see Basic cupric carbonate)
Bacteria, 13, 16,38,88, 110, 166-167, 174-175 (see also Slime films)
Balanus, 40, 172,232,346 (see also Barnacles)

algieola, 236
amphiwite, 51, 54, 93, 95-96, 102, 112, 123, 125, 127, 243
balanoides, 46, 48, 54,93, 99, 100,102,112-113,123, 125-127,

245

INDEX

erenatus, 40, 93, 95,112,125-126,128
eburneus, 51, 93, 102, 112-113, 115, 126, 128,234-235,243, 245
glandula, 112, 125-126, 128
improvisus, 40, 42,51,93, 102, 112, 124-128,231,244245
psittacus, 91
tintinnabulum, 45, 92-93, 95, 100-102, 112, 125-127

Baltic area, 105

Barnacles (see also Balanus)
breeding conditions, 50-51, 53

description of, 121-129
effect of slime films, 260-261
effect on frictional resistance, 23, 29

effects of toxics, 242-245, 247, 249-254
factors influencing attachment, 231-239
occurrence of, 7-10, 37-41, 42-46, 48-74, 87-88, 91-94, 96, 99-

101, 102-116
quantity of, 55-57, 77-84, 87-88

species recorded from fouling, 167-168, 172-173, 194-196
Barrier coats, 378, 380

Barytes, 237, 321, 329, 365

Basic cupric carbonate, 264269, 274, 285, 295, 297-298, 320, 359

Bimeria franciseana, 104

Binders, 315, 318, 319, 330, 371

Biogeography, 91-101

Biological tests, 334-335
Biotic provinces, 94-96
Bituminous coatings, 18
Blennies, 155

Blistering, 368-374, 380
Blood clam (see Area)
Botrylloides, 151, 174
Botryllus, 149, 151, 174,250
Bowerbankia gracilis, 102, 141
Brass, 238, 351, 354, 357-358, 362-363, 370, 373, 380
Brittle stars, 152, 154

Bronze, 238, 357, 363, 380
Bronze yacht paints (see paints)
Bryozoa, 8, 10, 13, 15, 37, 42, 45-46, 54-55, 77, 93-94, 102, 104,

113, 115, 140143, 167-168, 170-171, 173,231-232,236,321
(see also Bugula)

encrusting, 15, 56-57, 78, 104-105, 140143, 171,231,237,243,
345

erect, 45, 140-142, 171
filamentous, 15, 237, 245

stolonate, 141-143
Buffers

alkaline, 306-307, 310-312
borate, 271, 307, 309-310
glycinate, 308, 311

synthetic, 272

Bugula, 23,48,52,54,56-57,140141,170-171,232,234,242-243,
246-248, 250, 252-254, 256, 261, 358 (see also Bryozoa)

avieularia, 52

neriûna, 45, 52, 54, 95, 141, 234-235, 244
turrita, 245-246

Buo¡s (see Navigation buoys)

Cables, 7-8,401,102,107-113,161, 165, 169, 174

Cadmium, 242, 355
Callithamnion, 158-160, 169

Calothrix, 156, 158, 169

Campanularia, 110, .170
Caprella, 130-131, 173

Carbamate method, 333, 341
Castor oil, 327
Cathodic protection, 18
Cavitation noise, 9

L
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Celite, 241, 265, 281-282, 286-288 (see also Diatomaceous silica)
Cellulose, 315, 319, 328
Cementiferous coating3, 321
Cephalopods, 131

Ceramium, 160, 169
Chain (see Cables)
Chama, 133-134
Chemical tests, 331-334
Chironomid larvae, 131-132
Chitons (see Amphineura)
Chlorinated diphenyl, 327

Chlorinated rubber, 19, 315, 318, 328

Chlorinated styrene, 19

Chlorine, 12-14
toxicity of, 249-250

Clithamalus, 114, 125-127, 172

Ciliates, 167-169
Ciona, 40, 45-46, 149, 151, 174

Cirripedia (see Barnacles)
Citrate (copper complex), 267, 285, 286, 297-299

Cladophora, 93, 112, 158-159, 169, 346
Clams (see Myra)
Climax community, 43, 45-46, 87
Clytia, 147, 170
Coelenterates, 143-151, 167-168
Cold flow, 328, 335-336, 346
Cold plastic paints, 31, 218, 254-255, 260, 278, 280, 283, 289, 292,

296, 299, 314 (see also Formula 105, Formula 143E)
Conehoderma, 128-129, 172

Contact of particles (see Continuous contact)
Continuous contact, 285-288, 297-298, 315-316, 323-324, 369 (see

also Leaching rate)
Continuous cC'ntact paints, 285, 298-300, 316, 318-319, 325-326
Copepods, 167-168, 250
Copper (see also Leaching rate metallic copper)

in slime films, 219, 259-261
oxidation, 269-273, 275
paints, 216-217, 224-226 (see also Antifouling paints)
pigments, 319-320
resinate, 289, 294-295, 306, 310, 318
solubility, 244, 264-268, 273-275,355
solution rate, 269-273, 279, 342, 355, 359, 362-363
toxicity, 241-249, 253

Corallina, 157, 160

Coral patches, 147

Corals, 78,143,147-148,170
Cordylophora laeustris, 104, 145
Corophium, 130, 173
Corrosion

antifouling paints and, 313-314, 316, 320, 355-358, 365-380
effects C'f fouling on, 14-19
electrical prevention of, 236
galvanic action, 212, 214-218, 238,349, 359-363
products of, 266-267, 352, 358-359

Coumarone indene,31O, 316, 327-328
Coupling (see Galvanic couples)
Crabs, 130-132, 173

Crinoids, 152, 154-155, 167-168
Crisia, 171

Cryptosula, 141, 143

Cupric chloiide, 284
Cupric citrate, 244-245, 268, 284
Cupric hydroxide, 266-268, 274

Cupric oxide, 264, 266-268, 274, 317, 319-220
Cupric oxychloride, 266-267, 297-298
Cupric phosphide, 267

Cuprous chloride, 264, 266, 268-269, 274, 284
Cuprous iodide, 267
Cuprous oxide (see also Copper)

lca:ling, 278, 323-326, 328-330
paints (see Antifouling paints)

pigment, 319-320

surface exposed, 279-281
Cuprous sulfde, 267
Cuprous thiocyanate, 267
Current density, 362-363, 368

Currents (see Electric currents, Fouling in relation to currents,
Galvanic action, Tidal currents)

Cyclicized rubber, 318, 328

Cyprids, 4445, 78-81, 124, 233-236, 241, 243-244, 247, 261 (see

also Larvae)

DDT (see Dichloro-diphenyl-trichloroethane)
Dasya; 156, 159, 169
Dasyehone, 171-172,231
Davy, Sir Humphry, 218-219, 241, 355, 359-360
Decapods, 130-132, 167-168, 173
Deposit formation, 294, 297-299
Derris extract, 250

Detritus, 88, 90, 105, 118, 239, 295

Diadumem, 147, 170
Diandrocarpa, 53

Diatomaceous silica, 320, 324-325, 328-329
Diatoms, 29, 42, 45, 88,118-120,167-169,239,243,254,294
Dichloro-diphenyl-trichloroethane, 250, 321

Dietyota, 157, 161

Didemnum, 149, 151, 174,346
Diffusion, 282-284, 367, 378
Discoloration, 373-376
Dissolution (see Copper, Matrix, Mercury)
Dithizone method, 341

Dock gates, 165, 167-168, 170, 172-174
Docking, 4-6, 218, 314-315, 335-336, 359

d-pimaric acid, 302

Dreissensia polymorplia, 13

Drying oils, 318-319

Eclieneis, 211
Echinoderms, 152-155, 167, 168
Ectocarpus, 160, 169,346
Ekman's provinces, 94-96
Electric currents, 227, 230, 236, 238 (see also Galvanic action)
Electric fields, 297, 378
Electro-chemical potentials, 360-363, 377
Endemic species, 94-95
Enteromorpha, 46, 93, 112, 158-159, 169, 346
Erosion, 12-13, 282, 290, 294, 296-297, 299-300, 313-314, 316-

317, 329, 340, 346, 349, 359 (see also Corrosion, Exfoliation)
Erosion resistance tests, 336, 346-347
Ester gum, 289, 293-294, 303, 308, 311, 318
Esters (see Rosin esters, also common or trade name)
Estuaries, 102-107, 307

Eteone, 172

Ethyl bromoacetate, 250

Eudendrium, 145, 147, 170
Eiiplotes, 121-122
Eiipomatus dianthus, 139, 171

Excretion of toxics, 246-247
Exfoliation, 215, 225, 227, 230, 237-239, 254, 258, 354-355 (see

,also Corrosion, Erosion)
Extender pigments, 329 (see also Nontoxic pigments)

Feather stars (see Crinoids)
Ferric hydrate, 16

Ferrous hydroxide, 267

Ferrous ions, 378
Fish oils, 319, 327
Fishes, 155, 167--168, 211

Flagellates, 167-169
Flatworms, 138, 141, 167-168
Flexalyn, 303, 311

Flexibility, 316, 332-333
Foraminifera, 167-169

Formulae



AF6, 265, 295
AF12, 370, 377
AF23, 365, 369-373, 380
PT10, 371

1B8, 295

15A, 30
15RC, 5, 30-32, 235, 261, 317
16A, 252, 258
16X, 219, 281, 295, 317, 326-329
16XM, 317, 329
105, 317
143E, 290, 296,366

Fouling
bulk of, 77-78, 82-83, 85-87, 89, 113

definition of, 37, 40-41
depth, 8,107-108, 110-115

destructive effects, 14-19
effect on speed, 3, 5, 22-24
expense of, 3-4, 13-14, 22
intensity of, 113-114,231,233,334-335
layers, 77-78, 86-87
rate of, 6-7, 10, 13, 78-80, 85-86, 89, 232, 352-354, 356-357
resistance of metals, 349-364
resistance of paints, 325, 327-329, 334-335
weight of, 7-8, 13, 23, 55, 57, 62, 69, 72, 83, 85-87, 90, 113, 119,

147
Fouling distribution

bays, harbors, estuaries, 102-107, 307
geographical, 91-101, 230-231

on fixed installations, 95,113-115,134,139,152, 165-174,232
on floating installations, 113-115, 165-174
on ships, 3-7, 38-39, 84, 91, 93, 96-97, 137, 143, 165, 167-174
seasonal, 42, 48-76

Fouling in relation to (see also Larvae)
currents (electric), 236
currents (water), 96-97, 231-232

distance from shore, 107-112

duty of ships, 5-6,9,231
gravity, 233-234
light, 234-236
local factors, 102-117
season of year, 42, 48-76
slime film, 44-46, 219, 230, 253, 260-261
surface character, 233, 236, 237-239
temperature, 11, 14, 81, 85-87, 119, 144, 230
toxics, 241-263, 319, 328, 355

Fouling organisms, 118-164, 165-210 (see also common or generic
name)

colonial aspects, 120, 139-151
community aspects, 37-41, 42-46, 77-87, 89-90
macroscopic, 121-162

microscopic, 118-121
nutrition, 88-90
quantitative differences, 38-40

reproduction, 48-54, 98, 100, 119, 123-124, 133, 139, 141, 143-

144,147-148, 151-152, 156, 159

Fragmentation, 156

Frictional resistance, 3, 13, 21, 24-33, 233, 314
Froude's formula, 24-28, 31

Fiicus, 46, 156-157, 160
Fuel consumption, 3, 5, 32-33
Fungi, 167-168

Galvanic action, 11-12, 16, 19, 211, 214, 216, 224-226, 352, 355,

359-363, 365, 367-368, 373, 377

cells, 367, 377
circuit, 368, 373, 378
couples, 11,360-363,365-380
currents, 362-376
series, 361-362

Galvanized iron
fouling, 12, 233, 351, 358
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galvanic effects, 355, 361-362, 369-371
reaction with paints, 369-;371, 373-376, 379

Gastropods, 131, 139, 167-168, 173-174 (see also Snails)
Gebers' formula, 25-28
Geographical distribution cf fouling, 91-101, 230-231
German silver, 350
Glass surfaces, 233, 235, 244, 260
Glycerine tall oil, 327
Glycinate buffers, 308, 311
Glycine extractions, 291-292
Glycine tests, 332-333, 337
Goose barnacles (see Barnacles)
Graeilaria, 160, 169

Grantia, 152, 170 (see also Sponges)
Gulfweed (see Sargassum)

H.M.S. Alarm, 213, 216, 220-221, 224, 349, 358-359
Halowax,19
Hempel paint, 218
Hercolyn, 281, 288-289, 293-295, 304, 308, 310-311, 326
Hiraga's formula, 26, 28-30
Holzapfel paint, 218

Horse mussel (see Modiolus)
Hot melt paints (see Hot plastic paints)
Hot plastic paints, 4-5, 11, 16, 31, 217-219, 225, 242, 260, 267,

296, 314, 316-318, 320 (see also McIness composition,

Moravian antifouling paint)
Hydra, 104

Hydrazine, 227

Hydrogen ion concentration
copper dissolution, 265-275
leaching rate, 279, 342

matrix dissolution, 289-291, 305-307, 332
sea water, 106, 342

slime films, 260
Hydrogen sulfide, 16, 106
Hydrogenated ethyl abietate, 311, 318
Hydrogenated methyl abietate, 318, 326-328
Hydroides, 54,171-172,232 (see also Tube worms)

Iiexagona, 139, 172, 234-235
norvegica, 138-139 '

Hydroids, 8, 10, 13, 37, 45, 54-55, 91, 93-94, 102-;104, 107-108,

110-114, 144147, 170, 232, 234, 236-237, 243,345 (see also
Tubularia)

Hydrophobic surfaces, 236-237
Hydroxyl ion, 303, 380 (see also Hydrogen ion concentration)
Hydrozoa (see Hydroids)

Inacti va tion
of metals, 359-363
of paints, 370-380

Indian red, 217, 322, 329

Inert pigments, 324-326
Initial leaching rate, 277-281
Insects, 131, 167-168
Insoluble matrix paints, 283-288, 315-316, 319, 323-326, 330

Intertidal zone, fouling in, 113-115
Iron

compounds in paints, 216, 217, 224-225, 316, 321
corrosion, 16, 211, 214-216, 224, 236, 238, 349, 365
fouling, 12, 241-242, 350-351, 354-355
galvanic effects, 238, 355, 360-363
in copper alloys, 350-352, 357
oxide, 217, 225, 316, 321

reaction with paints, 365-380
ships, 211, 214-216, 224, 349, 365
sulfide, 216, 225
toxicity, 241-242

Isopods, 128, 130-131, 167-168, 173

Italian Moravian (see Moravian antifouling paint)

Jingle shell (see Anomia)
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Kelp, 40,89,92-93, 102-103, 112, 159-162, 169

Kempf's roughness coeffcient, 27-29

Laminaria, 7, 156-157, 160, 169

Laomedea, 53, 170
Larvae (see also Fouling in relation to)

barnacle, 78-81, 123-125
bryozoa, 141-143, 253-256, 260261
coelenterate, 144

effect of toxics on, 241, 243-244, 246-248, 253-254, 256, 260-261
mussel, 84, 133

sea anemones and corals, 147
sponges, 152

tunicates, 148, 151

Leaching rate
effect of deposits, 297-298
effect of slime film, 259-261, 294-296
initial, 277-281
mercury, 258-259, 320, 341

of metals, 355-359
relation to f('uling, 255-259
steady-state, 282-294, 302, 312
test, 332-334, 336-343
toxic loading, 323-326, 328-329

Lead, 242,.350

sheathing, 212-213, 215, 224, 226, 349

Leeches, 104, 138, 141, 167-168, 171

Lepas, 107, 111-113, 123, 125, 128-129, 172 (see also Barnacles)
Lepidonotus, 171

Lethal concentrations, 241-252,254, 259, 273

Leucosolenia, 152-153, 170

Levopimaric acid, 302
Lewisol 33, 304, 308, 311
Libinia, 132

Licmophora, 1201 167, 169
Light and ilumination, 234-236

Lightships, 90,165, 167-173, 231

Liljegren's formula, 25, 28
Limnoria,319
Linseed oil, 19,217,226,319,327
Longevity

barnacles, 83

mussels, 87

Luminous paints, 236
Lyngbya, 156

Madreporaria, 167-168, 170 (see also Corals)
Magnesium, 355

effect on matrix dissolution, 289, 294, 297, 305-308
silicate, 255, 283, 293, 316, 320-322, 329

Mare Island hot plastic paint, 32, 218
Matrix

bacterial attack of, 261, 282, 294-296
dissolution of, 282-283, 289-294, 302-312
effect on leaching rate, 280-281, 282-283, 289-294, 297-300
ingredients, 317-319
insoluble matrix paints, 283-288,315-316, 323-326
mechanical erosion of, 296-297
permeability of, 283-284
soluble matrix paints, 288-294, 299-300, 316-318, 326-330
tests of solubility of, 332-333, 336-337, 343

McIness composition, 217, 226
M egalasma, 113, 172

Membranipora, 54, 104, 141, 171
Mercuric chloride, 225, 247, 268, 317, 320
Mercuric oxide, 217-218, 225-226, 267-268, 275
Mercurous chloride, 225, 268, 275, 317, 320
Mercurous sulfide, 268
Mercury

antifouling paints, 217, 219, 225,316,317,319-320
leaching rate, 258-259, 320, 333-334, 341
organic compounds of, 251

pigments, 319-320
solubility of, 268, 275
test for, 341
toxicity of, 241-243, 246-249, 251

Metallc copper (see also Copper, Leaching rate)
alloys, 12, 39, 226, 238, 350-362
corrosion of, 314, 355-363
deposits on, 258, 266, 267, 297
effect on corrosion of steel, 365-380
exfoliation of, 354-355
flake, 242, 248, 320, 322
fouling of, 349-355
paints, 256, 314, 319-320, 324-325, 356-357
sheathing, 211-216, 218, 220-221, 224, 241, 349, 358-361, 365-

380
solu tion of, 264, 273
toxic properties, 242, 248, 320, 322, 349-364

Metridium, 144, 147-148, 170

Mitella, 128-129
Modiolus, 134-135, 139

Molgula, 149, 151, 174,249-252
Molluscs, 105, 131-139, 167-168, 173-174, 198-201, 231, 237, 345

Monel metal, 233, 238, 351, 362
Mooring cables (see Cables)
Mooring chains (see Cables)
Moravian antifouling paint, 30-32, 217-218
Muntz metal, 215, 224-225, 238, 349, 362, 380
Mussels (see also Modiolus, Mytilus)

breeding conditions, 46, 48, 51-53, 84
community, 40, 46, 77-78, 84-90
description of, 131-133, 134-139
effects of toxics, 242-245, 247-252
factors influencing attachment, 52, 232
growth of, 84-85
occurrence, 7-14, 4041, 48, 51-54, 58-74, 92-94, 96, 100-101,

102-104, 107-114, 125

quantity of, 77-78, 84-90
species recorded from fouling, 167-168, 173-174, 200-201

Mya, 46,105,173

M ytilus (see also Mussels)
californianiis, 46, 93, 95, 112, 139, 232
edidis, 13, 52, 54, 93,100-101,105, 109, 112-113, 134, 139, 143,

232, 254
Iiamatus, 139
obscurus, 54

Naptha, 217, 225, 251, 321
Navicula, 120, 169, 254 .
Navigation buoys, 7-8, 39-40, 78, 81-87, 89, 92-94, 96, 102-104,

107-114,146, 161

Nematodes, 141

Nemerteans, 94, 138, 141, 167-168
Neolyn20, 308, 310-311
Neolyn40, 304, 308, 311
Nereis, 138, 141, 171

Nevile G, 311

Nevile R-29, 311

Nickel alloys, 15, 215, 224, 233, 238, 350-351, 354, 357, 362
Nickel-copper alloys, 15
Nickel-silver alloys, 354, 362
Ni trocellulose lacquers, 319
Nitzschia, 169

Nonmetallc sheathings, 215
Nontoxic pigments, 249, 287-288, 317, 319, 321-322, 324-326,

329-330
Nontoxic surfaces, 226-227
Nudibranchs, 94, 136, 167-168, 173-174

Oarweed (see Laminaria)
ObeUa, 54, 144145, 147, 170,346

Oleoresin, 302-303
Oligochaetes, 138, 141, 167-168



Opercular plates, 121,126
Ophiuroidea, 167-168
Organic toxics, 250-252, 321, 378
Ortmann's zones, 96-98
Oscillatoria, 156-157, 169
Ostracods, 167-168
Ostrea, 104, 134-135, 173-174,233 (see also Oysters)
Oxidation, 106, 269-273, 275, 303-304, 308-310,378
Oxygen, 106-107
Oysters, 8, 17, 38, 44, 51, 94, 104-105, 107, 134, 136, 143, 232

(see also Ostrea, Rock oysters)

Paints (see Anticorrosive coatings, Antifouling paints, Protective

coatings)
P aludicella, 104
Panel tests, 334-335, 343-346
Paraffn, 233, 236, 281, 295, 316

Paris Green, 219, 225, 242, 320-321
Patents, 224-229
Pecten, 13, 134-135, 173-174,232
Pedicellina, '54

Pelagic plants, 89

Pelecypods, 131-139, 167-168, 173-174, 234-235 (see also Mussels,
Oysters)

Pentachlorophenol, 237, 251

Pentalyn, 289, 303, 308, 310-311

Permeability of paint, 283-284, 288

Petre-atum, 236-237

pH (see Hydrogen ion concentration, Hydroxyl ion)
Phallusia, 174, 232, 234

Phenyl-mercury compounds, 250

Phototropism, 234-236
Physical tests, 332
Pigment volume, 248, 328-330, 371, 374, 376-377
Pigments

nontoxic, 249, 287-288, 317, 319, 321-322, 324-326, 329-330
toxic, 314, 315-316, 317, 319~320, 325-326, 328-329

Pipe systems (see Salt water pipe systems)
Pitch, 211-213, 216, 226, 319

Pitting, 15, 17,365,368,378 (see also Corrosion)

Plasticizers, 312, 316-318, 323, 326-328, 330
Plumatella, 104

Plumularia, 54, 147, 170

Plymouth, England, 102, 104, 115
Pollution, 87, 105-107, 119
Poly-Pale resin, 289, 304, 310, 311

Polycarpa, 53

Polychaetes, 167-168, 171-172, 234

Polyps, 144147
Polysiphonia, 158-159, 169

Polyvinyl butyral, 285, 319

Polyvinyl resins, 315, 319, 323
Polyzoa (see Bryozoa)
Pomatoceros, 138-139, 171,346 '
Porifera, 170

Potentials (see Electro-chemical potentials)
Precipitated chalk, 329
Preliminary elimination tests, 331-333
Primers and priming, 318, 320, 365-368, 377-378

Propellers, 22, 32-33, 137, 139, 231, 350, 359-360, 363
Propulsive force, 22, 32
Protective coatings, 5-6, 17-19, 24-25, 30-32, 313-322 (see also

Anticorrosive coatings, Antifouling paints)
Protozoa, 42,118,121-122,167-169
Provinces (see Biotic provinces)
Pseudosaturation effect, 272-273
Pteria (see Rock oysters)
Pteropods, 167-168
Putnam, U. S. destroyer, 23-24, 29

. Pycnogonids, 130-132, 167-168

Quartering test, 336
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Rahtjen's paint, 217-218, 225-226

Rating systems, 335, 345-346
Red iron oxide, 321
Red lead, 366
Red oxide, 366
Remora, 155) 211.
Reniera, 153, 170, 232, 234-235 (see also Sponges)

Residual resistance, 21, 25-26
Resins, 212, 216-217, 224, 226, 283-284, 289, 291, 306, 308, 310-

312,315-317,326-327,330,346 (see also Rosin)
acid, 289, 291-292, 294, 302, 306-307, 310 (see also Abietic acid)
alkyd, 19, 284, 315, 318

natural, 302, 317-318
neutral, 293-294, 308, 326

phenolic, 19, 284
rubber, 318

synthetic, 227, 315, 318-319, 323
vinyl, 316-317, 319, 324-325
Vinylite, 265, 298, 324

Reynolds number, 25, 27
Rock oysters, 8, 92-93
Ropes, 167-168, 170-171

Rosin (see also Resins)
and solubility of cuprous oxide, 265-266
as paint ingredient, 315-319, 323-324, 326-327
bacterial attack on, 19, 261, 282,294-296
dissolution of, 302-312
esters, 303, 308, 318, 327
in antifouling paints, 217-218, 225, 255-256, 280-282, 284, 286,

288-289, 293, 295

Rotating discs, 328, 340, 346
Rotifers, 104, 121-122, 167-168
Roughness coeffcient (see Kempf's roughness coeffcient)
Rubber, 18, 224, 226 (see also Chlorinated rubber, Cyclicized

rubber)
Rust, 370, 377-378, 380

Sabellarid worms, 138-139,232,234-235
Sabellid worms, 138-139
Salmacina, 137, 139, 172
Salt water pipe systems, 11-14, 87, 90, 125, 143, 165, 167-171,

173-174,249,350
Sargassiim, 157, 160

Saxicava, 134-135
Scaleworms, 138-139, 171

Scallops, 13, 134-135, 173-174, 232
Scaipellum,113, 128-129, 172

Scliizonema, 167, 169

Schizoporella, 54, 141, 235

Scrupocellaria, 171

Sea anemones, 94,143-144,147,170,249-252
Sea bream, 155

Sea cradles (see Ampliineiira)

Sea cucumbers, 154-155

Sea lilies (see Crinoids)
Sea spiders, 130-132
Sea stars (see Starfish)
Sea urchins, 154-155
Sea water conduits (see Salt water pipe systems)
Seasonal breeding behavior, 48-53, 57, 79 (see also Fouling in

relation to)
Seasonal conditions, 46, 48-74, 98-100, 230-231
Sedentary polychaetes, 167-168, 171-172

Selective survey tests, 331, 333-335
Sensitivity factor, 346
Serpent stars (see Brittle stars)
Serpulid worms, 91, 137-139, 231,358
Sewage, 105-106
Shaft horsepower, 22-24, 31-32
Shark suckers, 155

Sheathing (see Lead, Metallc copper, Wooden sheathing, Zinc)
Shellac, 226, 302, 318
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Shellac type paints, 217-218, 314 (see also Rahtjen's paint)
Ship fouling, 3-7, 38-39,84,91,93,96-97,137, 143, 165, 167-174
Ship worms, 211-216 (see also Teredos)
Shrimps, 105, 131-132

Siderastraea, 148
Silica, 316, 321-322, 329 (see also Celite, Diato~aceous silica)
Silver, 224-225, 241-242, 350, 352-353
Slime films (see also Bacteria)

composition of, 118-121, 166-169, 239
copper in, 219, 259-260
effect of toxics on, 242, 251
fouling and, 446, 219, 230, 253, 260-261

frictional resistance and, 29-30
leaching rate and, 256, 259-261
matrix and, 19, 261, 282, 294-296

Snails, 105, 254
Sodium alginate, 267
Sodium pentachlorophenate, 13, 252
Soft coral, 147-148
Solenia, 169

Solubility (see Copper, Matrix, Mercury)
Soluble matrix paints, 288-294, 299-300, 316-318, 326-330
Sound domes, 8-11, 350
Sound transmission, 9-11
Spawning and settling, 77-81, 84 (see also Fouling)
Sponges, 46, 94, 104, 107-108, 151-153, 167-168, 170,232, 243, 345

(see also Reniera)
Starfish, 94, 152, 154
Staybelite, 289, 303, 308

Steady-state leaching rate, 277-300,302,311
Stearin pitch lubricant, 236

Steel, 351 (see also Corrosion)
Styela, 54, 149-151, 174
Suctoria, 167-169
Sulfonated aliphatic compounds, 236
Surface characteristics

effect on fouling, 230-239
effect on surface resistance, 26-28, 30-33

Takata composition, 30-31
Tall oil, 327
Tar, 211-212, 217, 224-225, 319

Temperature
effect on fouling, 81, 84-85, 96-101, 119
of leaching bath, 336, 338, 342

seasonal variations, 58-74
Temporal sequences, 42-43, 46, 54-57, 83, 87
Tennessee, U. S. battleship, 23-24, 29

Teredos, 211-216, 319, 345

Tests
acid-alkali, 332, 336-337
biological, 334-335, 343-346
carbamate, 333, 341

chemical, 331-334
dithizone, 341

erosion resistance, 336, 346-347
glycine, 332-333, 337
leaching rate, 332-334, 336-343
panel, 33L335, 343-346
physical, 332

preliminary elimination, 331-333
selective survey, 331, 333-335
service, 336

Tetraclita, 125-127, 172
Tlierapon, 51, 53

Thiokol, 17-18

Thiourea derivatives, 250
Tidal currents, 7-8, 86, 88, 232

Tide levels, 81, 83, 113-116
Tideman's constants, 27
Ti- nic-o-sil, 354
Tin, 214-216, 224-225, 242, 350, 354
Total resistance, 21-26
Tougheners, 312, 317-319, 323, 326-330
Toxic paints (see Antifouling paints)
Toxicity, 241-261

comparative, 241-243

copper, 241-249, 253

index, 250
mercury, 241-243, 246-249, 251

organic compounds, 250-252, 321, 378
Toxics, 216-219, 225-226, 237

prevention of fouling with, 241-261
release from paints, 277-301
tests for, 331-340
use in paints, 313-322, 323-330

Tricresyl phosphate, 316, 327-328
Tube worms, 8, 11, 15,33,57,87-88,91,93-94,137-143,171-172,

231, 243, 252 (see also Hydroides)
Tubularia, 53-54, 93,110,144145,147,170,232,243,346
Tung oil, 319
Tunicates (see also Ascidia)

description of, 147-151
effect on barnacles, 83-84
effect on mussels, 87
factors influencing attachment, 234-243
occurrence of, 8, 10, 13,37-39,42-44, 56-74, 93-94, 115, 231
species recorded from fouling, 167-168, 174

Ulotlirix, 15~157, 159, 169, 346
Ulva, 93, 112, 158-159, 169, 346
Underwater sound equipment, 8-11
Utilization effciency, 298-299

Varnish, 216-217, 225, 3.15, 318-319, 323-325 (see also Matrix)
Varnish type paints, 316, 324-325
Vehicle (see Matrix)
Venetian red, 329

Veneziani composition, 30-31
Victorella pavida, 104, 141-142
Vinylite, 256, 270, 278, 280, 282, 284-287
Vinylite paints, 281, 284-286, 288, 290, 297, 324

Watersipora, 141-143,243,249,358
VVax, 211-212, 216, 236, 316
Wood borers, 18-19 (see also Limnoria, Teredos)
Wood bottom paints (see Formula 16A, Formula 16X)
Wooden sheathing, 212-217, 349
Wooden ships, 214, 217, 363, 379
Worms, 137-141 (see also Annelids, Sabelld worms, Serpulid

worms)
Wrecks, 165, 167-174

~
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Vacca gum, 318

Yudachi, 22-28

Zinc, 217, 224
chromate, 284

fouling resistance, 350-354, 358
galvanic effects, 359-360, 362, 368, 370, 373-375, 380
oxide, 217, 225, 241,248,321-322,329
reactions with copper, 267, 275

sheathing, 215, 349

toxicity of, 241-243
Zoobotryon, 141-143
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