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r  EFFECTS OF P O L L U T A N T S  O N  M A R I N E  
O R G A N IS M S ;  IM P R O V IN G  M ET H O D O L O G Y  
OF E V A L U A T IO N — A  REVIEW OF 
THE LITERATURE

Michael Waldichuk

W ith the passage of new legislation 
for better control of pollution and im­
proved w ater quality, the demands for 
inform ation from  w ater pollution re ­
search are increasing overwhelmingly. 
However, research results now being 
sought cannot be supplied by trad i­
tional water pollution study tech­
niques. I t  is no longer sufficient to 
indicate whether a given species of fish 
will die in  "waters receiving a given 
volume of a  known type of pollutant. 
I t  is no longer sufficient to state merely 
that dilution will be adequate to m ain­
tain  dissolved oxygen levels a t five 
mg/1 or better. Now, the to tal aquatic 
environment m ust be looked a t to de­
term ine whether immediate harm ful 
effects will accrue to any or all the 
aquatic organisms from  a certain 
waste disposal. Also, cumulative ef­
fects th a t eventually m ight endanger 
the populations must be studied.

To learn -abou t the na tu re  of these 
short-term and long-term effects, an 
integrated approach involving many 
disciplines m ust be taken. These facts 
cannot be learned instantaneously ; 
and time is an  im portan t considera­
tion. The effects of the seasons with 
changing tem peratures, precipitation, 
runoff, and winds m ust be examined.

This presentation is in the form of
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a literatu re review with reference, 
when possible, to studies made at 
Nanaimo, B. C., which have been de­
voted largely to the m arine environ­
ment.

I t  should be pointed out that most 
of the biological inform ation docu­
m ented on pollutional effects has been 
derived from  research on fresh water. 
Some of the review here is projected 
into m arine environments from strictly  
freshwater studies. A ttention should 
be directed to a num ber of reviews of 
literatu re  on m arine pollution (1) (2).

This paper will be subdivided into 
two basic p a r ts : (a) an  exposition of 
the problems, and (&) a review of some 
of the advances made in  recent years 
in techniques to solve these problems.

T he  Problem s

Modification o f the Marine
E nvironm ent

W ater :— The effect of a pollutant 
on the w ater in a given area is de­
pendent on the quantity  and physical 
and chemical characteristics of the pol­
lu tan t and on the volume, properties, 
and behavior of the water. A large 
volume of po llu tant entering into a 
coastal body of w ater which is very 
sluggish in movement and has little 
tidal and wind mixing may cause gross 
pollution in  the water. However, a 
small quan tity  of a relatively innocu­
ous pollu tan t discharged into a coastal 
channel, which is tide swept and mixed 
by winds, may be relatively unnotice- 
able. I t  is necessary, therefore, to
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have a good supply of inform ation on 
the characteristics of the marine en­
vironm ent to which it is proposed to 
dispose of a given type of waste. Such 
inform ation relates to those processes 
in the sea which determ ine the ra te 
a t  which an effluent would be diluted 
and dispersed. The complexity of 
these processes becomes apparent 
when the interaction of tides and 
winds in m ixing and transport of the 
w ater is examined.

Reliable data  should be available 
also on the chemical and physical char­
acteristics of the wastes which it  is 
proposéd to discharge. The effect of 
the environment on the pollutant, in 
the way it  partitions, degrades, or re ­
concentrates m ust be determined. This 
often involves painstaking laboratory 
experiments and field studies.

In  general, the waters can be pol­
luted and flushed rap id ly  following a 
given period of inpu t of pollutant. 
H arm ful effects of an acute natu re can 
be revealed quickly in coastal waters 
when highly toxic substances are re ­
leased. I f  exchange is relatively fast, 
the harm ful substances also can be 
diluted and dispersed rapidly.

Bottom:—The bottom of polluted 
environments is modified much more 
slowly than the water above it. The 
bottom sediments acquire pollutional 
modifications of a long-term nature. 
By the same token, the modified bottom 
cannot be restored rap id ly  to its origi­
nal condition, short of being dredged 
by man-made m achinery or through 
some catastrophic disturbances. .Tfrp 
bottom m aterials represent a cum ula­
tive effect of pollution th a t may cause 
gradual deterioration over a period of 
many years. A long~series of bottom 
sampling, coring, and sediment tra p ­
ping is required to understand the 
changes that occur in the bottom m a­
terials.

The Individual Organism

Studies on the individual organism 
may be carried out in  situ  or in the

laboratory. However, in  the field the 
animal m ust be m aintained in  a live 
box or in some other suitable enclosure 
where it can be observed under as 
nearly natu ral conditions as possible.

Acute Effects:—The highly toxic ef­
fects of a pollutant are m anifested 
ra ther quickly in  death or in very 
obvious distress. In  past studies, mor­
ta lity  was the criterion th a t toxic con­
ditions existed. S tandard  procedures 
of bioassay (3) gave a rap id  method 
of evaluation of toxicity of industrial 
wastes to fish, based on m ortality for a 
given period of exposure. Seldom 
were autopsies perform ed to determine 
the cause of the death.

Sub-Lethal Effects :— The trend  in 
recent years in biological pollution 
studies has been toward the sub -le tF ií. 
effects of pollutants, ra ther than ex- 
àminmg only flïë~~TetHâr condltionsT 
"Some of the newer techniques in study­
ing sub-lethal effects are described by 
W arner et al. (4 ). In  the long run, 
these effects may be as im portant in 
modifying a population of fish as out­
righ t m ortality. F or example, the 
sub-lethal effects of low concentrations 
of pulpm ill wastes on some of the sal­
mon stocks in the F raser River system 
often are discussed. The salmon which 
migrate through the F rase r River sys­
tem up to the S tu a rt Lakes area have 
to cover a distance of 600 miles (960 
km) or more, overcoming m any ob­
stacles enroute. The vital question 
m ight be asked, “ W hat effect does the 
low concentration of pulpm ill effluent, 
which exists in the river system a t the 
present time, have on the stocks of 
salmon going up to the S tu art Lakes 
a rea?”  I t  is known th a t during cer­
tain critical years the salmon do not 
get to the headwaters of the F raser 
River'■system because of slides, low- 
water conditions, and possibly high 
temperatures. How m any more fish 
may die unspawned during some years 
because of the pulpm ill effluent?

Clinical examinations of distressed 
fish and of fish killed by lethal con-
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centrations of pollutants now are be­
ing- carried out in many laboratories. 
There is a dire need for this type of 
inform ation if the “ how”  and “ w hy” 
of m ortality occurring to a given stock 
of fish under a given set of circum­
stances is to be understood. Medical 
techniques are finding great applica­
tion in this aspect of pollution biology.

Communities

I t  is, perhaps, as im portant to ex­
amine the aquatic communities in the 
m arine environment as it  is to examine 
individuals comprising those communi­
ties. The communities may become 
modified in composition or in  size; 
they may shift their position; or they 
may disappear entirely. I t  is the com­
m unity of organisms th a t reflects the 
integrated effect of pollution over a 
protracted  period of time.

The changes in numbers and p re­
dominance of species in a given popu­
lation of organisms are related to the 
fact th a t as the conditions become less 
tolerable for many species, the more 
resistant ones survive and gradually 
take over. F irs t applied by Dr. Ruth 
P atrick  in  her studies of diatom popu­
lations, the concept of diversity of 
species has been used widely by con­
sultants and control agencies in as­
sessing pollutional effects (5). The 
concept now is accepted widely as a 
tool in pollution studies. ;

Most of the research on aquatic 
communities to date has been done on 
the benthos. A study of the sedentary 
populations comprising the benthos 
has advantages over investigation of 
planktonic populations. Beak et al. 
(6) showed how pollutional effects 
could be monitored in the benthos 
through the use of bivariate control 
charts. For such applications, more 
inform ation is needed on all marine 
communities. Studies of these com­
munities can be enhanced by the avail­
ability of computer techniques.

The Marine Ecosystem

There is a need for more inform a­
tion on the relationship of the marine 
environment to the aquatic popula­
tions. This can be gained only through 
a m ulti-disciplinary approach, using 
all the latest techniques, w ith a great 
deal of team work. Changes in the 
biological balance brought about by 
the introduction of pollutants can be 
represented by changes in the energy 
balance of the system. Such studies 
have been carried out by a number of 
investigators in the inshore waters of 
the Gulf States where pollutants have 
modified considerably the estuariae en­
vironm ent (7) (8).

The ecosystem approach leads to a 
large mass of data, which can be proc­
essed only through a set of complex 
equations being solved by computers. 
W hile this approach may seem too fu n ­
damental for pollution studies, a need 
exists for such inform ation gathering 
and processing so th a t valid predic­
tions can be made on changes th a t will 
occur with a given inpu t of pollutant. 
The state of knowledge on ecosystems 
to a decade ago has been reviewed by 
a num ber of contributors (9) (10) 
(11) (12) (13) to the Symposium on 
Perspectives in M arine Biology held 
at the Scripps Institu tion  of Oceanog­
raphy in 1956 (14). A more recent 
review has been published (15) (16)
(17).

New Approaches in O bservations

Environm ental Studies

The importance of environmental 
aspects of polluted areas has been 
documented in a num ber of studies
(18), symposia (19), seminars (20), 
and conferences (21) (22) (23). F or 
m any years, ra ther prim itive tech­
niques have been used for sampling 
both the w ater and the bottom in 
both the freshw ater and marine en­
vironments. The water sampling bot­
tle and the bottom grab are only too 
fam iliar to everyone who has worked
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in limnology or oceanography. For 
prelim inary, crude descriptions of the 
environm ent these techniques were 
adequate. However, for the more 
precise type of information taken con­
tinuously in space and time, sophisti­
cation in  equipment has been neces­
sary. Oceanographers have benefited 
greatly  from advances in space tech­
nology. Various types of sensing de­
vices and telemetering instrum ents, 
now offered on the market, m ight not 
have been available otherwise.

Continuous Observations :—I t  has 
been found necessary to procure con­
tinuous data on various param eters to 
examine fully  the effects of pollution. 
Changes occur diurnally, under tidal 
influence, and from day-to-day with 
changing winds, tem peratures, and in ­
solation. There now are available 
sensors for measuring a host of differ­
ent param eters, and techniques for 
determ ining continuously certain chem­
ical constituents. Sensors have been 
developed for measuring continuously 
salinity, tem perature, dissolved oxy­
gen, pH , alkalinity, turbidity, color, 
and chlorophyll. Continuous-flow sys­
tems now are being m anufactured for 
the determ ination of nutrients (sili­
cates, nitrates, nitrites, and phos­
phates), phenols, spent sulfite liquor, 
and any other constituents which lend 
themselves to a colorimetric determ ina­
tion. D ata coming from such continu­
ous analysis can be in the form of, a 
digital output or in analog (chart) 
form. D igital data can be telemetered 
directly into a computer and processed 
for a computed output of information. 
I t  is understood that a monitoring sys­
tem adapted in  this way in the Du- 
wamish River, near Seattle, has been 
operating for some years (24).

W ith  solid-state electronics available 
nowadays, some of the continuous 
m onitoring systems can be adapted to 
carry out measurements on battery 
power remote from standard  line 
power. Various thermographs and 
tide gauges, of course, have been in

operation for some time w ith simple 
hand-winding, clock mechanisms al­
lowing them to ru n  for seven days or 
more a t  a time without attention.

Buoy techniques developed in re­
cent years have allowed a great deal 
of inform ation to be gathered in  situ  
on currents and tem peratures a t s ta ­
tions remote from shore. Some of the 
available current meters are designed 
to operate for 30 days a t  a time and 
have an output punched on tape or 
recorded on photographic film. Such 
equipment was used in studies of De­
partu re  Bay and Saanich In le t d u r­
ing the summer of 1968. The current 
meter output often is made compatible 
to various types of computer systems 
and can be analyzed directly.

I t  m ight be of interest to know that 
one of the operations from  the De­
fence Research Establishm ent Pacific 
at Esquim alt, which has carried out 
acoustical studies in the Arctic over 
the past few years, has had research 
instrum ent packages (R IP ) mounted 
on the bottom at a number of Arctic 
stations. These instrum ents were left 
there for a period of a year, and four 
out of the five were recovered this 
past summer. Acoustical release de­
vices were used to bring the submerged 
buoy to the surface. An automatic 
dye-emission system was used to iden­
tify  the location from the air. One 
system which surfaced under the ice 
was observable because the brigh t dye 
showed through the ice. Acoustic rec­
ords for a year were obtained. Only 
1 of the 5 instrum ent packages was not 
recovered, and it  is anticipated that 
this package was “ rubbed o u t”  by a 
large iceberg which was estimated to 
extend to a depth of something like 
1,400 f t  <425 m ).

Continuous observations are neces­
sary if time-series data are to be stud­
ied to understand the dynamic proc­
esses which occur in the sea. Unfavor­
able conditions could occur at times 
when they norm ally would not be ob­
served by spot measurements. Mis­
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leading inform ation could be gained 
by single observations a t atypical 
times. A long series of data can be 
.used to obtain a valid statistical mean 
from  which deviations can be mea­
sured.

Advances in Oceanographic Survey 
Instrum entation  :—Because of the need 
for a better understanding of the ver­
tical s tructure of the water, instru­
ments have been designed to give, p re­
cisely, profiles of water characteristics 
w ith depth. The old bathythermo­
graph which gives the tem perature 
w ith depth on a smoked glass slide 
(la tte rly  on a gold-plated slide) is a 
fam iliar device. There has been a 
device to record tem perature and sa­
lin ity  continuously with depth since 
about 1918 (25). B u t this was not too 
satisfactory, p artly  because of lack of 
precision and partly  because it re ­
corded salinity, tem perature, and 
depth on a multi-channel recorder 
with considerable effort needed to ex­
trac t the data. The present system is 
much more accurate and can be low­
ered readily on an armored electrical 
cable to 1,500 m. In  competition with 
this American system, there is a Bathy- 
sonde made in  W est Germany. There 
have been conflicting reports on the 
reliability of the latter system, al­
though the Bedford Institu te  in D art­
mouth, Nova Scotia, is using one for 
their oceanographic studies. While 
improvements still have to be made in 
the tem perature sensor for the Ameri­
can system, it  has yielded much useful 
data.

Presently, a system is being built by 
the National Research Council of Can­
ada to carry out observations on the! 
wider range of salinities prevailing in 
inshore coastal waters. A sim ilar sys­
tem, built as a prototype, already has 
been tested in the Bedford Institu te 
and appears to offer much for speed 
and versatility in coastal oceanog­
raphy.

To satisfy the needs of the Navy for 
carrying out tem perature surveys

without losing a great deal of slow­
down time needed in bathytherm o­
graph surveys, an expendable device 
has been developed. This device is 
launched a t  speeds up to 30 knots 
(55 k m /h r) and provides tem perature 
data which appear to be a t  least as 
good as given by standard  equipment. 
The cost of these expendable probes is 
still comparatively high, but the in ­
strum ent is finding acceptance in many 
oceanographic institutions. A n ex­
pendable device also has been devel­
oped for launching from  helicopters, 
which may find application in  projects 
requiring rap id  tem perature surveys.

Synoptic A real Surveys :—Because 
of the need for rap id  surveys in coastal 
waters to overcome the short-term ef­
fects of tides, runoff, and winds, a ir­
borne platform s of various types are 
finding increasing use in such studies. 
Fixed-winged a irc raft and helicopters 
already have met w ith much success; 
and now hovercraft (air-cushion ve­
hicles) are being considered. Aerial 
photography has provided a synop- 
ticity not available previously with the 
traditional type of oceanographic su r­
vey. Black and white aerial photog- 
raplry has been used for studying the 
movement of clouds of silty water and 
of various types of targets to measure 
currents (26). Studies of aquatic 
vegetation have been carried out by 
color aerial photography in  California 
(27) (28) (29). Color has provided 
a new dimension in aerial photography 
of coastal waters. The trend  toward 
color has been stim ulated by photo- 
grammetric engineers using the tech­
nique in terrestrial aerial photography 
(30) (31). The use of dyes for the 
study of diffusion in  surface waters 
has found a good deal of application 
among some of the oceanographic in ­
stitutions. particularly  the U. S. Coast 
and Geodetic Survey (32) and the 
Chesapeake Bay Institu te  of The Johns 
Hopkins University (33). Use of a 
special filter with black-and-white pho­
tography has provided tremendous
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sensitivity fo r recording patches of 
rhodamine-B dye (34). Analysis of 
fluorescent dye concentrations with a 
fluorometer (35) can be used as a 
check on data from  aerial photography.

Aerial photography in oceanography 
has found a g reat impetus from the 
recent photographic probes of satel­
lites. Aerial photographs from  the 
meteorological satellites, ESSA-1 and 
ESSA-2, as well as from Nimbus, have 
been used prim arily  for m apping cloud 
cover around the earth. However, it 
is gradually becoming apparen t that 
this type of aerial m apping also may 
find application in oceanographic stud­
ies. Using in fra red  and color imagery, 
it  has been found possible to delineate 
certain biological phenomena and tem ­
perature variations in marine waters 
(36).

In frared  photography was used in 
wartime for detecting camouflage be­
cause it  can distinguish living plant 
life. I t  now is being used for finding 
patches of algae growing in the water 
(29). A  study on the la tte r was re­
ported to this Association a t its annual 
meeting last year (37). I t  appears to 
have a great deal more potential than 
recognized so fa r  in  marine pollution 
studies.

In frared  sensors have been used for 
m easuring surface tem peratures a t sea 
and on the G reat Lakes. W hile not too 
accurate ( ±  0.5°C), these air-borne 
radiation thermometers have been use­
ful in providing broad pictures of tem ­
perature distribution along the coast. 
In fra red  scanning has been used to 
map the surface tem peratures of the 
w a te rs .-W h en  the tem perature is re­
lated to currents, as in the case of the 
Gulf Stream, the curren t patterns are 
revealed clearly. The in frared  scan­
ning techniques are shrouded some­
what in m ilitary  secrecy, but gradu­
ally are becoming available to civilian 
scientific users.

I t  has been suggested (38) (39) th a t 
the property of strong absorption in 
the ultraviolet, visible, and infrared

parts of the spectrum  by gases and 
vapors emitted by certain substances 
can be used for detecting m aterials on 
the water surface. Iodine vapor was 
one which showed a very strong ab­
sorption and could be detected by an 
aerial spectrometer. The possibility 
was expressed for remote detection of 
fish-oil films and schools of fish asso­
ciated with them. I t  was speculated 
also (38) th a t vapors from various 
polluting substances a t  the air-sea in ­
terface might be detected in this way.

The whole subject of aerial remote 
sensing barely has been touched. There 
was a symposium of the American So­
ciety of Limnology and Oceanography 
and the Ecological Society of America 
in  June 1968 to report on some of the 
latest findings in th is exciting field. 
Although aerial techniques have been 
prim arily profitable for studying the 
surface waters, it  has been suggested 
th a t m apping and identification of 
aquatic vegetation and bottom sedi­
ments of shallow waters might be pos­
sible (28). Aerial photographic stud­
ies of shallow water benthic conditions 
already have been reported (40).

Bottom Surveys:—Studies of the 
bottom m aterials can include the t r a ­
ditional techniques employed in  m a­
rine geolog}r. There is a need for in- 

Jo rm ation  on the character of recent 
sediments as obtained w ith bottom 
grabs, dredges, and piston corers. 
Sample analysis can be tedious and 
the proper classification of data oner­
ous. As in other compilations of vol­
uminous environmental data, attem pts 
are being made to record the data on 
cards for rapid computer sorting and 
analysis (41).

Bottom phonography to record the 
surfieiaU character of the sediments 
now is standard practice. Underwater 
closed-circuit television often is used to 
explore phenomena at g reat depths. 
The growth of SCUBA diving as a 
popular sport has been a stimulus to 
m arine geologists who want to study 
shallow, marine areas in situ. Now
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submersibles are coining into tlieir 
own. D uring the A rctic expedition, 
mentioned earlier, the Canadian sub­
mersible, P ISC ES I, was used success­
fully  in geological surveys and for 
collecting biological specimens which 
would have been impossible to procure 
otherwise.

In  addition to the above techniques, 
it is necessary to study the dynamic 
processes present in  the sediments. 
The changes in bottom characteristics 
caused by pollutants can be determined 
by periodic bottom sam pling surveys. 
The sedimentary m aterials added by 
pollutants can be m onitored w ith traps 
set on the bottom to collect sediments 
during weekly or m onthly periods (42) 
(43). I t  also is necessary to determine 
the changes in dissolved oxygen, in 
the sediments, and in the overlying 
water caused by decomposition (44). 
Associated with this, redox determ ina­
tions should provide a measure of the 
activity of bacteria.

D ata Analysis:— The large volume 
of data that emanates from  the use 
of the new, sophisticated instrum ents 
for continuous recording and rap id  
synoptic surveys demands th a t a more 
rap id  way of data analysis be made 
available. W herever possible, a systems 
approach is being used. The data  are 
being programmed directly  from  in­
strum ent into the com puter to provide 
the type of ou tput needed. In  ocean­
ography, the trend is toward obtaining 
real-time data. As in  meteorology for 
predicting daily a ir flows, such data 
are needed for m aking rapid, reliable 
predictions on water movements. This 
provides information on the presence 
of fish stocks which m ay be associated 
with the water masses.

The availability of much physical 
and chemical data  on the m arine en­
vironm ent and computers for analysis 
allows an analytical study of the given 
area to be made. This means th a t a 
mathematical model can be set up  to 
simulate conditions in nature, and the 
various terms of the model can be 
changed according to the needs. Be­

cause of the complexity of the model, 
it usually is tested on the computer. 
A number of studies of this type have 
been carried out on the east coast of 
the U nited States (45) (46) (47) (48)
(49). F or consulting engineers deal­
ing w ith oxygen balance in some of 
these heavily-polluted estuaries, it  ap ­
pears th a t the systems approach w ith 
an analytical, mathematical model is 
the only way to obtain satisfactory 
solutions.

Biological Studies
The studies of biological effects of 

m arine pollution have to be sub­
divided into two basic p arts : field and 
laboratory. F ield data unsupported by 
laboratory studies do not provide the 
full p icture of the biological effects. 
On the other hand, the laboratory 
worker without support from a field 
program  tends to work somewhat in 
a vacuum.

Field :—A program  of biological 
studies in the m arine environment 
may be subdivided into a number of 
projects, including prim ary produc­
tivity, plankton studies (phytoplank­
ton and Zooplankton), larval and 
juvenile fishes, and benthos investiga­
tions. A fu ll study to determine the 
impact of pollution on the environment 
and on the biota should include an 
investigation of the food chain in the 
sea. A t the Biological Station in N a­
naimo, ju s t such an investigation p res­
ently is underway in the S tra it of 
Georgia. While i t  is not directed 
toward pollution research, the same 
approach could be used to investigate 
the effects of pollution on the marine 
ecology.

By standard  chemical techniques
(50), the nutrients are studied to de­
termine the seasonal levels a t a num ­
ber of stations in  the S tra it of Georgia. 
The nutrients investigated include the 
silicates, phosphates, nitrites, and n i­
trates. The only n u trien t which ap­
pears to lim it the growth of phyto­
plankton a t any tim e of year appears 
to be nitrate, although other forms of
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nitrogen compounds may be made 
available during  periods of low n i­
trate. The phytoplankton are studied 
both by sam pling for microscopic ex­
amination and by analysis of the pig­
ments. This provides a gross overall 
p icture of the phytoplankton standing 
crop.

In  conjunction w ith grazing of phy­
toplankton by the Zooplankton, a lab­
oratory study is underw ay on plankton 
dynamics. Basically, the predator- 
prey factor has been investigated under 
different conditions m aintained in  cul­
tures of phytoplankton and Zooplank­
ton. This experim ent could be modi­
fied by introducing another variable— 
a pollutant.

The abundance of larval and small 
fishes has been examined in  different 
areas of the S tra it of Georgia in  re la­
tion to the Zooplankton, both from the 

" stomach contents of the fish and from 
Zooplankton sampling. Again, similar 
field investigations could be extended 
to include w aters affected by different 
concentrations of pollutants.

One of the features appearing from 
studies in  Nanaimo, B. C., is th a t a 
shift in composition of plankton affects 
the next trophic level. I t  has been 
found th a t the extent of Zooplankton 
grazing depends very highly on the 
cell size and concentration of the phy­
toplankton blooms (51). A lthough the 
total biomass of organisms present as 
food for a given species is im portant, it 
appears th a t the size of the particular 
organisms used as prey m ay be even 
more vital. Also, the protein content 
of the particu lar organism in the food 
chain is an im portant factor in m ain­
taining proper nutrition  for animals in 
the next trophic level. A sh ift in the 
composition of organisms caused by 
adverse conditions may lead to a pro­
fusion of “ weeds”  which are useless as 
forage organisms. In  the experiments 
conducted a t  Nanaimo, it  has been 
found th a t diatoms are preferred  to 
dinoflagcllatcs by certain copcpods 
( Calanus p lum chrus) .

The above studies of the size and 
cell-number relationships to grazing 
have been possible only because equip­
m ent was available th a t could count 
and give the size frequency of the phy­
toplankton. The counting device used, 
originally designed for blood-cell 
counting, can be made adaptable for 
analyses of phytoplankton and miero- 
zooplankton. The Nanaimo research 
instrum entation shop is working on 
an instrum ent th a t will count and give 
the sizes of the macro-zooplankton 
greater than  one mm long. An in situ  
plankton counter and sizer has been 
developed. This device will provide 
the same type of inform ation on zoo-, 
plankton in the actual environment 
th a t heretofore has been obtained only 
in the laboratory.

Microbiological studies have been 
carried on concurrently w ith macrobio- 
logical investigations in the S tra it of 
Georgia. Recent work has shown th a t 
bacteria contribute substantially to 
rap id  conversion of nu trien ts from 
detrital m aterial in the sediments into 
available form for phytoplankton (43). 
Also, i t  has been found that bacteria 
contribute to the food for young sal­
mon by as much as 10 percent (52).
In  bacteriological studies associated 
w ith the Zooplankton work, it  has been 
discovered th a t a parasitic yeast infects 
some of the copepods in some near­
shore waters, possibly causing a sub­
stantial m ortality in the copepod pop­
ulations under certain circumstances 
(53). There is no doubt th a t a great 
deal more will be discovered in these -  
bacteriological studies,- thus elucidat­
ing certain processes associated with 
the food chain in the m arine environ­
ment.

Benthos-studies in relation to pollu­
tion, except for some research on pulp­
mill effluent vs. oysters, have not been 
carried out a t Nanaimo. Studies of 
the benthos in waters adjacent to V an­
couver Island have been conducted by 
others (54). Classification and archiv­
ing of benthos data in a systematic way 
have been achieved by pu tting  the



1504 JO U R N A L  W P C F Septem ber 19G9

benthos information on IBM  cards 
which are la ter p u t through a com­
pu ter for rap id  analysis, printout, 
an d /o r storage.

I t  would seem th a t the study of 
benthos has the greatest potential for 
revealing certain cumulative effects of 
pollution on the m arine biota. Bottom 
animals, because of their sedentary na­
ture, tend to integrate the effects of 
long-term exposure to adverse condi­
tions. Therefore, i t  would be antici­
pated  that studies of individual ani­
mals and of communities should be 
quite rewarding. A great deal of re ­
search has been done on the bottom 
organisms off the coast of C alifornia in 
relation to conditions arising from 
wastewater pollution (55) (56). There 
is a great need for sim ilar work in as­
sociation with other investigations on 
m arine pollution, both on our coast 
and elsewhere.

All the foregoing biological pollu­
tion studies should be in tegrated  care­
fu lly  in an ecosystem investigation. 
Procedures of experim ental design and 
analysis developed in other studies 
(57) (58) (59) (60 ).(61 ) (62) should 
be explored. A recent volume (64) 
examines the problem of resource m an­
agement from an ecological point of 
view. Pollutional stress could be in­
cluded in  one of the models which 
brings into play various environmen­
tal parameters.

Laboratory :— Biological studies in 
the laboratory m ay be extremely di­
verse when effects of pollutants are 
considered. B u t in  general, biological 
laboratory studies on effects of water 
pollution may be subdivided into two 
p a rts : (a) bioassays for acute toxicity, 
and (b) investigation of sub-lethal ef­
fects. A t the Nanaimo station, most of 
the work on pollution biology has been 
on the bioassay aspects. Some of this 
early work has been devoted toward 
the determ ination of the 96-hr LD50 of 
various pollutants tested on young 
Pacific salmon. However, lately the 
research has moved toward a m ulti­
variate analysis of the effects of pol­

lu tan ts under different conditions of 
the environment. This has been es­
sentially a factorial design to incorpo­
rate tests of pollutants on fish—vary­
ing salinity while the tem perature and 
dissolved oxygen are m aintained con­
stant, then varying the tem perature at 
constant salinity  and dissolved oxy­
gen, and finally varying the dissolved 
oxygen while m aintaining salinity and 
tem perature constant. These studies 
have been described by Alderdice (58) 
(59) (60) (61) (62). There is a great 
output of data  from such an approach 
in experim ental design and i t  is nec­
essary to program  the processing into 
a computer. The experim ental design 
and analysis of data  are based on tech­
niques first proposed for industrial ex­
periments (57). The output is one 
which provides inform ation on re ­
sponse surfaces ra ther than ju st on 
response curves for each pollutant 
with each species of animal tested.

The sub-lethal effects of pollutants 
become increasingly more im portant 
as one moves into the examination of 
biological effects of low concentrations 
of polluting effluents. A number of 
studies for sub-lethal effects already 
have been reported for tests on fish 
(65) (66) (67) (68). Other research 
has been reported on sub-lethal effects 
of various life-stages of shellfish (69). 
I t  would suffice here to summarize only 
some of the techniques which have 
been used and perhaps comment on 
others th a t m ight be adapted for stud­
ies of sub-lethal effects. Histo-chem- 
istry is a technique that is common to 
biological studies where changes in 
the cell structure of different organs 
are examined in stained th in  sections 
under the microscope. I t  seems p a r­
ticularly suited to examining the ef­
fects of low concentrations of pollu­
tants on the vital organs of fish. Blood 
serum electrophoresis provides p a t­
terns which appear to be different for 
different degrees of exposure to pol­
lutants when fish from the same stock 
are used (65). H em atocrit and other 
clinical hematological examinations
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(72) are being applied increasingly in 
studies of pollutional effects. The in­
hibition of enzyme activity, as ob­
served with cholincsterase (73), seems 
to offer considerable hope for deter­
mining the subtle effects of insecticides 
on organisms. Extensive research and 
reviews have been conducted on the 
sub-lethal effects of insecticides (4) 
(74) (75)..

Respirometers are now quite com­
mon to measure the metabolic changes 
which occur in fish w ith increasing 
activity. A great deal of work has 
been done on the respiration of young 
salmon (76) (77) (78) and of other 
fish (79) in a closed respirometer 
where they are subjected to different 
cu rren t speeds. However, m easure­
ments have not yet been made on this 
apparatus to determine changes in 
metabolism when the fish are exposed 
to a pollutional load.

The changes in buccal-cavity pres­
sure seem to be a good criterion for 
adverse effects of pollution on fish. 
W ork along this line has been carried 
out by the B ritish  Columbia Research 
Council (80) to measure the effects of 
pulpm ill wastes with different degrees 
of treatm ent. The trend is toward 
closer adherence to medical techniques, 
particu larly  clinical toxicology as used 
in medicine (81). The toxic action of 
m any poisons now is being examined 
(82) (83) (84) to determine fu rther 
ways of exploring effects of sub-lethal 
concentrations on organisms.

Sub-lethal effects also can be m ani­
fested a t very low pollutant concentra­
tions. F or example, it has been found 
w ith extremely low concentrations of 
pulp-mill effluents (about one-thou­
sandth of the lethal concentration) 
th a t certain avoidance reactions can be 
detected in A tlantic salmon (85). The 
learning ability of A tlantic salmon 
definitely is affected by concentrations 
of DDT a t levels of 50 ppb (86). I t  
is probable th a t other behavioral ac­
tions—aggressiveness, territorialism ,
and courting of fish—are affected in

varying degrees by low concentrations 
of certain types of toxic materials.

Discussion
From  the practical point of view, 

the question m ight be asked, “ W hat 
makes a system degrade?”  I t  is 
known th a t the cumulative effect of 
pollutants causes gradual deterioration 
of the aquatic environment. B u t how 
do these factors act? From  casual 
observation, the effects are insidious. 
One year, fishing in a given body of 
water may be enjoyed; 10-yr later 
there are no fish available and the 
waters have a noxious odor. Where 
tro u t or salmon once abounded, only 
carp or some other types of coarse fish 
are found. W hy has this occurred? 
A nd how has the changed environment 
changed the biota?

To appreciate the effects of pollu­
tion in the marine (or any other) en­
vironment, the conditions or require­
ments which allow living organisms to 
grow, mature, breed, and replenish 
their stocks m ust be known. The so- 
called “ weak links”  in the life cycle 
of the involved forms m ust be under­
stood and appreciated. Knowing what 
circumstances are favorable then al­
lows a search for departures which 
may be unfavorable.

The ecological implications of pol­
lutional effect (i.e., the effect on an 
ecosystem) which may not be apparent 
from  studying selected individuals or 
selected species must be appreciated. 
Since very complex interrelationships 
exist within animal communities, 
changes which influence limited num ­
bers of the community directly are 
liable to influence many members 
(species), indirectly, as the community 
seeks neiy balance under the altered 
set of environmental conditions. Too 
often the study of an already affected 
environment and ecosystem is the first 
acknowledgement of pollutional effect.

Two general approaches to un d er­
standing the interrelationships be­
tween animals and environments are 
employed—field studies and laboratory
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studies. Tlie former seeks understand­
ing among a host of operating circum ­
stances which are difficult to sort with 
respect to their significance. The la t­
te r provides direct and sensitive in ­
formation, but its significance in the 
natu ra l environment m ay be difficult 
to evaluate.

In  general, pollutional effects are of 
three types: (a) indiscriminate, d i­
rect, and easily observable. The re la­
tion between cause and effect is simple 
and direct (e.g., oil on birds, or high 
or low tem perature, or high DDT con­
ten t) ; ( b ) sub-lethal and discriminate, 
e.g., a change insufficient to be rapidly 
debilitating, but one which causes 
problems in some p a rt of the food 
chain, kills the younger or less hardy 
members of a species, or shifts condi­
tions away from those most favorable 
for balance in  the community (or the 
“ b est”  balance) ; and (c) those which 
change the environm ent almost im per­
ceptibly or those whose effects are dis­
crim inate, yet so small th a t only time 
trends will establish the fact th a t a 
change is occurring or has occurred. 
The first (a) is usually easy to dis­
cover. The second and third, (&) and 
(c ), are difficult and are the subject 
of both field and laboratory investiga­
tional techniques.

Increased insight into subtle and 
long-term changes in the m arine en­
vironm ent (ap art from  those which are 
obvious) will await (a) new and im­
proved techniques for determ ining 
subtle biochemical and physiological 
changes in organisms comprising the 
community, (&) extension of multi- 
variable quantitative methods of eco­
logical study whicfi will allow exami­
nation of large numbers of variables 
and variâtes (i.e., tem perature, salin­
ity, turb id ity , K, P, N, etc., vs. popu­
lation numbers,' numbers of species, 
biomass, growth rate, etc.), and (c) a 
sampling program  to enable the de­
tection of long-term drifts  in physical 
and chemical a ttributes of water (in ­
cluding organics and inorganics), and 
of bottom sediments in coastal waters.

An inter-disciplinary approach m ust 
be taken, both in laboratory and field. 
Collection of field data  of a m onitoring 
type seems tedious, .but it is needed 
for examination of long-term effects. 
Time-series analysis m ust be carried 
out to determine the dynamic processes 
in the system and the deviations from 
a mean condition. Computer analysis 
of data  must be applied if the large 
volume of inform ation is to be assimi­
lated properly. M athematical models, 
designed to simulate a number of p e r­
tinen t variables, can elucidate proc­
esses.

Laboratory analysis m ust take into 
consideration all factors when testing 
a po llu tant on a different test animal. 
The approach used to examine all com­
binations of environmental factors for 
determ ining the response of the animal 
must be continued. In  this way, there 
will be understanding of the signifi­
cance of some of the pollutants under 
different environm ental conditions 
which occur seasonally w ith different 
tem peratures, runoff, and wind condi­
tions. Suitable field data  must be 
made available for testing the labora­
tory results. Only then can the labora­
tory experiments be controlled ade­
q u a te ^  to provide the information 
needed in the field.

An ecosystem approach with an in ­
tensive examination of all components 
should be made for a better under­
standing of the various factors in ­
volved. This means often a m ulti­
disciplinary attack on the problem. 
Q uantitative data  obtained from vari­
ous types of observations then can be 
fitted into a model sim ulating the con­
ditions and the end effects determined. 
Only in  this way can a valid prediction 
of the conditions expected with modi­
fication of the environm ent by in tro­
duction of pollutants be provided.

It  m ight be appropriate here to in ­
sert a quote from W atts (64) on com­
m unity energetics:

W hen we exam ine th e  deta ils  of food 
cycles, we see th a t  the nonliving and 
living elem ents in n a tu re  a re  bound to ­
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g e th e r in  a  system  through  which energy 
cascades an d  m a tte r  cycles: the ecosys­
tem. P la n ts  use inciden t so lar energy 
and  m inerals to  m an u fac tu re  living tissue 
la te r  eaten  loy herbivores, which in tu rn  
a re  ea ten  b y  carnivores. As the living 
tissue  dies a t  each stage, i t  m ay be 
broken  down in to  m ineral m ate ria l which 
then  re-en ters th e  cycle. I t  is im p o rtan t 
to  no te  th a t  while m atte r  can  cycle 
th ro u g h  th e  ecosystem  repeatedly, energy 
passes th ro u g h  only once (fo r  a  given 
u n it  o f incom ing ra d ia tio n ) , and  there  
is w astag e  a t  each level of the food 
py ram id  (p lan ts , herbivores, prim ary, 
an d  secondary  carn ivo res). T his is why 
we say  th a t  energy cascades, whereas m at­
te r  cycles th ro u g h  th e  system.

I t  generally is conceded that the 
am ount of energy absorbed by a sys­
tem is modified by pollution, normally 
being less under polluted conditions 
than in the original state. '

F rom  a more pragm atic point of 
view, there is a real heed to find a 
better criterion of toxicity than stan­
dard  bioassay methods. W hile all the 
physical and chemical param eters can 
be m onitored and sensed w ith avail­
able equipment, the toxic level of 
either a given waste or of a waste- 
receiving stream  cannot be detected. 
I t  is no t likely th a t a machine can be 
built to sense toxicity, unless the tox­
icity can be related to some physical 
or chemical factors. Perhaps the stan­
dard  bioassay technique for toxicity 
will have to be accepted for some time. 
I f  this is the case, the technique, 
should be applied in  a more routine 
fashion for detecting toxic conditions 
in receiving waters. This might be 
done by a series of tanks through 
which the w ater is channelled. When 
a given num ber of fish have died, then 
some sort of electrical signal should be 
generated to sound a  warning.

Sum m ary

The interrelationships between 
aquatic communities and the marine 
environment, between individual com­
munities and between organisms w ith­
in those communities are extremely 
complex. To understand these in ter­

relationships, teamwork representing 
many disciplines m ust be applied. The 
sophisticated instrum ental techniques 
now available allow examination of 
the environment continuously and 
more thoroughly. Aerial techniques 
for synoptic surveys, as well as con­
tinuous recording instruments, are 
speeding the output of better data than 
available previously. Advances in 
computer technology w ith machine 
processing allow testing of models 
simulating changes in the environment.

Biological surveys still are tied 
largely to traditional sampling tech­
niques—using bottom grabs and 
dredges of various types, plankton 
nets, and water sampling bottles of 
various descriptions. Analysis contin­
ues to be slow and tedious, largely be­
ing carried out under the microscope 
by specialists. However, biologists now 
are taking advantage of computer 
processing of data for more effective 
classification, archiving, and retrieval 
of biological data. New biological data 
on numbers and sizes of organisms are 
appearing from the use of counting 
and sizing devices becoming available 
on the market. Such information, as 
well as data collected by instruments, 
can be processed properly only by a 
computer.

Laboratory studies of the effects of 
pollution m ust swing more and more 
toward the examination of sub-lethal 
effects. Methods for detecting re­
sponses to deleterious substances in 
individuals m ust be improved. T radi­
tional methods of the medical sciences, 
used in toxicology, hematology, physi­
ological chemistry, epidemiology, p a th ­
ology, and medical statistics, m ust be 
explored and used where applicable.

The output of more reliable data 
taken concurrently on the various as­
pects of the m arine environment and 
the biota allows a better approach to 
be taken for examination of the whole 
w ater pollution problem. Such quan­
tita tive information, when it becomes 
available, will allow pollution biolo­
gists to provide the engineer and pol­
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lution control agencies w ith the spe­
cific details required to make adequate 
predictions on the effects of a given 
type and volume of waste on the en­
vironm ent and on the organisms in 
the given body of w ater into which it 
is proposed to discharge such wastes. 
Pollution biologists m ust be prepared 
to diagnose ailing ecosystems. They 
should be able to recognize incipient 
ailments of the organisms which arise 
from pollution.
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