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Tile gravel sediment h ab ita t on  the no rthern  edge o f  G eorges B ank (East coast o f 
N o rth  A m erica) is an  im portan t nursery  area fo r juvenile fish, and  the site o f  a 
productive scallop fishery. D uring  tw o cruises to  this area in 1994 we m ade p h o to ­
graphic transects a t sites o f  varying dep ths th a t experience varying degrees o f 
d isturbance from  o tte r  traw ling and  scallop dredging. D ifferences betw een sites were 
quantified by analyzing videos and  still p h o tog raphs o f  the sea bo ttom . V ideos were 
analyzed fo r sediment types and  organism  abundance . In  the still pho tos, the 
percentages o f  the b o tto m  covered by bushy, plant-like organism s and  colonial w orm  
tubes (Filograna implexa) were determ ined, as w as the presence/absence o f encrusting 
bryozoa. N on-co lon ial organism s were also identified as specifically as possible and 
sediment type w as quantified. Significant differences betw een d isturbed and  und is­
tu rbed  areas were found for the variables m easured  in the still pho tos: colonial 
epifaunal species were conspicuously less abu n d an t at d isturbed sites. R esults from  the 
videos and  still p h o to s were generally consistent although  less detail w as visible in the 
videos. Em ergent colonial epifauna provide a com plex h ab ita t for shrim p, polychaetes, 
brittle stars and  small fish at und istu rbed  sites. B ottom  fishing rem oves this epifauna, 
thereby reducing the com plexity and  species diversity o f  the benthic com m unity.
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Introduction

The potential impact of bottom fishing gear on non­
target species has long been recognized (e.g. Alexander 
et a l,  1914) and has become an issue of increasing 
concern in the 1990s (Jones, 1992; Dayton et a l,  1995). 
Large field programmes to evaluate the effects of 
bottom fishing have been conducted in the N orth Sea 
and Irish Sea (Lindeboom and de Groot, 1998) and off 
the East coast of Australia (Poiner et a l,  1998). Several 
recent review articles (Jennings and Kaiser, 1998; 
Watling and Norse, 1998; Auster and Langton, 1999) 
summarize the results of these and other gear-impact 
studies. Effects of bottom  fishing include alterations to 
the physical structure of the sea floor and reduction in 
habitat complexity. In general, bottom  fishing favours

scavenging species at the expense of large bodied and 
fragile taxa.

One reason for this increasing concern about gear 
impacts is that fishing effort has increased to the point at 
which it may be reducing the productivity and biodiver­
sity of continental shelf communities (Boehleri, 1996). 
Bottom trawls and dredges are used pervasively on 
continental shelves around the world. The total area of a 
fishing ground disturbed by fishing gear can be esti­
mated by multiplying the number of tows by the average 
width and length of each tow. Such calculations suggest 
that the total area trawled annually on Georges Bank 
between 1984 and 1990 was over three times the area of 
the bank itself (Auster et al., 1996). Likewise, some areas 
of the N orth Sea were trawled, on average, three to five 
times per year (Welleman, 1989). These averages are
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Figure 1. M ap o f  no rtheastern  G eorges B ank show ing the locations o f  areas surveyed an d  sam pled. The approx im ate dim ensions 
o f  each rectangle are 5 km  x 10 km . D epths in fathom s (m).

misleading because the distribution of fishing effort is far 
from uniform (Rijnsdorp et ah, 1998), but they are at 
least useful for expressing fishing effort statistics as areal 
equivalents.

A second reason for concern is that fishing effort has 
spread to deeper grounds and areas of rough sea bottom 
that were previously avoided by mobile gear fishermen 
(Watling and Norse, 1998). For example, a boulder 
habitat in the G ulf of Maine that supported dense 
colonies of sponges in 1987 was found to have been 
disturbed when a repeat submersible survey was made in 
1993 (Auster et al., 1996). “Rock-hopper” gear allows 
trawls to ride over rough bottom, often dragging and 
overturning boulders and cobbles, thereby crushing 
and removing attached epifauna (Freese et al., 1999). 
As a result, refugia for species vulnerable to fishing 
disturbance may be disappearing.

Thirdly, there is increasing concern about the indirect 
effects of fishing disturbance on the ecosystem, beyond 
the direct removal of target organisms (Gislason, 1994). 
Fishing has been identified as the most pervasive threat 
to marine biological diversity (NRC, 1995; Boehleri, 
1996). In addition to reducing fishing effort, the preser­

vation of fisheries habitat is increasingly considered 
important for sustaining fish production. In the USA, 
the Magnuson-Stevens Fishery Conservation and 
Management Act requires fishery management plans to 
“describe and identify essential fish habitat . . . and to 
minimize, to the extent practicable, adverse effects on 
such habitat caused by fishing” (USDC, 1996). This act 
requires an inventory of fish habitat and is motivating 
basic research on what aspects of habitat limit fish 
production. Given that most areas of the continental 
shelf are already fished with some sort of mobile gear, it 
is also important to determine which sorts of habitats 
are most sensitive to fishing disturbance.

Finally, the advent of underwater photography has 
revealed the complexity of underwater habitats to a 
concerned public. By necessity, early studies (Alexander 
et al., 1914; Graham, 1955) evaluated the impacts of 
bottom  trawling by examining damage to organisms 
caught by the trawl itself. Given their methodological 
constraints, it is not surprising that these studies mini­
mized the impacts, or that the ocean bottom  was con­
sidered to be a  featureless plain. Fishery-independent 
sampling devices and underwater photography make
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Table 1. Sum m ary o f  video transects and  still p h o tog raphs analyzed from  tw o cruises to  northern  
G eorges B ank. Tire site locations are indicated  in F igure 1.

Site
D epth

(m)

A pril 1994 
N o. o f 

video transects

N ovem ber 1994 
N o. o f 

still pho tos
D isturbance

level

10 D eep (85-90) 6 12 U n d istu rb ed 1
13 D eep (80-85) 7 12 D isturbed
17 Shallow  (47-49) 4 12 D isturbed
18 Shallow  (42-47) 4 12 U nd istu rbed2
20 D eep (83-86) 0 18 U ndistu rbed

'L ig h t dredging d isturbance w as observed in N ovem ber 1994. 
2This site m ay have been previously disturbed.

possible the direct detection of impacts to benthic 
communities (Auster et a l, 1989). Photographs of the 
sea floor, including some of those analyzed in this 
study, have been widely published in newspapers and 
magazines.

In general, benthic habitats with three-dimensional 
structure (mud and gravel bottoms) tned to be more 
sensitive to fishing disturbance than communities with 
mobile sandy sediments and little emergent structure 
(Anon., 1996; Jennings and Kaiser, 1998). In mud 
habitats, animal burrows create three-dimensional habi­
tat complexity that can be destroyed by bottom  fishing 
(Watling and Norse, 1998). Stable sand environments 
often support emergent colonial epifauna such as 
sponges and bryozoans. When this epifauna is removed 
by repeated bottom  fishing, the habitat may become less 
suitable for commercially valuable fish and shellfish 
species (Bradstock and Gordon, 1983; Poiner and 
Kennedy, 1984; Sainsbury, 1988). Gravel habitats with a 
high diversity of encrusting species are particularly sen­
sitive to scallop dredging, which removes the attached 
epifauna, thereby reducing habitat complexity and 
species diversity (Dayton et a l,  1995). Numerous trawl- 
impact studies have been completed on continental 
shelves around the world (reviewd by Watling and 
Norse, 1998; Auster and Langton, 1999). However most 
of these studies measured the short-term impacts of an 
experimental fishing disturbance and most occurred in 
shallow depths on unconsolidated sediments (Collie 
et al., 2000). Our study differs in that we measured 
the longer-term impacts of disturbance on a gravel 
pavement habitat ranging in depth between 45 and 90 m.

Georges Bank is a shallow, elongate extension of the 
North American continental shelf east of New England 
(Fig. 1). It has historically been a highly productive 
fishing ground for haddock, cod, flounder, and scallops 
(Fogarty and Murawski, 1998). Both otter trawls and 
scallop dredges are used on Georges Bank; we refer to 
them collectively as bottom  fishing or dredging. The 
main factors regulating the distribution of megabenthic 
(>10 mm) organisms on Georges Bank were found by

Thouzeau et al. (1991)) to be sediment type, tidal current 
speed, turbulent mixing and food availability. They 
found the richest benthic communities on gravel sub­
strates with a biogenic cover of attached epifauna. The 
gravel pavement habitat that covers approximately 
3000 km2 of northern Georges Bank is an important 
habitat for scallops, it is a herring spawning ground, and 
it is a nursery area for juvenile cod and haddock (Lough 
et a l,  1989). Submersible studies of the gravel habitat 
documented the presence of colonial worm tubes, bushy 
hydroids and biyozoans encrusting the gravel particles 
(Valentine and Lough, 1991). These attached epifauna 
provide food and shelter for many animals, including the 
prey of demersal fish. Upright, attached organisms are 
quite fragile and are often destroyed by bottom  fishing 
gear, leaving a uniformly smooth gravel surface. 
Survival of juvenile Atlantic cod in St M argaret’s Bay, 
Nova Scotia, was found to be higher in structurally 
complex habitats, apparently because of increased 
shelter availability and decreased predator efficiency 
(Tupper and Boutilier, 1995). Disturbance of the benthic 
epifauna may therefore increase the predation risk for 
juvenile fish.

In 1994 we conducted two cruises to northern Georges 
Bank to sample disturbed and undisturbed sites on the 
gravel habitat. The degree of bottom  disturbance was 
determined with side-scan sonar. Samples of the benthic 
megafauna were collected with a i m  wide N aturalists’ 
dredge. Analyses of the megabenthic animals collected 
with the Naturalists’ dredge indicated that the disturbed 
sites had lower density of organisms, biomass and 
species diversity than the undisturbed sites (Collie 
et a l,  1997). Many of the species that were absent or 
less common at the dredged sites are small, fragile 
polychaetes, shrimps and brittle stars.

The most apparent difference between the sites was 
the lack of colonial, epifaunal taxa at the disturbed sites. 
These taxa are not quantitatively sampled by the N atu­
ralists’ dredge but they can be enumerated with in situ 
photography. In April 1994 photographic surveys were 
made with a video-equipped grab sampler. On the



4 J. S. Collie et al.



Figure 2. P ho tog raphs o f  the gravel h ab ita t on no rthern  G eorges B ank taken in N ovem ber 1994. The approx im ate dim ensions o f 
each ph o to g rap h  are 75 cm x 50 cm and  the gravel particles range up  to  5 cm. (a) Site 10 (undisturbed) w as characterized by a high 
percent cover o f  Filograna implexa, (b) In addition  to  F. im plexa , site 20 (undisturbed) h ad  a high percentage cover o f  hydroids. 
(c) Site 13 (disturbed) is next to  site 20 bu t h ad  very little a ttached  epifauna. Some bivalves (A starte  spp.) are visible, (d) The 
shallow, d isturbed site 17 w as dom inated  by burrow ing anem ones. P ho tog raphs by D an n  B lackw ood, IJSG S.
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Figure 3. F requency d istributions o f  sediment categories 
observed in underw ater videos taken  on  n o rthern  G eorges 
B ank in A pril 1994. The sediment categories are defined in the 
M aterials and  M ethods.

second cruise, in November 1994, a still camera was also 
mounted on the grab sampler. Selected photographs 
from our study sites have been published widely in 
newspapers and magazines to illustrate the impacts of 
bottom fishing. This paper represents the first quantita­
tive analysis of the benthic epifauna seen in these photo 
transects. The results complement the analyses of the 
dredge samples collected on the same cruises (Collie 
et a l, 1997). A secondary objective was to compare the 
usefulness of videos and still photographs in detecting 
impacts due to bottom  fishing.

Materials and methods
This study is based on two research cruises to northern 
Georges Bank, the first aboard the R/V “Albatross IV” 
in April 1994 and the second on R/V “Delaware I I” in 
November 1994. Five study sites with approximate 
dimensions of 5 km x 10 km were surveyed with side- 
scan sonar (Fig. 1 ). Scallop dredging leaves tracks that 
are visible in the sonagrams. The degree of disturbance 
was assessed from the presence or absence of dredge 
tracks at each site (see Collie et ah, 1997 for more 
details). The sites varied in depth, clustering around 
40 m and 80 m. At each depth level we chose sites with 
contrasting levels of disturbance. To make the data 
amenable to statistical testing, the sites were cate­
gorized as deep or shallow, disturbed or undisturbed 
(Table 1).

Within each site, stations were chosen for 15min 
video transects of the sea floor. A video camera and 
lights were attached to a grab sampler frame which was 
suspended approximately 65 cm above the sea floor. The
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Figure 4. Frequency d istribu tions o f  sediment categories 
observed in still pho to g rap h s taken  on  no rth ern  G eorges B ank 
in N ovem ber 1994. The sediment categories are defined in the 
M aterials and  M ethods.

direction of the transect depended on tidal drift and the 
average distance covered was 620 m. The video images 
were recorded on Hi-8 video tapes. In November 1994, a 
35-mm still camera was also mounted on the grab frame, 
so that a still photograph could be taken along the video 
transects approximately every minute. A scale bar, vis­
ible in the video, was suspended from the camera frame 
to ensure that still photographs were taken at a uniform 
height off the bottom. For the purposes of analyzing the 
photographs, a grid with 5-cm squares was photo­
graphed at the same working distance as the bottom 
photographs.

Videos were analyzed for sediment types and organ­
ism abundance on a Hi-8 video cassette player. A t 10 s 
intervals, the video was frozen and each frame was 
analyzed for sediment type and cover. With a mean tidal 
drift of 50 cm s “ 1, there was no overlap of the selected 
video frames. Sediment type was divided into four 
categories based on the percentage of the video frame 
covered by each type of sediment: 1, sand (60-100% 
coarse sand and 0^40% gravel); 2, sand-gravel (40-60% 
coarse sand and 40 x 60% gravel); 3, pebble-cobble 
(60-100% gravel and 0^40% coarse sand); 4, presence of 
boulders. Frequency distributions of sediment type per 
treatment were plotted to compare habitat types. The 
dependence of sediment type on depth and disturbance 
level was tested with the likelihood ratio test of fitted 
log-linear models (Sokal and Rohlf, 1981).

The presence or absence of attached epifauna (sessile, 
colonial animals) was also recorded for each frame. The
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Table 2. M axim um  likelihood analysis o f  variance tables for frequencies o f  sediment types a t study 
sites on G eorges Bank.

Source D F  %2 P robability

A. Satu rated  log-linear m odel o f  sediment type frequencies from  underw ater videos.
D epth 1 3.94 0.047
D istu rbance 1 13.06 0.000
D ep th  x d isturbance 1 1.02 0.313
Sedim ent 3 517.83 0.000
D ep th  x sediment 2* 36.69 0.000
D istu rbance x sediment 2* 66.65 0.000
D ep th  x d istu rbance x sediment 2* 27.63 0.000
B. S atura ted  log-linear m odel o f sediment type frequencies from  still pho tographs, 
standardized  to  12 pho tos.
D epth 1 1.97 0.160
D istu rbance 1 64.04 0.000
D ep th  x d isturbance 1 1.66 0.198
Sedim ent 3 2361.81 0.000
D ep th  x sediment 3 123.37 0.000
D istu rbance x sediment 3 227.88 0.000
D ep th  x d istu rbance x sediment 3 85.08 0.000

*C ontained one o r m ore singularities (i.e., redundan t param eters).

percentage of frames with presence of epifauna was 
calculated and, after arcsine of square root transforma­
tion, tested by two-way ANOVA with depth and distur­
bance level as factors. Megafaunal animals were 
identified to the lowest taxonomic level possible and 
counted whenever they were observed. Frequencies of 
megafaunal animals were standardized to a common 
transect distance of 3.7 km to facilitate comparisons 
between sites. Shannon-W iener diversity (H') was calcu­
lated from the log-, abundance of taxa. The evenness 
diversity index was computed as 2H'/S, where S is the 
number of different taxa in the sample (Buzas and 
Gibson, 1969). Numercial abundance, species diversity, 
and evenness were tested with two-way ANOVA for 
significant differences associated with depth and distur­
bance level. The frequency distributions of megafaunal 
taxa were tested for independence between sites with 
log-linear models.

Approximately 700 still photographs of the sea bed 
were taken in November 1994. Because analyzing all 700 
photos was impractical, 16 stations of greatest interest 
were chosen that had predominantly gravel sediments 
and corresponded with dredge samples taken on the 
same cruises. Some three to six photographs were chosen 
at random from each station to give roughly the same 
total number of photos from each site. The photo of the 
grid was transferred to a transparency, which was used 
to divide the photos into 108 cells. The total area 
analyzed in each photograph was therefore approxi­
mately 0.27 m2. In each cell, the percentages covered by 
bushy, plant-like organisms and worm tubes (Filograna 
implexa) were determined, as was presence/absence of 
low-encrusting bryozoans. Free-living and other non­

colonial organisms were identified to the lowest taxo­
nomic level possible. The dominant type of sediment in 
each cell was classified into five categories: (1) sand; (2) 
small pebbles (<2.5 cm); (3) large pebbles (2.5-5 cm); (4) 
cobbles (>5 cm); and (O) obscured by bushy organisms, 
shadow, etc. The abundant bivalve, Anomia spp., and 
the worms Protula tubularia and Spirorbis sp. were 
counted separately.

Voucher specimens of attached epifauna were exam­
ined and identified as specifically as possible, but analy­
sis beyond the family or genus level was seldom possible. 
Analyzing the voucher specimens aided somewhat in 
identifying organisms in the photographs. However, as 
hydroids and bryozoan species often cannot be distin­
guished without a microscope, exact identification in the 
photos was impossible. Hereafter, we refer to bushy 
hydroids and biyozoans collectively as plant-like ani­
mals.

Preliminary analysis suggested that the sampling unit 
should be one photo rather than one cell because of the 
wide variability and lack of independence between cells. 
Therefore, the proportion of cells per photo containing 
bryozoans was calculated as were the means of percent 
cover of F. implexa and plant-like animals. These pro­
portions were arcsine of square root transformed prior 
to analysis of variance. The numbers of Anomia spp., 
Protula tubularia, and Spirorbis sp. per photo were 
square-root transformed for ANOVA. One-way 
ANOVA was used between stations and between sites, 
while two-way ANOVA was used between groups with 
depth and disturbance as causal factors.

Sediment types and non-colonial taxa were classified 
as frequency distributions and arranged as three-way
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contingency tables. The log-linear model of a three-way 
contingency table is:

In  iÿk = b + «i +  ßj +  Tk+ aßij +  «Tik +  ßTjk+ aßTijk, (D

where |i is the mean of the logarithms of the expected 
frequencies a¡, ßj5 and yk are the effects of categories i, j, 
and k of factors A, B, and C, respectively, and the 
interaction terms express the dependence of factors A, B, 
and C on each other (Sokal & Rohlf, 1981). In our case, 
factors A, B, and C are depth, disturbance level, and the 
variable being tested. We were primarily interested in the 
ßyjk term which is the interaction between dredging and 
the response variables (sediment type or species). 
TW INSPAN (Hill, 1979) was used to order the taxa seen 
in videos and photographs according to their occurrence 
by depth and disturbance level.

Results
Differences between the sites were readily apparent in 
the bottom photographs (Fig. 2). Deep undisturbed site 
10 was characterized by a high percent cover of the 
colonial worm Filograna implexa. In addition to F. 
implexa, deep undisturbed Site 20 also had a dense cover 
of colonial hydroids and biyozoans. In contrast, at the 
disturbed sites the gravel was free of epifaunal cover and 
few animals were visible. Animals visible at deep, dis­
turbed Site 13 include hard-shelled mollusks (Astarte 
spp.) and the sunstar, Crossaster papposus. Shallow 
disturbed Site 17 was dominated by burrowing anemo­
nes. The following statistical analyses are aimed at 
quantifying these visual differences.

Sediment types
Our study sites are located on a lag gravel deposit which 
is partly bounded by mobile sand. In the videotapes, this 
was indicated by the predominance of the pebble-cobble 
categoiy (Fig. 3). The second most frequent categoiy, 
sand-gravel, may reflect the occurrence of sand patches 
on the gravel pavement. Patches of pure sand or 
boulders were rarely seen in the video tapes. The distri­
bution of sediment types was similar at deep and shallow 
sites. The undisturbed sites had slightly coarser sedi­
ments, with higher frequencies of pebble-cobble and 
correspondingly less sand-gravel.

A different sediment classification scheme was used 
for the still photographs, but the results were generally 
consistent with the videos. A total of 12 still photos were 
analyzed for each combination of depth and disturbance 
level (treatment) except at the deep undredged sites (sites 
10 and 20), from which a total of 30 photos was 
analyzed. To simplify interpretation of histograms and 
to balance the log-linear models, the frequencies from
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Figure 5. Percentage cover o f  colonial ep ifauna m easured  from  
still p h o tog raphs taken  at five sites on  n o rthern  G eorges Bank 
in N ovem ber 1994. The sym bols indicate the m eans and  95% 
confidence intervals at each site. The site identifiers are: D , 
deep: S, shallow: d, disturbed: u, undisturbed.

the deep undisturbed sites were multiplied by (12/30) to 
standardize them to the 12 photos. The dominant sedi­
ment type was small pebbles, followed by large pebbles 
(Fig. 4). Higher frequencies of sand were seen in the still 
photographs because it was more common to see pure 
sand in a 5 cm x 5 cm still photo grid than in an entire 
video frame. The undisturbed sites had higher fre­
quencies of sand and cobbles than the disturbed sites, 
which had more uniform gravel bottoms. Shallow undis­
turbed site 18 had an anomalously high frequency of 
sand because it is located on a patch of gravel pavement 
between two sand ridges.

In the log-linear models all the terms that include 
sediment-type frequencies were significant for both the 
video and still photo data (Table 2). In contrast to
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Figure 6. E p ifaunal cover and  ecological indices m easured  from  underw ater videos taken on  no rth ern  G eorges B ank in A pril 1994. 
Tile bars indicate m eans and  the vertical lines are 95% confidence intervals.

ANOVA, with log-linear models we are primarily inter­
ested in testing for interaction effects (Sokal and Rohlf, 
1981). The disturbance x sediment interactions had 
higher chi-squared values than the depth x sediment 
interactions, indicating that disturbance level was the 
more important factor. The statistical significance of the 
log-linear models should not be over-interpreted due to 
the high frequencies involved (total of 1464 for the 
videos and 5183 observations for the still photos). All 
the study sites had predominantly pebble-gravel 
bottoms.

Epifaunal cover and ecological indices
In the still photographs, the percent cover of the colonial 
polychaete, Filograna implexa, was statistically greater 
at depth (p = 0.0015) and also at the undisturbed 
sites (p = 0.0002). However, there was a significant 
depth x disturbance interaction because the difference 
due to dredging was greater at the deep sites than at the 
shallow sites (Fig. 5a). The percentage cover of plant­
like animals was also statistically greater at the deep

undisturbed sites (Fig. 5b). However, in this case, the 
effect of dredging was actually reversed at the shallow 
sites, with disturbed site 17 having a higher percent 
cover than undisturbed site 18. The proportion of photo 
grid cells with low, encrusting biyozoans was statisti­
cally higher in the disturbed sites (p=0.0001) and there 
was no significant difference with depth (p = 0.15, Fig. 
5c). This result for low encrusting bryozoans is in 
contrast to the emergent epifauna which generally had 
higher percent cover at the undisturbed sites.

The percent cover of emergent epifauna estimated 
from the videos was statistically higher at the deep sites 
(Fig. 6a). A t the deep sites, the percent cover was higher 
at the undisturbed sites, but the reverse was true at 
the shallow sites, which resulted in a significant 
depth x disturbance interaction and an insignificant dis­
turbance effect in the ANOVA (not shown). These 
data are generally consistent with the still photos, in that 
both indicate a significantly greater epifaunal cover at 
the deep sites (Figs 5 and 6). Disturbance reduced 
epifaunal cover at the deep sites but results at the 
shallow sites were mixed. There was greater cover of
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Table 3. A . F requencies o f  taxa  seen in underw ater videos taken on  no rthern  G eorges B ank in A pril 
1994.

T axon

Frequency

D isturbed

D eep

U ndistu rbed  D isturbed

Shallow

U ndistu rbed

A nem one 4 107
T ube w orm  (Filograna implexa) 1 20 — —
F lounder 12 1 — —
B loodstar (Henricia spp.) 1 1 — —
Sunstar (Crossaster papposus) 45 62 2 —
Sculpin (M yoxocephalus spp.) 7 14 1 2
O cean po u t (M. americanus) 12 7 7 —
Sponge — 18 — 3
Plant-like anim als 14 20 4 22
Scallop (P. magellanicus) 469 92 25 2
F ish  (unidentified) 4 8 1 10
Flermit crab  (Pagurus spp.) 9 14 25 12
Seastar (Asterias vulgaris) 93 194 23 124
W aved w helk (B. undatum) 3 20 21 17
C rab  (Cancer irroratus) — — 2 2
Skate 3 4 11 5
T ota l 160 175 116 105

Filograna implexa at shallow undisturbed site 18, but 
apparently more plant-like animals at shallow disturbed 
site 17.

The numerical abundance of benthic megafauna seen 
in the vidoes was statistically greater at the deep sites 
(Fig. 6b) and there were no consistent differences with 
disturbance level. There were no significant differences 
in species diversity between sites as measured in the 
videos (Fig. 6c). Evenness was statistically higher at the 
shallow sites (Fig. 6d) and again there was no consistent 
pattern with disturbance level. The difference in even­
ness means that there were some numerically dominant 
species at the deep sites and that the lower number of 
individuals at the shallow sites were more evenly 
distributed among the taxa in these areas.

Frequencies of individual taxa
The most numerous taxa visible in the videos were 
anemones, sea scallops and seastars (Table 3A). The 
interpretation of the log-linear model of individual taxa 
is complicated by singularities in the model design 
resulting from zero frequencies in some cells. According 
to the log-linear model, both depth and disturbance had 
significant interactions with the species composition. 
TW INSPAN was used to order the taxa into four 
groups according to their occurrences by depth and 
disturbance level (Table 3A). The first group of five taxa 
was seen almost exclusively at the deep sites. Anemones, 
sunstars and the tubeworm (Filograna implexa) were 
more abundant at the undisturbed sites, whereas floun­

ders were more numerous at the disturbed site (site 13). 
Group two comprises taxa that occurred at both depths 
but were more abundant at the deep sites. Within this 
group, sculpins, sponges and plant-like animals were 
more abundant at the undisturbed sites; ocean pout and 
scallops were more numerous at the disturbed sites. The 
third group contained four taxa that were abundant at 
both depths. In group three, unidentified fish, and 
seastars were more abundant at the undisturbed sites, 
whereas hermit crabs and the waved whelk (Buccinum 
undatum) had no pattern with respect to disturbance 
level. Group four contained two taxa (Cancer crabs and 
skates) that were more abundant at the shallow sites and 
were not affected by disturbance level. The inconsistent 
responses to disturbance shown by crabs, whelks and

Table 3. B. M axim um  likelihood analysis o f  variance table for 
the sa tu ra ted  log-linear m odel o f frequencies o f  taxa seen in 
underw ater videos (standardized  to  a 3.7 km  transect).

Source D F X2 Probability

D ep th 1 18.00 0.000
D istu rbance 1 0.18 0.668
D ep th  x disturbance 1 1.32 0.250
Species 15 605.60 0.000
D ep th  x species 10* 121.29 0.000
D istu rbance x species 14* 116.66 0.000
D ep th  x d isturbance x species 7* 33.81 0.000

*C ontained 1 o r m ore singularities (i.e., redundant p a r ­
am eters).
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Table 4. A . F requencies o f  non-colonial taxa seen in underw ater p h o to s taken  on n o rthern  G eorges 
B ank in N ovem ber 1994.

Frequency o f  individuals standardized  
to  12 p h o tos per treatm ent

D eep D eep Shallow  Shallow
T axon distu rbed  u nd istu rbed  d istu rbed  und istu rbed

Brittle star (Ophiopholis aculeata) — 1 — —

Florse m ussel (M odiolis modiolus) — 15 — 2
Surf clam  (Spisula solidissima) — 2 — 11
A nem one 4 17 — 7
Barnacle (Balanus spp.) 4 28 — 15
N o rth e rn  card ita  (V. borealis) 1 2 — 6
W orm  (unidentified) 1 4 — 5
A starte  spp. 7 10 — 17
W aved w helk (Buccinum undatum) 1 1 — 1
Sponge 15 20 — 13
W helk  (unidentified) 9 9 — 6
N u d ib ranch  (Coryphella sp.) 2 3 1 3
Shrim p 4 32 6 12
C rab  (Cancer sp.) — 1 1 —

Sm ooth  velutina (V. velutina) 4 1 — 1
F ish  (unidentified) 1 1 — —

Flermit crab  (Pagurus spp.) 16 5 2 3
Sea star (Asterias vulgaris) 2 4 2 2
Sunstar (Crossaster papposus) 1 — — 1
T oad  crab  (H yas  spp.) 1 1 — —

Scallop (Placopecten magellanicus) 1 1 1 —

T ube w orm  (Thelephus cincinnatus) 45 8 — —

T ube w orm  (unidentified) 10 5 1 —

B urrow ing anem one 27 4 102 —

G reen sea u rchin  (S. droebachiensis) 4 — — —

T ota l abunance per treatm ent 160 175 116 105

skates explain the significant three-way interaction in the 
log-linear model (Table 3B). A t the shallow sites, col­
onies of plant-like animals were seen more frequently at 
the undisturbed site (site 18) than at the disturbed site 
(site 17). This is in contrast to Figure 6 where the percent 
cover of epifauna was greater at site 17 than 18. This 
apparent inconsistency can be explained by the fact that 
the frequencies in Table 3 were observed in the entire 
videotape, while the percent cover was estimated from a 
subset of video frames.

More organisms could be identified in the still photo­
graphs than in the videos, and many could be identified 
to a lower taxonomic level (Table 4A). A greater number 
of individuals were observed at the deep sites than at the 
shallow ones. According to the log-linear model (Table 
4B), the species composition depended on both depth 
and disturbance level (p<0.001). The three-way interac­
tion was insignificant, which indicates that the effect of 
disturbance on species composition was the same at both 
depths. Two main groups of taxa were identified with 
TW INSPAN (Table 4A). The first group contains taxa 
that were more abundant at the undisturbed sites and 
were virtually absent from the shallow, disturbed site 
(site 17). These include fragile taxa such as anemones,

worms (unidentified), sponges, nudibranchs and shrimp. 
Two burrowing mollusk species (Modiolus modiolus and 
Spisula solidissima) were seen exclusively at the undis­
turbed sites. G roup two contained taxa that were more 
abundant at the deep sites. O f these, the smooth velu­
tina, hermit crabs, tube worms, burrowing anemones, 
and sea urchins were more abundant at the deep, 
disturbed site (site 13). The remaining taxa did not have 
a pattern with respect to disturbance level.

Table 4. B. M axim um  likelihood analysis o f  variance table for 
the log-linear m odel o f  frequencies o f  taxa  from  underw ater 
pho tos, standardized  to  12 p h o to s per treatm ent.

Source D F x 2 Probability

D epth 1 0.22 0.636
D isturbance 1 1.41 0.236
D ep th  x disturbance 1 3.55 0.060
Species 24 161.55 0.000
D ep th  x species 19* 55.35 0.000
D istu rbance x species 19* 77.12 0.000
D ep th  x d isturbance x species 3* 5.69 0.128
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Table 5. Sum m ary o f tw o-w ay A N O V A s o f  abu n d an t taxa seen in underw ater p h o to s taken  on 
no rthern  G eorges B ank in N ovem ber 1994.

Source
L east-squares

m ean F  statistic P robability

A . Square ro o t o f abundance o f  encrusting bivalves, A nom ia  spp.
D epth 1.54 0.219
D eep 4.121
Shallow 3.081
D istu rbance level 0.09 0.770
D isturbed 3.724
U ndistu rbed 3.478
D epth  x d isturbance 3.78 0.056

B. Square roo t o f  abundance o f  the tubew orm , Protula tubularia
D epth 7.15 0.0096
D eep 1.343
Shallow 0.243
D istu rbance level 10.55 0.0019
D isturbed 0.125
U ndistu rbed 1.461
D epth  x d isturbance 6.11 0.0162

C. Square ro o t o f abundance o f  the tubew orm , Spirorbis sp.
D epth 1.54 0.2197
D eep 10.274
Shallow 9.190
D istu rbance level 16.80 0.0001
D isturbed 11.524
U ndistu rbed 7.940
D epth  x d isturbance 4.21 0.0445

abundant at the disturbed sites. This difference was 
greater at the shallow site, which accounts for the 
significant depth x dredge interaction in the ANOVA 
(Table 5).

Discussion

This study demonstrated the usefulness of photography 
of the sea floor for surveying fish habitat. An earlier 
report of this work was based on only three photographs 
per transect. Concerned whether this small sample size 
might bias our results, we doubled the sample size to six 
per transect. The present results are qualitatively 
unchanged from the earlier report, which justifies our 
approach of randomly selecting a subset of photographs 
from each transect. Much more detail was visible in the 
still photographs than in the corresponding videotapes, 
especially smaller taxa, such as barnacles, nudibranchs 
and shrimps. Even so, small animals remain hidden in 
the bushy epifauna. Brittle stars and toad crabs were 
very numerous in dredge samples collected at sites 10 
and 20 (Collie et ah, 1997); the fact that we saw only one 
brittle star and two toad crabs in the photographs 
(Table 4A) demonstrates the effectiveness of their 
cryptic coloration. Photography is therefore not a com­
plete substitute for obtaining physical samples of the 
fauna.

D ata for three of the most numerous taxa in the still 
photographs were analyzed separately with two-way 
ANOVA (Table 5). The encrusting bivalves, Anomia 
spp., were more abundant at the deep sites (Fig. 7), but 
none of the differences were significant. The tube worm, 
Protula tubularia, was much more abundant at the deep 
undisturbed sites than at any of the other sites. This 
marked difference in abundance accounts for the 
significance of all the terms in the ANOVA (Table 5). 
The tubeworm, Spirorbis sp., was statistically more

EU Anomia spp.
I  Protula tubularia
EE Spirorbis sp.

10 000 --------------------------------------------------------------------------

Deep Deep Shallow Shallow
disturbed undisturbed disturbed undisturbed

Figure 7. F requencies o f  the three m ost ab u n d an t non-colonial 
anim als observed in still pho to g rap h s taken on northern  
G eorges B ank in N ovem ber 1994. (These taxa are visible on  the 
gravel particles in Fig. 2c and  d.)
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The advantages of video were that, by analyzing the 
entire transect, we were able to enumerate larger, mobile 
taxa such as flounders and skates (Table 3). Videos are 
useful for obtaining real-time images of the sea floor, 
and higher resolution could be obtained with more 
expensive equipment. Results from the still photos and 
videos were generally consistent, even though different 
methods were used to analyze them. The video data were 
inconsistent between depths (Fig. 6) and therefore 
did not permit strong tests of the disturbance impact. 
Langton and Robinson (1990) also found that 35 mm 
photographs were the most useful for qualitative analy­
sis, although interpretation of the data was greatly 
enhanced by referring to videotapes and by direct 
observations from a submersible.

Our results are consistent with the hypothesis that 
gravel habitats are very sensitive to physical disturbance 
by bottom  fishing and that the primary impact is the 
removal of emergent, epifaunal taxa (Anon., 1996). The 
undisturbed sites had significantly higher percent cover 
of Filograna implexa and plant-like animals (Fig. 5). 
These colonial animals provide a complex, three- 
dimensional habitat for numerous small, fragile taxa 
such as shrimps, polychaetes, and brittle stars (Collie 
et a l, 1997). Flowever, other factors in addition to 
dredging affected the distributions of emergent epifauna. 
Significant differences in epifaunal cover, numerical 
abundance and evenness were observed between shallow 
and deep sites (Fig. 6). The percentage cover of F. 
implexa and plant-like animals was much higher at 
deep, undisturbed sites 10 and 20 than at the shallow, 
undisturbed site 18. Filograna implexa was more abun­
dant at site 10 and plant-like animals were more 
abundant at site 20, even though both sites were at the 
same depth and were apparently undisturbed (Fig. 2a 
and b). A t shallow undisturbed site 18, F  implexa 
tended to grow in the cavities of dead horse mussel 
(Modiolus modiolus) shells rather than on the surface 
of pebbles as it did at site 10. Colonization by F. 
implexa may be constrained by the tidal currents which 
are strongest at the shallow sites on the northern edges 
of Georges Bank (sites 17 and 18) and somewhat lower 
at the sites on the northeast peak (site 10) (Butman, 
1987).

M ost of the non-colonial taxa that were observed 
seemed to be negatively affected by dredging, while some 
seemed to profit from bottom fishing disturbance. N on­
burrowing anemones, shrimps, sponges, nudibranchs, 
small fish and some tube-worms (e.g. Protula tubularia, 
Fig. 7) were all less frequent at the disturbed sites. These 
fragile organisms are likely to be destroyed by bottom 
fishing gear. Burrowing anemones were much more 
prevalent at disturbed sites than undisturbed sites. We 
hypothesize that burrowing anemones are not affected 
by disturbance because their tentacles are easily 
retracted to safety beneath the surface.

Encrusting bryozoans (Fig. 5) and the small tube 
worm, Spirorbis sp. (Fig. 7), were also consistently more 
abundant at the disturbed sites. One explanation is that 
these animals are simply hidden from view by bushy 
epifauna at the undisturbed sites. Flowever, we con­
trolled for this possibility by removing these obscured 
cells from the encrusting bryozoans and Spirorbis ANO- 
VAs. An alternative explanation is that these taxa are 
resistant to disturbance and that their abundance is 
enhanced at disturbed sites by decreased competition for 
space with the more fragile epifauna. The distributions 
of non-colonial animals were consistent with our analy­
ses of the dredge samples collected at the same stations 
(Collie et ed., 1997). In both studies, the undisturbed 
sites were characterized by fragile taxa that are sensitive 
to fishing disturbance. The horse mussel (Modiolus 
modiolus) has been indicated in several studies as a 
species that is sensitive to bottom fishing disturbance 
(Macdonald et ed., 1996). The disturbed sites were 
characterized by scavenger species such as hermit crabs 
and the waved whelk (Buccinum undatum) which are 
known to be insensitive to disturbance.

All our study sites are located on the gravel pavement 
habitat and have pebbles as the dominant sediment type. 
Even though we tried to standardize the sites as much as 
possible, the sediment distributions were patchy and 
overall differences in sediment type were apparent 
among the sites. The slight differences in sediment types 
between the disturbed and undisturbed sites complicate 
interpretation of our results. In the videos, the undis­
turbed sites seemed to have slightly coarser sediments 
than the disturbed sites (Fig. 3). It is possible that 
colonial epifauna settle preferentially or have higher 
growth and survival rates on the large pebbles and 
cobbles. Flowever, coarser sediments at the undisturbed 
sites were not apparent in the still photographs; instead 
the sediments were more heterogeneous, with higher 
frequencies of sand and cobbles than the disturbed sites 
(Fig. 4). We consider the sediment classification from the 
photographs to be more reliable because it was possible 
to measure the size of sediment particles with the 
scaled grid. Another consideration is that dredging 
affects the sediment distribution by exposing sand and 
small pebbles. Fishermen remove large cobbles and 
boulders from scallop grounds, which end up with a 
more homogeneous sediment distribution than 
undisturbed sites.

In our statistical tests, the main effects of disturbance 
were significant, but the significant depth x disturbance 
interaction terms in several of the ANOVAs make it 
difficult to generalize our results. The deep sites prob­
ably had more species than the shallow sites before any 
dredging took place, so dredging would naturally have 
greater effects at depth. To make our data amenable to 
statistical testing, we classified each site as disturbed or 
undisturbed. We do not know the exact fishing history
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of each site but suspect that there was actually a gradient 
of disturbance from the least disturbed (site 20) to the 
most heavily disturbed site (17). F or example, there 
was some evidence of scallop dredging at site 10 in 
November 1994, but not enough to reduce the percent­
age cover of F. implexa. We suspect that the shallow site 
18 had been previously disturbed, as there were no 
boulders there that would present obstacles to fishing.

In ongoing studies of this area, we are improving the 
methodology for extracting quantitative information 
from bottom  photographs. A more constant altitude off 
the bottom  can be obtained with a remotely operated 
vehicle, and paired lasers provide a more precise spatial 
scale. Computer enhancement of contrast and colour 
scales can allow more animals to be identified in photo­
graphs. The data collected also contain spatial relations 
of organisms within photographs which may yield 
important information about benthic microhabitats 
(Auster et ah, 1996).

Fishing disturbance is the most likely explanation for 
the differences we observed between sites, but a more 
experimental approach is required to control directly the 
level of dredging disturbance. A common approach is to 
fish experimentally undisturbed areas, comparing the 
results with unfished control areas (Thrush et ah, 1995; 
Kaiser and Spencer, 1996). This approach is best 
for determining the short-term responses of bottom 
fishing but it does not address the effects of chronic 
disturbance that many fishing grounds have experienced. 
The opposite experiment is to protect previously dis­
turbed areas and monitor the recovery of the benthic 
community.

Improved gear efficiency and increased fishing effort 
during the past two decades caused the principal New 
England groundfish stocks to collapse (Fogarty and 
Murawski, 1998). In December 1994, the New England 
Fishery Management Council took emergency action, 
closing large areas of Georges Bank to bottom  fishing. 
Besides immediately reducing fishing mortality on the 
groundfish stocks, the closures have an added benefit of 
protecting benthic habitat and provide an excellent 
opportunity to monitor the recovery of previously dis­
turbed fishing grounds. Our most heavily disturbed site 
(site 17) is in an area that was closed to all bottom 
fishing in December 1994. Based on results from this 
study (Collie et ah, 1997) and previous habitat research 
(Lough et ah, 1989; Valentine and Lough, 1991), this 
area has been designated a Habitat Area of Particular 
Concern for juvenile cod.
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