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Abstract

This study assessed the effects of disturbance to benthic communities and the rate of
recovery in an area closed to bottom fishing. The study Ste was the gravel sediment
habitat on the northern edge of Georges Bank, which is an important fishing ground and a
nursery areafor juvenile fish. On eght cruisesto this areafrom 1994 to 2000, we
collected dredge samples and photographs from sites of varying depths and with varying
degrees of disturbance from otter trawling and scalop dredging. We assessed the
megafauna communities a two adjacent Stesin Canadian waters, one heavily fished and
the other only lightly trawled. Thelightly trawled site (84 m water depth) hed
sgnificantly higher numerica abundance and biomass of benthic megafauna than the
heavily fished Ste. There were aso marked differences in community composition
between the two stes: the undisturbed Site was characterized by fragile species—shrimps,
polychaetes, and brittle stars—that live in the complex hebitat provided by colonia
epifauna, which is not present at the disturbed site (80 m). We aso monitored the
recovery of aprevioudy disturbed shalow area (47 m) that was closed to bottom fishing
in January 1995. In the closed area (Closed Areall), we observed significant increasesin
abundance (" 4), biomass (" 18), production (" 4), and epifaund cover, and significant
shiftsin species composition. Among the taxa that have increased are species of crabs,
molluscs, polychaetes, and echinoderms.  Species-dominance curves reversed following
the closure, with species abundance progressively decreasing and species biomass
progressively increasing, as large animals came to dominate the biomass. Results of this
and prior studies have been used by the New England Fishery Management Council to
designate and maintain a Habitat Area of Particular Concern for juvenile cod.

Introduction
The direct effects of fishing on benthic habitats are generdly well understood (NRC
2002). The main effect isthe physica disturbance of benthic communities by trawls and

dredges. The resulting mortdity includes organiams captured in fishing nets and those
killed but not retained (Bergman and van Santbrink 2000). In particular, bottom fishing
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gear damages colonid epifaund taxa (e.g. dgae, sponges, coras, colonia tube worms,
hydroids, bryozoa, among others) that provide athree-dimensiond habitat for other
animas (Jennings and Kaiser 1998; Hall 1999).

Second-order effects of fishing are also well documented but not well quantified.
These indirect effects include nutrient resuspension, atered predator-prey dynamics, and
loss of ecosystem engineers that burrow into and rework seabed materials (Coleman and
Williams 2002). The mechanisms whereby bottom fishing affects fish surviva are
known through laboratory (Lindholm et d. 1999) and fidd studies (Tupper and Boutilier
1995), but it is difficult to extrgpolate these results to the population level. Bottom
fishing aso reduces production of benthic infauna (Jennings e a. 2001) and megafauna
(Hermsen et d. 2003) thereby reducing the energy available for fish production.
Structurd epifauna plays a dud role by providing a habitat for many of the smdl, fragile
invertebrates that are important prey species (Collie et . 1997) and aso by providing
juvenile fish protection from predators. Remova of this epifaunarequires juvenile fish to
forage for longer periods, thereby exposing them to higher levels of predation (Walters
and Juanes 1993).

The response of benthic communities to fishing depends on the fishing geer,
sediment type, and the sengtivity of particular taxato physica disturbance (Collie et d.
2000b). Mogt of the data on fishing effects come from controlled fishing experiments
with before-after and/or control-impact (BACI) desgns. These experiments benefit from
acontrolled experimenta design, but suffer by being of short duration. For reasons of
practicdity, the most common studies have been short-term experiments with otter trawls
on sandy sedimentsin rdaively shalow water—stuations in which the size of the
affected areaislikdly to be small (Callie et a. 2000b). More recently, trawl-impact
studies are being conducted in deeper water and on more complex habitats (e.g. Freese et
al. 1999). Even s0, experimentd fishing cannot emulate the spatid extent or intengty of
commercid fishing operations. Collie et d. (2000b) found that chronic effects of bottom
fishing exceeded acute effects.  Only recently have there been studies to compare benthic
communities over agradient of fishing effort (e.g. Thrush et . 1998; Bradshaw et d.
2000; Jennings &t al. 2001)
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Congderation of the chronic effects of bottom fishing requires understanding and
measurement of recovery rates. Experimentd trawl corridors often are surrounded by
undisturbed populations that can quickly recolonize the disturbed areas. In contrast, on
commercid fishing grounds there may be no adjacent undisturbed areas and recovery
may need to come from remnant populations or rely on longer-range trangport of larvae
from remote sources. Unfortunately, relatively few trawl-impact studies have measured
recovery rates (Collie et a. 2000b) and those that have, suffer by being of small spatia
scde. Exiging recovery data suggest thet in some soft-sediment habitats (e.g. mud and
sand), recovery can be complete in about one year, and it might occur more rapidly in
mobile sand. However these studies did not include complex habitats with long-lived
animals that may abilize the sedimentary substrate. Trawl-caught specimens of cold-
water and deep-sea cora's have been aged at tens to thousands of years old (Hall- Spencer
et d. 2002). When bottom fishing damages these epifaundly rich communities, the
implied recovery times are decades to millennia

In this paper, we present results of field work conducted on gravel habitats on the
northern edge of Georges Bank in the northwest Atlantic Ocean. This gravel pavement is
fished with scallop dredges and bottom trawls. The gravel is a subgtrate for the demersa
eggs of Atlantic herring and anursery areafor juvenile cod and haddock (Lough et d.
1989; Vdentine and Lough 1991). A portion of this habitat in U.S. waters insde Closed
Areall has been designated a Habitat Area of Particular Concern (HAPC) for juvenile
cod. In earlier papers, based on data from two cruisesin 1994, we compared disturbed
and undisturbed sites on the gravel pavement. Differences between Sites were quantified
from dredge samples (Collie et a. 1997) and bottom photographs (Collie et a. 2000a).

In January 1995 alarge area (3,960 knT) of the U.S. part of Georges Bank adjacent
to the U.S.- Canada boundary was closed to dl bottom fishing to reduce fishing mortdity
on demersd fish. The establishment of Closed Areall provided an excellent opportunity
to measure the recovery rate of the benthic communities on gravel habitat. We have
monitored the recovery with annua sampling insde and outside the closed areas and with
sediment recolonization experiments. We aso have compared the characteristics of
benthic gravel communities over time in adjacent fished and unfished areas on the
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Canadian part of the bank. In this paper we report on the time series of data collected at
these Sites since 1994.

Methods

Eight sampling cruises were conducted to northern Georges Bank, approximeately
once per year, between 1994 and 2000 (Table 1). The original sampling Strategy was
guided by sde-scan sonar surveys conducted by the U.S. Geologica Survey. Quadrants
of the sea bottom, measuring approximatdy 5km ~ 10 km, were selected for side-scan
sonar surveys (Fig. 1). Trawl door marks, and particularly the parallel tracks of paired
scalop dredges, are visble in the sonograms and were used to classfy the Stesas
disturbed or undisturbed. Scalop fishing effort data up to 1993 were dso used to classfy
the degree of disturbance (Callie et d. 1997). Based on thisinformation, we chose
disturbed and undisturbed sites a 80-90 m on the Canadian sde of Georges Bank and a
set of steswith different disturbance histories at 40-50 m depth on the U.S. sde. Even
though dl the study stes are located on a shallow submarine bank, we grouped the sites
as“degp” and “shdlow” to distinguish them in this paper.

More recent data show the fishing patterns at these stes since 1993. Data on scalop
dredging and bottom trawling in the Canadian zone were derived from logbook reports
and are recorded to the closest minute of longitude and latitude. These data were
extracted from the Zond Interchange Format database (Jerry Black, Canada Department
of Fisheries and Oceans, personal communicetion). Data on the locations of American
fishing boats come from two different sources. Fishing locations of trawlers and scdlop
vesdls were compiled from logbook and trip reports, with a spatia resolution of 10
minutes latitude and longitude (David Stevenson, National Marine Fisheries Service,
persona communication). Scallop fishing locations were dso obtained from the satellite
vessal- monitoring program, which is mandatory on U.S. scallop fishing vessdls. Scalop
vessdls are assumed to be in trangit when speed is above 5 knots and fishing when speed
is<5knots Totd fishing timein each 1 nm? cell was therefore estimated as the sum of
vessdl hours at speeds less than 5 knots (Rago and McSherry 2001).
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In this study we contrast two adjacent sites, 13 (80 m) and 20 (84 m), on the
Canadian sde that have smilar gravel sediments and smilar depths (Table 1) but
different fishing histories. We dso compare three sites on the shalower U.S. side of the
gravel pavement. Site 17 (47 m) was heavily disturbed prior to 1994 (Collie et a. 1997),
but is located in the northern part of Closed Areall, which was closed to dl bottom
fishing in January 1995. Site 18 (45 m) islocated outside the closed area. Prior to the
closure, it was lightly disturbed but has atracted more fishing effort snce the closure. In
1997, weinitiated sampling at Site 17W (49 m), which is adjacent to the closed area and
should be a good disturbed control for Site 17. All the sampling Sites are located on the
gravel pavement (predominantly large pebbles and small cobbles, Fig. 1), though there
were subtle differences in sediment compostion.

At each Site, samples of the benthic megafauna (animas retained on a’5-mm screen)
were collected with a 1-m wide Naturdlists dredge fitted with a¥#’ mesh liner. We
amed for three replicate dredge samples at each Ste, though the number was sometimes
more or |ess than three depending on sea condition and time congraints (Table 1). Once
the Ste locations were established on the 1994 cruises, the same Sites were resampled on
subsequent cruises to establish time sexies.

Tow duration was kept short (30-60 s) to avoid overfilling the dredge bag with
gravel and losing the sample. Once the gravel sample was brought on board, dl living
animas were removed and preserved in a buffered solution of formain in seawater. The
gravel was shoveled into 9-liter (L) meta pails to measure the sediment volume and
discarded overboard. One 9-L subsample was seved on a 5-mm screen to check for any
animasthat were missed in the initid sorting. On average, about one tenth of the total
sample was seved.

Photo transects were made at the same locations as the dredge samples and a
additiona locations a each dte The primary tool was a grab sampler equipped with
video and Hill cameras (SEABOSS, Vaentine et a., 2000; Blackwood and Parolski,
2001). Thissampler drifted with thetidd current over the sea bottom at a height of ~1 m
for aduration of 15-20 min. Photo transects were also made with aremotely operated
vehicle (1996, 1997, 1999) and a submersible (1998). With each type of sampler, ill
photographs were taken with adownward looking 35-mm cameraat 30-60 sintervas,
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depending on drift speed over the bottom. Paired lasers were used to define alinear scale
in each photo.

In the laboratory, the dredge samples were sorted to species and counted. The
aggregate mass of each species was measured to 1 mg after blotting excess moisture on
paper towes. The 9-L seved subsamples from each dredge tow were sorted and
enumerated separately. These subsample analyses were extrapolated by the tota
sediment volume of the dredge tow to account for any animas missed during theinitia
sorting. Each find sample was standardized by the total volume of sediment collected,
such that the resultant data had units of numbers/L and g/L. The combined specieslist
was searched for taxa that could not be reliably sampled or identified. These included
colonial taxa that could not be counted (presence/absence only), macrofauna species
(mainly amphipods and smdl polychaetes) that were too smal to be retained consigtently
on a5-mm seve, and animals that could only be identified to a higher taxonomic level
because of missing body parts. Thisfilter resulted in alist of 124 sdected species out of
319 taxa

For each sample, we caculated anumber of aggregate ecologicd indices including
numerica abundance, biomass, and number of species (S). Shannon-Wiener species
diversty (H’) was caculated with base 2 logarithms. Pidou’ s evenness was calculated as
J =H'/logS (Krebs 1989). To determine the gppropriate transformation for each
variable, we cdculated the within-replicate mean and variance at each sSite and year
combination. The transformation was sdlected that made within-replicate variance
independent of the mean. Biomass and abundance were log transformed; no
transformation was necessary for number of species. Species diversity and evenness
were exponentiated, as these indices were calculated from base 2 logarithms. The
diversity index 27" is the expected number of species (Krebs 1989). After appropriate
transformation, andysis of variance was used to test for differences among Sites, cruises,
and beforefafter the area closure a the shallow Sites.

Multivariate anayses were conducted with the PRIMER software package (Clarke
and Warwick 1994). Bray-Curtis Smilarity matrices were calculated on square-root
transformed species abundance data. Ordination was performed with non-metric
multidimensona scding (MDS). The ANOSIM (Andlyss of Smilarities) routine was
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used to test for significant differencesin gpecies composition among Stes and years. The
SIMPER (Similarity Percentages) routine was used to determine which species accounted
for mogt of the amilarity and dissmilarity among Stes. The Stes were aso compared

with k-dominance curves and Abundance-Biomass Curves.

Results

Congstent differencesin the benthic megafaunad communities were found on two
cruisesin 1994. Numerica abundance and biomass were sgnificantly higher a the deep
stes and dso sgnificantly higher at undisturbed sites compared with disturbed Stes at
each depth (Collieet d. 1997). There were however, Sgnificant interaction effects, such
that the disturbance effect on abundance was greater a the deeper sites. Though the
differences between sites are quite clear-cut, they depend on the interpretation of the
disturbance leve at each ste. High-resolution data on fishing patterns are a necessary
element of gear-impact research. We therefore determined the fishing history at each
sampling ste and followed the community structure over time. Because of
depth” disturbance interactions in the 1994 samples, different fishing petterns, and
sampling schedules, we andlyzed data from the deep and shdlow Sites separately.

Degp sites (80-84 meters)

Since 1992, there has been scalop dredging at Site 13 but not at Site 20 (Fig. 2).
There has been some bottom trawling a Site 20, but always lessthan a Site 13 except in
1999 and 2001. These effort data are consstent with our interpretation of the side-scan
sonar datain 1994, except that Site 20 has been lightly trawled, especidly since 1998.
Though the fishing locations are reported to the nearest minute, high intengties are
evident at regular intervas, suggesting that some fishermen round to the nearest 10 min
(Fig. 2C). Therefore the precision of these location data is somewhat |ess than 1 min and
they can only be used to gpproximate bottom fishing intengity at our sampling Sites.

The biomass and abundance of benthic megafauna has remained sgnificantly higher
a Site 20 than a Site 13 (Table 2); in fact the differences between Sites 13 and 20 appear
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to have increased since 1994 (Figs. 3A,B). Shannon-Wiener species diversity was
ggnificantly higher at Site 13 (Table 2, Fig. 3C). The reason for lower diversity a Site
20 is not that there are fewer species; there were significantly more species (S) at Site 20
(Table 2, Fig. 3D). The difference between the two Stesis due to the distribution of
numbers of individuas among species. Evenness was sgnificantly higher a Site 13
(p<0.001), which causes species diverdty to be higher there. There were dso sgnificant
gte” cruiseinteractions for diversity and evenness; these indices were sgnificantly
different between sitesin 1997, 1998, and 1999 but not in 1994. At Site 20 the lower
species divergity in 1997-1999 matches the high numbers during those years and is due
to higher dominance in the community compostion, with single soecies (the polychaete,
Thelepus cincinnatus) accounting for up to 50% of the individuals sampled. In contragt,
a Site 13 gngle species accounted for a most 15% of the individuas. 1t isthishigh
numerical dominance at Site 20 that accounts for the lower species diversity, despite a
greater number of pecies.

Multivariate andyss of the community compostion datafrom Sites 13 and 20
included 102 species. The complete speciesligt is not included here but can be requested
from the first author. The 50 most abundant megafaund species were listed by Coallie et
d. (1997). Multidimensiond scaing of the smilarity matrix shows clear separation of
the community composition of the two Stes, as well as changes with time (Fig. 4).
According to the two-way crossed ANOSIM, the between-ste differences were highly
ggnificant (R=0.995, p=0.001) as were differences among years (R=0.825, p=0.001). A
SIMPER contrast of Sites 13 and 20 indicated an average dissmilarity of 75%. Thetop
ten species accounting for this dissmilarity were fragile taxa such as the polychaetes
Thelepus cincinnatus and Potamilla neglecta, the brittle star Ophiopholis acul eata, the
toad crab, Hyas coar ctatus, and six shrimp species (Table 3). The among-year
differences a Site 20 were due to higher abundances of some speciesin 1997, 1998, and
1999, especidly, T. cincinnatus and P. neglecta, and Spirontocaris spinus. The benthic
community at Site 13 was dominated by echinoderms (Asterias vulgaris,

Strongyl ocentrotus droebachiensis) and bivaves (Astarte spp. and Cyclocardia borealis).
The bivalvesin particular have heavy shells that apparently can resst encounterswith
bottom fishing gear.
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Shdllow stes (45-49 meters)

Prior to the area closure in January 1995, Site 17 (47 m) had high levels of scallop
fishing effort (Collie et d. 1997); since the closure there has been no bottom fishing in
this area except for very limited experimenta fishing in 1998 (Table 4, Fig. 5). Site 18
was lightly fished before the closure but has had more fishing effort directed at it Snce
then. Site 17W isa heavily fished ste just outsde Closed Arealll, adjacent to Site 17.
The didribution of scalop fishing, and of the scallops, maiches the gravel habitat, as
shownin Fig. 1. The effort data confirm our designation of Sites 17W and 18 asfished
control Stesfor the recovering Site 17. Both Sites have been fished with otter trawls and
scdlop dredges during the period our samples were collected. Fishing intensity has been
greater at Site 17W than at Site 18 (Table 4).

Two-way ANOVA was used to test the univariate indices from the shalow sites,
with gte and closure (before-after) as fixed effects. Thefirst set of ANOVAs omitted the
data from Site 17W, which was not sampled before the closure. The Ste” closure
interaction term tests for the effect of the closure of Site 17 relative to Site 18. Prior to
the closure, biomass was significantly lower a Site 17 than 18 (Collie et d. 1997). After
1995, this pattern was reversed, with a sgnificant Ste” closure interaction (Table 5). On
average, biomass increased by afactor of two per year (Fig. 6A). By 2000, average
biomass was 18 times higher ingde than outside the closed area. Likewise, abundance
increased sgnificantly at Site 17 following the closure (Sit€” closure interaction, Table 5).
On average, abundance increased by afactor of 1.5 per year insde the closed area (Fig.
6B). 1n 1999, mean abundance was four times higher ingde than outside; in 2000 this
difference was reduced to afactor of two. Theindicesat Site 17W can only be compared
with Sites 17 and 18 for the years 1997 through 1999 (Fig. 6). According to Sidak’s
multiple comparison test, biomass was sgnificantly higher at Site 17 than both Sites 17W
and 18, except in 1999 when Site 17 and 17W were not sgnificantly different (Fig. 6A).
Likewise abundance was higher a Site 17 than at both 17W and 18, except in 1997 when
Sites 17 and 18 were not sgnificantly different (Fig. 6B).
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Species diverdty increased a both Sites 17 and 18, but the increase was significantly
greater at Site 17 (Table 5, Fig. 6C). Theincreasein species diversity reflectsthe
increase in number of species per sample (Table 5, Fig. 6D). The number of species aso
increased at Site 18, but the increase was grester a Site 17, asindicated by the significant
gte” cruiseinteraction term (Table 5). Evenness at Sites 17 and 18 was not significantly
different and the closure effect was inggnificant. In 1999, Site 17W had significantly
higher abundance than Site 18 (Fig. 6B) and lower species diversity (Fig. 6D).

Multivariate andyss of the community compostion data from the shallow sites
included 100 species. Multidimensiond scaling of the smilarity matrix separated the
samples by steson the vertical axis (Fig. 7); tempora shifts in species compostion are
aso apparent aong the horizontd axis of the MDS plot. Species composition changed
more a Site 17 ingde the closed area than at the two Sites (17W and 18) outside the
closed area. Species composition at Sites 17 and 18 was most smilar in 1996 when total
abundance and biomass at these Steswas dso amilar (Fig. 6A,B); Snce 1996, species
composition at these Stes has diverged.

The Similarity Percentages (SIMPER) routine in PRIMER was used to identify the
Species that contributed mogt to the Smilarity and dissmilarity of species compostionin
samples collected at the shalow Sites. Averaged across years, Site 17 had greater
abundance of the brittle star, Ophiopholis acul eata, the polychaete, Nereis zonata, the sea
star, Asterias vulgaris, and the sea urchin, Strongyl ocentrotus droebachiensis than ether
of the open sites 17W and 18. Site 17W was distinguished by having greater abundance
of the sand shrimp, Crangon septemspinosa, than either Sites 17 and 18. Site 18 differed
by having more Cancer irroratus crabs than the other two stes.

Changes in epifaunal cover are apparent in the bottom photographs from Site 17,
within the closed area (Fig. 8). 1n 1994, prior to the closure, the gravel was barren with
very little epifauna. 1n 1996, the gravel was covered with a biogenic layer, which was
being grazed by the nudibranch Coryphella. By 1997 we saw colonization of the gravel
by sponges and hydrozoans, and increased abundance of crabs and small scallops. The
1999 photo shows an increase in Sponge cover, in particular, colonies of Polymastia and

Isodictya. Though uncommon, we aso observed small colonies of Filograna implexa, a
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colonid polychaete with fragile cal careous tubes that characterized the deep, undisturbed
Site 20 (Collie et a. 20008a).

Many megafaund species increased in abundance at Site 17 following the closure in
January 1995, with the differences becoming most gpparent in 1997 (Figs. 6, 7). Twelve
gpecies accounted for most of the dissmilarity in species composition a Site 17 and
hence the increase in biomass and abundance following the closure (Fig. 9). This species
group includes three crabs (Cancer irroratus, Hyas coar ctatus and Pagurus acadianus),
three echinoderms (Ophiopholis aculeata, Strongyl ocentrotus droebachiensis, and
Asterias vulgaris), three bivalves (Crenella glandula, Astarte borealis, and Placopecten
magellanicus), one gastropod (Buccinum undatum), one shrimp (Dichel opandalus
leptocerus), and one polychaete (Nereis zonata). Three of the 12 species—O. aculeata,
H. coarctatus, and D. leptocerus—were among those that distinguished the deep
undisturbed Site 20 from disturbed Site 13. Hence the presence/absence of these three
fragile gpecies can be considered indicators of disturbance and recovery. Conversdly, the
abundance of the crab, Cancer irroratus and the sand shrimp, Crangon septemspinosa
(not shown inFig. 9) remained relatively congtant at Site 17 following the closure; these
two scavenging species gppear less sengtive to bottom fishing disturbance and
potentialy benefit from the increased feeding opportunities associated with disturbance.

Marked shifts in species dominance occurred over time at Site 17 (Fig. 10). 1n 1994,
prior to the closure, the abundance dominance curve lay above the biomass curve,
because there were few large animas at this Site. Following the closure, the biomass
dominance curve was shifted upwards, reaching its highest level in 2000. Starting in
1996, the biomass came to be dominated by the sea scallop, Placopecten magellanicus,
the sea urchin, Strongyl ocentrotus droebachiensis, the sea star, Asterias vulgaris, and the
gastropod, Buccinum undatum. Shifts in the abundance dominance curve mirror the
changes in species diversty and evenness (Fig. 6C), with high dominance corresponding
with low evenness. The abundance dominance curve generdly shifted down with time,
except in 1999, when the brittle star, Ophiopholis aculeata was numericaly dominant.
The number of speciesfound in the samplesat Site 17 increased from 24 in 1994 to 54 in
2000 (Fig. 10).
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Discusson

Univaiaeindices

We have demondirated significant differences between stes in the abundance and
biomass of benthic megafauna sampled from gravel habitats on Georges Bank.
Moreover, we measured significant increases in abundance and biomass at Site 17,
fallowing its closure to bottom fishing. The mogt likely explanation of the differencesis
bottom fishing intensty. However, our study is subject to the same caveets inherent in
most spatid comparisons of fishing effects in benthic communities (Hal 1999), namely
that fishing effort is not experimentaly controlled, and that the Stes may differ in
characterigtics other than fishing intensty. This study was limited to asmal number of
gtes sampled sysematicdly over time. Despite sampling congraints, the multi-year
nature of the sudy has alowed us to document trends of change over time in the
composition of benthic communities on gravel habitats.

At the deep sites (80-84 m), fishing effort was grester at Site 13 than at Site 20.
Some bottom-trawling effort was recorded at Site 20, s0 it can be classified aslightly
trawled, especidly after 1998. In bottom photographs we have observed trawl cables
snagged on boulders. The effort data are consistent with our personal observations of
increased trawling intensity a Site 20. It is possible that, with improved navigetion,
fishermen are identifying trawl corridorsin what was previoudy consdered untrawlable
bottom. Given the light trawling that occurred at Site 20, it gppears that scallop dredging
is respongble primarily for the difference in megafauna between Sites 13 and 20. This
conclusion is congstent with other studies, which found that, on a per-tow basis, scallop
dredges cause more disturbance than otter trawls (Collie et a. 2000D).

Why are there fewer scallops, and hence no scallop dredging at Site 20, compared
with Site 13? These two Stes are adjacent and located at virtualy the same depth.
Therefore they share smilar bottom currents and most likely asimilar supply of larvd
scallops. Both stes have gravel subdtrates, though Site 20 has dightly more cobbles and
lesssmal pebbles (Collie et d 2000a). Site 20 is characterized by a high percent cover of
hydroids and bryozoa (on which post-larval scallops are known to attach; Thouzeau et d.
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1991; Stokesbury and Himmelman 1995) and of colonies of colonia polychaete
tubeworms (Filograna implexa). Predation rates on recently settled scallops may be
greater at Site 20 due to the higher dengties of invertebrate predators associated with
attached epifauna (see below). Asin our study, Thouzeau et d. (1991) found higher
scdlop densities on gravel substrates but not at Stes with ahigh cover of Filograna
implexa.

At the shdlow stes (45-49 m), interpretation of the effort datais more clear-cut,
thanksto the areaclosure. Since the closure, Site 17W and 18 have been subject to both
scallop dredging and bottom trawling, with effort levels somewhat lower at Site 18 than
17W. Site 17W was thus a good choice of fished control for Site 17. Site 18 remainsan
important control because it was sampled prior to the closure and therefore enables BACI
comparisons with Site 17. These shdlow sites are at Smilar depths and thus subject to
gmilar current regimes. Again there are subtle differences in the gravel subgtrate (Collie
et d. 2000a) that could contribute to the differencesin community compaosition.

The patterns in species diversity were incons stent between the deep and shallow
dtes. At the deep Sitesthe difference was due primarily to grester evenness at the
disturbed Site 13. Theincrease in diversity observed at the shalow stes was due
primarily to an increase in the number of species per sample. Interestingly, the number
of species per sample at Site 17 increased to about 40 following the closure, which is
about the same S as the undisturbed Site 20. It iswell recognized that S depends on
sample size (Krebs 1989), but we presented these results to aid in interpreting the patterns
in speciesdiversty. Species diversity isknown to be an insengtive indicator of
disturbance (Clark and Warwick 1994) and we therefore rely more heavily on the

multivariate andyses.

Multivariate indices

Significant differences in gpecies composition were found among sites, which can be
attributed to differencesin bottom fishing intengty. We dso observed shiftsin species
composition, particularly at the deep sites (compare 1994 samples with other years at
Sites 13 and 20, Fig. 4) that appear unrelated to fishing intengity. These shifts could be
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explained by naturd variability in the megafaund populations. We did not sample & the
same time each year, and though the dominant megafaund species live longer than one
year (Hermsen et d. 2003), they do have seasond recruitment and mortality patterns.
Seasonality could explain the lower biomass and abundance a Site 20 in November 1994
(Fig. 3A,B) and the decline in abundance at Site 17 in November 2000 (Fig. 6B).
Though we used the same sampling methodology over time, different groups of
people picked the samples from each cruise, possibly introducing sampling variability.
Likewise, we have taken pains to sandardize the taxonomic lists from one cruise to the
next. However as our taxonomic skill increased with time, it is possible that we
identified more speciesin recent cruises. We are confident that sampling and
identification biases are smdll, consdering that over 40,000 individua specimens
weighing 242 kg were included in thisandysis. If there were abias in species
identification it would not affect comparisons made among Stes on the same cruise.

From the differences in species composition we can identify sendtive taxa and
species that can be considered asindicator species. At the deep Sites, the polychaete,
Thelepus cincinnatus accounted for the grestest dissmilarity (15%). This species builds
its tubes around cobbles, physicd disturbance of the cobbles will arade and crush the
tubes. One of the most gpparent visud differences among the sitesis that the gravel
particles at Site 20 are encased and bound together by worm tubes, whereas the gravel
particles at disturbed sites have a polished look. Another mgor visua differenceisthat
Site 20 has a high percent cover of hydroids, bryozoans and calcareous worm tubes. This
matrix of emergent epifauna shelters fragile animals, including pandaid shrimps, the
brittle tar, Ophiopholis acul eata, and the toad crab, Hyas coar ctatus. The horse mussd,
Modiolus modiolus, is aso known to be an indicator of fishing disturbance (Hall 1999;
Bradshaw et d. 2002). Itslarge, yet rdaively thin vaves are vulnerable to physica
damage and its dow growth rate requires along recovery time. Though not abundant at
our gtes, the mussds M. modiolus and Musculus discors were found at Site 20 and not
Site 13.

Some of the same indicator speciesincreased in abundance a Site 17 following the
area closure, namely Ophiopholis aculeata, Hyas coar ctatus, and the shrimp,

Dichelopandalus leptocerus. Increases in these species coincided with increased
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epifaunad coverage (Fig. 8), as expected from prior studies. Among the other species that
increased at Site 17, some are fragile, such asthe errant polychaete, Nereis zonata, and
the northern red sea anenome, Urticina felina. Other shelled animals also increased,
including the sea urchin, Strongyl ocentrotus droebachiensis, the rock crab, Cancer
irroratus, and the sea scallop, Placopecten magellanicus. Scavengers, such asthe sea
star, Asterias, do not suffer a high mortdity from trawling (Ramsay et d. 2000) but may
have benefited from increased feeding opportunities following the areaclosure. The
hermit crab, Pagurus acadianus, increased in paralel with the gastropod, Buccinum
undatum, one of its principa sources of housing (Fig. 9). P. acadianus was aso more
abundant at undisturbed Site 20 than at disturbed Site 13.

Among the taxa more resstant to bottom fishing disturbance are smal, hard-shelled
bivaves such as Astarte spp. and Cyclocardia borealis. Smilar observations have been
made in other studies, and it has been suggested that the pressure wave in front of the
bottom fishing gear blows these smal mollusks out of the way (Gilkinson et d. 1998).

Of the Sx Astarte species found in our samples, A. borealis appears most sengitive to
bottom fishing and A. elliptica the least sensitive. Inthe closed area (Site 17), A. borealis
increased in abundance while A. eliptica fluctuated without trend. Some crustaceans
(e.g. Cancer irroratus and Crangon septemspinosa), though not particularly robust, do
not appear as sendtive to bottom fishing, perhaps because of a high rate of population
increase coupled with their scavenging lifestyle.

The dynamics of the sea scdlop, Placopecten magellanicus, are particularly
important because it is the target of the dredge fishing that disturbed the bottom. In
addition to the fishing mortaity, there is substantid mortdity to scallops that are crushed
by the gear but not retained (Myers et al. 2000). Scallops feed on suspended matter from
the water column but require a stable substrate for settlement (Stokesbury and
Himmelman 1995). The chief predators of scallops are sea stars, crabs, and lobsters. Sea
scdlops are a dominant component of the benthic megafaunain the closed area.

However they are not solely responsible for the recovery patterns observed a Site 17.
We observed numerica responses in numerous species (Fig. 9) and other molluscs and

echinoderms contribute to the increased biomass.
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Recovery, succession, and dominance

We observed sgnificant increases in abundance and biomass at Site 17 in 1997, 22
years dfter the areaclosure. The recovery time of gravel habitatsis clearly longer than
for soft-sediment communities (Collie et a. 2000a). In 2000, five years after the closure,
we were gill seeing increases in biomass and in the abundances of certain taxa. Our
results so far, suggest that the recovery time of the gravel habitatsis on the order of 10
years, but continued sampling is required to vaidate this prediction. Similar recovery
rates were observed during 10 years of sampling agravelly habitat off the Ide of Man
following closure to scallop dredging (Bradshaw et a. 2000).

The pattern of succession at Site 17 can be interpreted with respect to the lifespan of
the different species, aslisted in Hermsen et d. (2003). We expect short-lived speciesto
recover more quickly but to exhibit more variability in abundance (“r-selected” species).
In contrast, longer-lived species should exhibit dower and Steedier recovery patterns
(“K-selected” species). Many species were absent or rare at Site 17 prior to the closure.
Some speciesincreased rapidly after the closure, then declined. For example, the
nudibranch, Coryphella, was abundant at Site 17 in 1996 only. Severd short-lived (on
the order of up to 5 years) species first became abundant in 1997 and then their numbers
leveled off (e.g. Hyas coar ctatus, Astarte borealis, and the mussd, Crenella glandula).
Other longer-lived species (10-20 years) continued to increase throughout the time series

(e.g. Placopecten magellanicus, Buccinum undatum, and Asterias vulgaris). With higher

numerica dendties, species abundance will be increasngly affected by competitive and
predator-prey interactions.

The successona end point of the benthic megafaund community & Site 17 is il
unclear. There does not appear to be alinear succession of the community composition
a Site 17 toward that a Site 20. Instead the successiond pattern seems more like the
indeterminate pattern suggested by Auster and Langton (1999, Fig 5B). Site 20 isadmost
twice as deep as Site 17 and therefore has weaker bottom currents (Butman 1987);
stronger bottom currents a Site 17 may reduce settlement rates of sometaxa It remains
unclear to what extent the sea bottom at Site 17 will become covered with colonia
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epifauna. Andysis of recent bottom photos at Site 17 is not yet complete and will be the
subject of future anayses.

Dominance curves from Site 17 are congstent with shifts in benthic community
dructure that have been observed dong pollution gradients. At unpolluted stes, the
biomass curve lies above the abundance curve, but with increasing pollution the position
of the curvesisreversed (Clarke and Warwick 1994). Abundance-biomass (AB) curves
and the difference between them (the W statistic) can therefore be used asindicators of
pollution. Prior to the closure a Site 17, the abundance curve was above the biomass
curve, on both cruisesin 1994. Following the closure in 1995, the biomass curve shifted
above the abundance curve, and the separation between the two curves has increased
gnce then, asreflected in the W statistic (Fig. 10). Thusthe AB curves gave the earliest
indicator of recovery a Site 17 following the closure. Thisinitid response was due to an
increased biomass of echinoderms (Asterias vulgaris and Strongyl ocetrotus

droebachiensis); scallop biomass did not increase until 1996.

Links to fish production

The main results of this sudy show that there is a higher abundance and biomass of
benthic megafauna a undisturbed gravel habitat Stes and that the community
composition is Sgnificantly different from that of disturbed Stes. What are the
implications of our results for the production of demersd fish? One prediction isthat
emergent epifauna provides juvenile fish with shelter from predators (Lindholm et al.
2001) but our study did not address this hypothesis. A second prediction is that bottom
fishing reduces the abundance of prey speciesthat are important in the diets of demersal
fish. Inardated andyss, Hermsen et a (2003) estimated production from the size-
frequency digtributions of benthic megafauna from the same samples. They found
sgnificantly lower production of benthic megafauna a Site 13 than at Site 20. Likewise,
there was an increase in production a Site 17 following the closure, to levels comparable
with Site 20. The differences in production between disturbed and undisturbed Stes are
subgtantia when viewed in the context of the Georges Bank food web. Our results echo
those of Jennings et d. (2001), who found reduced macrofaunal production with
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increasing trawling intengity in the North Sea. Taken together, these new resultsindicate
that bottom fishing dtersthe flow of energy through continental shelf ecosystems.

Many of the species that were more abundant at the undisturbed sites are dso
important in the diets of demersd fish species. Not al benthic invertebratesin fish
stomachs can be identified to species leve, yet some important prey species stand out.
Numerous demersa fish species, including flatfish and skates (Bowman et d. 2000),
specidize on egting shrimp (Dichelopandal us leptocerus, Pandalus montagui, Crangon
septemspinosa, and other pandalids) and crabs (Hyas coar ctatus, Cancer irroratus,
Pagurus spp.). Haddock eats the brittle star, Ophiopholis acul eata, and American plaice
aso specidizes on eating ophiuroids (Bowman et a. 2000). To the extent that these prey
gpecies are reduced in abundance, demersa fish must spend more time foraging, and the
juveniles will be exposed to increased predation risk (Walters and Juanes 1993).

What actions should be taken to mitigate the effects of bottom fishing disturbance?
The Nationd Research Council (NRC) committee that studied the effects of trawling and
dredging on seabed habitats recommended that a combination of effort reduction, gear
modifications, and area closures be tailored to fit specific combinations of fisheries and
habitats (NRC 2002). Effort reduction—the cornerstone of fisheries management—
should result in commensurate decreases in bottom fishing disturbance (Hall 1999).
Sengitive habitats with long recovery times require the additiona protection of area
closures. There are some incentives and opportunities for “reduced-impact” fishing gears
to operate within closed areas. However, bottom contact is required to catch species such
asflatfish and scallops, and for these fisheries there is limited scope to reduce bottom
impacts with gear modifications.

Rotationa harvest strategies may increase the yield-per-recruit of scalops by
reducing the mortality of smal scalops (Myers et d. 2000). However, the rotation times
of that are being consdered (3-5 years) are shorter than the recovery times of gravel
habitats (~10 years). The result of arotationa harvest strategy on gravel habitats could
be to maintain dl the areasin achronicdly disturbed state. During atemporary trawl
closure in the North Seg, fishing effort was displaced outside aclosed area, but then
returned when the area was re-opened (Rijnsdorp et d. 2001). The net result was amore
homogeneous distribution of fishing effort and increased effort in areas that formerly
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were less impacted by bottom gear. From a habitat perspective, it is preferable to keep
fishing effort patchy (Duplisea et d. 2002) because repeated tows of the same area cause
adiminishing mortality of benthic species and large areas remain unfished. Thus,
permanently closed areas of gravel habitat are preferred over temporary or rotating
closures to mitigete the effects of fishing on benthic communities. However, rotating
closures of other kinds of habitats (e.g. those sand and mud habitats that recover more
rapidly than gravel) might be an gppropriate management strategy.

These management issues are especidly topicd on Georges Bank, asthe New
England Fisheries Management Council considers different closed area options as
amendments to the groundfish and scallop fishery management plans (NEFMC 2003).
The exiding areas closed to mobile bottom fishing gear have been successful in reducing
fishing mortality and have protected benthic habitat (Murawski et d. 2000). In fine-
tuning the existing closed aress, the primary consderations are 1) to reduce fishing
mortality on overfished stocks while alowing harvest of abundant stocks; (2) to protect
vulnerable habitats, and (3) to create informative spatiad comparisons that will dlow the
benefits and costs of the closed areas to be measured and evaluated.
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Table 1. Cruise dates, water depths, and numbers of dredge samples collected at sampling
stes on northern Georges Bank. See Fig. 1 for the locations of these Sites.

Sampling Site

13 20 17 17w 18
Depth (meters) 80 84 47 49 45
Disgturbance level disturbed undisturbed  Recovering®  disturbed disturbed
Sampling Dates
1994 April 10-13 7 - 5 - 3
1994 Nov. 12-16 8 6 3 - 6
1995 July 30 - - 3 - 3
1996 May 25-27 - - 6 - 3
1997 July 18-22 3 3 6 3 3
1998 June 15-22 3 1 3 3 3
1999 June 19-23 3 3 4 4 3
2000 Nov. 5 - - 3 - 2

a. Site 17 was closed to mobile bottom fishing in January 1995.
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Table 2. Andysis of variance of univariate indices at the deep Sites 13 (80 m) and 20 (84
m). See Figure 3 for graphicd plots of theseindices. The ANOVA tableis caculated
from Type-111 Sums of Squares. H’ is Shannon-Wiener diversity. In comparing Sites 13
and 20, the F datistic and the Probability in the Site column show that Sites 13 and 20 are
ggnificantly different, with Site 20 having higher biomass, dbundance, and number of
species and Site 13 having higher species diverdity. The data are from four cruisesin the

years 1994, and 1997 through 1999.

Source of variation Site Cruise Ste’ Cruise Residud
Degrees of freedom 1 3 3 20
Response variable Log (Biomass)
Mean square 9.226 0.309 0.480 0.274
F gatigic 33.647 1.218 1.750
Probability <0.001 0.362 0.189
Response varigble Log (Abundance)
Mean square 38.321 0.422 0.510 0.198
F ddidic 195.974 2.130 2577
Probability <0.001 0.128 0.083
Response variable Species Diversity (27)
Mean square 340.782 9.308 54.784 10.317
F datigtic 33.031 0.902 5.310
Probability <0.001 0.457 0.007
Response variable Number of species (S
Mean square 588.000 106.784 122.080 38.450
F getigic 15.293 2777 3.175
Probability <0.001 0.68 0.047
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Table 3. Percent dissmilarity between the megafaund communities at Sites 13 and 20.
Dissmilarity was calculated with the SIMPER routine in PRIMER, based on square-root
transformed data. Average dissmilarity of the entire communities (102 species) was
75%. The 10 species contributing most to the dissmilarity arelisted. Mean abundanceis
standardized per liter of grave.

Mean abundance Dissmilarity Percent
) ] . Mear/ Contri- Cumu-
Species Stel3 Ste20 Mean SDev. bution laive
Thelepus cincinnatus 009 2247 1148 184 1524 1524
polychaete
Ophiopholis aculeata 0.04 323 491 3.45 652 2175
brittle sar
Hyas coarctatus 0.13 278 418 223 555  27.30
toad crab
Dichelopandalusleptocerus ) 59 163 301 1.03 399 3130
drimp
Potamilla neglecta 0.02 232 294 1.03 390 3520
polychaete
Ledbeus groenlandicus 000 077 254 190 337 3857
shrimp
Pandalus montagui 0.00 072 234 1.58 310  41.68
srimp
Eualus pusiolus 0.03 068 204 1.70 271 4438
shrimp
C;af‘gon septemspinosa 0.01 071  1.88 0.92 249  46.88
rimp
Spirontocaris spinus 0.01 100 1.84 0.76 244 4931
shrimp
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Table 4. Rddivefishing intengty at the shalow gtes (45-49 m). Days absent from port
were extracted from vessd trip reports, calculated from the date and time the vessdl | ft
and returned to port. Theentiretrip is assigned by the fisherman to a single location, and
the data have been summed by 10 minute squares (David Stevenson, NMFS, Gloucester,
MA, pers. comm.). We then sdlected the 10-min square that contained each of our
sampling Stes. The scallop fishing hours come from the satdllite vessel monitoring

system (Rago and McSherry 2001). We summed scalop fishing hours within 2 nautica
miles of our sampling Stes.

Sampling Site 17 17W 18
Days absent from port 1995-2000

Bottom trawl 0 1770 463

Scalop dredge 0 1373 544

Scdlop fishing hours within 2 nautical miles of Stes

1998 0 2244 1267

1999 0 234 11

2000 0 756 7
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28



Table 5. Andlysis of Variance of univariate indices at the shadlow Sites 17 (47 m) and 18
45m). SeeFigure 6 for graphica plots of theseindices. The ANOVA tableis calculated
from Type-111 Sums of Squares. H’ is Shannon-Wiener diversity. Of primary interest are
the F statistics and corresponding Probabilitiesin the Site” Closure interaction column.
Comparing the differencesin biomass, abundance, species diverdty, and number of
species between Site 17 and Site 18, highly significant changes occurred following the
dosure at Site 17. The data are from eight cruises from 1994 through 2000.

Source of variation Ste Closure Site’ Closure Resdua
Degrees of freedom 1 1 1 58
Response variable Log (Biomass)
Mean square 0.949 20.895 16.268 0.800
F getigic 1.879 26.130 20.344
Probability 0.280 <0.001 <0.001
Response variable Log (Abundance)
Mean square 0.0405 24.902 6.917 0.347
F ddidic 0.117 71.832 19.955
Probability 0.734 <0.001 <0.001
Response variable Species Diversity (27)
Mean square 0.916 477.689 58.713 12.839
F getigic 0.071 37.206 4573
Probability 0.790 <0.001 0.037
Response variable Number of species (S
Mean square 53.365 3274.569 146.487 33.511
F ddidic 1.592 97.715 4371
Probability 0.212 <0.001 0.041
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Fig.1. Location of sampling sites on northern Georges Bank. The numbered rectangles
are Stes on the grave habitat that were surveyed with side-scan sonar in 1994 by the U.S.
Geologica Survey.
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A. Scallop Dredging Effort in 1997

10 km

" g

Latitude (degrees N)
42.05

41.90
days fished
0 20
i B
2

67.0 66.8 66.6 66.4 66.2 66.0

)
N
N

Longitude (degrees W)

B. Scallop Dredging Effort
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C. Bottom Trawling Effort in 1997
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Fig. 2. Spatid digtribution of bottom fishing on northeastern Georges Bank. Fishing
locations were reported to the nearest minute of latitude and longitude. A. Digtribution of
scdlop dredging effort in 1997. The diagond lineis the Hague Line and the rectangles

are quadrants that have been surveyed with Sde-scan sonar. The numbered sites show

the locations where dredge samples were taken. B. Scallop dredging effort in the 1-min.
quadrants corresponding to dredge Sites 13 and 20. C. Disgtribution of bottom trawling
effort in 1997. The high-density quadrants suggest that some locations have been

rounded to the nearest 10 min. D. Bottom trawling effort in the quadrants corresponding
to dredge Sites 13 and 20. These location data were extracted from the Zonal Interchange
Format database by Jerry Black, Canada Department of Fisheries and Oceans,

Dartmouth, Nova Scotia
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A. Biomass B. Abundance
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Fig. 3. Univariate ecologicd indices at the deep Sites. Each symbol represents one
dredge sample and the lines connect the means from each sampling cruise.
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Fig. 4. Non-metric multidimensona scaing of megafauna communities a Sites 13 and
20. Each symbal represents one dredge sample. This ordination is based on the Bray-
Curtis smilarity matrix of square-root transformed data on the abundance of 102 species.
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Fig. 5. Spatid digtribution of scallop fishing in 1998. Location data were obtained from
the satdllite vessdl monitoring program. Totd fishing timein each 1 nm? cdll was
caculated by Rago and McSherry (2001) as the sum of vessdl hours at speeds lessthan 5
knots. HAPC isthe Habitat Areaof Particular Concern established for juvenile cod

insdde Closed Areall.
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A. Biomass B. Abundance
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Fig. 6. Univariate ecologica indices at the shdlow sites. Each symbol represents one
dredge sample and the lines connect the means from each sampling cruise. The vertica
broken line indicates the date that Site 17 was closed to dl bottom fishing. Sites 18 and
17W remained open throughout this period.
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Fig. 7. Non-metric multidimensond scding of megafaund communities at Sites 17,
17W, and 18. To smplify the graph, each symbol represents the mean of replicate
dredge samples taken at each sSte and cruise. This ordination is based on the Bray-Curtis
smilarity matrix of square-root transformed data on the abundance of 100 species.
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Fig. 8. Photographs of the seafloor at Site 17. The field of view in each photograph is
approximately 76 cm by 51 cm (30 by 20 inches). 1994: prior to the closure only afew
burrowing anemones (ba) can be seen. 1996: many burrowing anemones and a hermit
crab (hc) can be seen in the top right corner. 1997: Sponges, bryozoans (br), asea urchin
(su) and smdll scallop (sc), a hermit crab and toad crab (tc) can be seen. 1999: sponges
(Polymastia and I sodictya) and alarge scallop are evident. Photographs by Dann
Blackwood, USGS.
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Fig. 9. Abundance of 12 megafauna species that contributed most to the changesin
community composition Site 17. Each point represents one replicate dredge sample;
solid lines connect the means at each sampling date. The broken vertical linesindicate
the date this Ste was closed to bottom fishing.
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Fig. 10. Cumulative dominance curves cdculated from the Abundance (A) and Biomass
(B) of benthic megafauna at Site 17. The W statistic sums the differences between the
biomass and abundance curves (Clark and Warwick 1994).
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