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ABSTRACT: This study addresses the effect of mobile fishing gear disturbance on benthic m egafaun­
al production on the gravel pavem ent of northern G eorges Bank. From 1994 to 2000, we sam pled 
benthic m egafauna with a i m  Naturalists' d redge at shallow (47 to 62 m) and deep (80 to 90 m) sites. 
The cessation of fishing in large areas of Georges Bank in January  1995 allowed us to monitor 
changes in production at a previously disturbed site. Production at a shallow disturbed site varied lit­
tle over the sampling period (32 to 57 kcal n r 2 y u 1) and was m arkedly lower than  production at the 
nearby recovering site, w here production increased from 17 kcal m_2yr_1 in 1994 before the closure 
to 215 kcal n r 2 y u 1 in 2000. Atlantic sea scallops Placopecten magellanicus and green  sea urchins 
Strongylocentrotus droebachiensis dom inated production at the recovering site. The community pro- 
duction:biomass ratio decreased over time at the recovering site as the sea scallop population 
m atured. At the deep sites, production rem ained significantly higher at undisturbed sites (174 to 
256 kcal n r 2 y u 1) than at disturbed sites (30 to 52 kcal n r 2 y u 1). The soft-bodied tube-building poly­
chaete Thelepus cincinnatus dom inated production at the undisturbed site, while hard-shelled 
bivalve molluscs Astarte  spp. and P. magellanicus w ere prevalent at the disturbed site. Mobile fish­
ing gear disturbance has a conspicuous effect on benthic m egafaunal production in this hard-bottom  
habitat. Cessation of mobile fishing has resulted in a m arked increase in benthic m egafaunal p ro­
duction. These findings should help fishery m anagers to gauge the costs and benefits of m anage­
m ent tools such as area closures and low-impact fishing gears.
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INTRODUCTION

Concern over the ecosystem effects of fishing has led 
several countries to close parts of the sea bottom to 
mobile fishing gear for the purpose of preserving 
ecosystem function and/or fish production (Bradstock 
& Gordon 1983, Jennings 2000, M cClanahan & Arthur 
2001, Roberts et al. 2001). Off the NE coast of the 
United States, approxim ately 10 000 km2 of sea bottom 
in 2 areas on G eorges Bank have been closed to all 
bottom-fishing towed gear in an effort to protect com ­
mercially valuable fish stocks (Murawski et al. 2000). 
G eorges Bank, a large subm arine p lateau on the conti­

nental shelf off the coast of New England, has histori­
cally supported large harvests of commercially valu­
able groundfish (e.g. Atlantic cod Gadus morhua  and 
haddock M elanogram m us aeglefinus) and Atlantic sea 
scallops Placopecten magellanicus. Swathes of gravel 
pavem ent, deposited during the last glacial retreat 
approxim ately 15 000 yr ago, cover large portions of 
the NE edge of the Bank and are particularly im portant 
biologically. This pavem ent is known to be a spaw ning 
ground for Atlantic herring Clupea harengus  and is an 
im portant nursery habitat for juvenile Atlantic cod and 
haddock (Lough et al. 1989, V alentine & Lough 1991). 
The gravel pavem ent supports a diverse array of errant
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and attached fauna that can harbor prey or shelter 
juvenile dem ersal groundfish (Collie et al. 1997).

In the past 40 yr, Georges Bank has been  subjected 
to heavy fishing pressure from American, Canadian 
and distant-w ater fleets (Fogarty & M urawski 1998). 
This pressure has led to dram atic declines in the abun­
dance of several target species. The decline of princi­
pal groundfish and flounder (e.g. yellowtail flounder 
Limanda ferruginea) resources on G eorges Bank has 
fueled concern over the degradation of habitat associ­
ated w ith the mobile, bottom-fishing towed gear of the 
scallop and trawl fisheries (Langton et al. 1996). In J a n ­
uary 1995, 2 areas of G eorges Bank w ere closed to 
mobile fishing gear (creating 2 of the largest such 
areas in the world) to curb fishing pressure on com ­
mercially valuable cod and haddock stocks.

Recent experim ents and directed sampling have pro­
vided valuable insight into both the short- and long­
term  effects of bottom fishing (for reviews see Auster & 
Langton 1999 and Kaiser et al. 2002). Chronic d istur­
bance by trawls and dredges reduces benthic m ega­
faunal abundance, biomass and diversity (Collie et al. 
2000). Disturbance by bottom-fishing towed gear also 
reduces habitat heterogeneity  by smoothing out bed- 
forms and rem oving habitat-form ing species (Auster & 
Langton 1999). Experim ental traw ling in the Irish Sea 
reduced the density of some sessile fauna (Alcyonium  
digitatum  and hydroids) by 50% (Kaiser & Spencer
1996). Not as well understood, however, is the effect 
these perturbations have on the productivity of these 
ecosystems.

Investigation into the role of anthropogenic d istur­
bance on benthic production is im portant for several 
reasons, foremost being the role of the benthos in the 
transfer of energy to higher trophic levels. The diets of 
several commercially im portant dem ersal fish are 
dom inated by benthic invertebrates (Steimle 1987, 
Bowman et al. 2000). On G eorges Bank, molluscs and 
crustaceans constitute a significant portion of the diet 
of Atlantic cod (Bowman et al. 2000). Georges Bank 
haddock have a diet similarly dom inated by crus­
taceans and echinoderm s (Bowman et al. 2000).

Two ways that investigators can assess production of 
benthic fauna are (1) directly, by estim ating direct loss 
of biomass from a population (e.g. Collie 1985), or 
(2) indirectly, through the use of an allometric relation­
ship to calculate a production-to-biomass (P:B) ratio 
(e.g. Wildish & Peer 1983) or by applying P:B ratios 
from other studies (Robertson 1979, Crisp 1984, 
Steimle 1987, Brey 2001). The production of 3 amphi- 
pod species from G eorges Bank has been  estim ated 
directly with cohort-based m ethods (Collie 1985). 
W hen cohorts are not easily distinguishable from 
leng th -frequency  histograms, the size-frequency 
(Hynes) m ethod has been  used (e.g. Collie 1987). This

method calculates production by summing the biomass 
lost betw een size classes (Krueger & M artin 1980). 
Using P:B values from the literature for some taxa and 
reasonable estim ates to fill in gaps for less well-studied 
groups, Steimle (1987) estim ated benthic secondary 
production on G eorges Bank. Benthic secondary pro­
duction on this particularly productive part of the con­
tinental shelf was estim ated to be higher than  for most 
other shelf and coastal areas (Steimle 1987).

One might expect that a degree of trawling would 
enhance benthic m egafaunal productivity, as oppor­
tunistic species would most likely be favored in a m od­
erately disturbed environm ent (Dayton & Hessler 1972, 
Jennings et al. 2001, 2002). Smaller-bodied animals 
w ith high intrinsic rates of increase may benefit from 
the reduction in biomass of larger-bodied benthic 
fauna through a reduction in competition (Jennings et 
al. 2002). However, there is likely a threshold beyond 
w hich chronic disturbance adversely affects productiv­
ity. In one of the few studies of the effects of d istur­
bance on benthic production, a m eta-analysis of 201 
data sets, Emerson (1989) found that productivity was 
negatively correlated w ith wind stress and elevated 
bottom current speeds. The potential effects of anthro­
pogenic disturbance, such as bottom-fishing towed 
gear, on the production of invertebrate prey of com ­
mercially im portant fish are just beginning to be 
understood.

To date, only 1 other study has exam ined the effects 
of mobile fishing gear disturbance on benthic produc­
tion. Jennings et al. (2001) com pared production at 
2 sites in the North Sea that each experience a range of 
beam -traw l disturbance. An allometric relationship, 
based upon a suite of variables, was used to estim ate 
community production. Although beam  trawling 
raised community P:B in disturbed areas by favoring 
smaller species, overall productivity in the most d is­
turbed areas was significantly lower because of a 
decrease in benthic biomass (Jennings et al. 2001).

The purpose of this study was to estim ate the effects 
of bottom fishing on benthic production on the NE part 
of G eorges Bank. We used direct m ethods to estim ate 
production for the most abundant species, and P:B 
ratios for the rem aining species. This is the first study 
to investigate the effects of mobile fishing gear d istur­
bance using direct estim ates of community production.

MATERIALS AND METHODS

Study sites. Study sites on the northern part of 
Georges Bank w ere chosen in an effort to com pare 
areas w ith different levels of disturbance by bottom- 
fishing towed gear while accounting for natural varia­
tion in community composition w ith depth  and sedi-
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m ent type. Disturbance level was 
determ ined with sidescan sonar sur­
veys and w ith scallop fishing effort 
data up to 1993. In order to account 
for community changes associated 
w ith depth, sites ranging from 47 to 
62 m in w ater depth  w ere classified as 
'shallow' and sites ranging from 80 to 
90 m in depth  w ere classified as 
'deep '. Sidescan sonar im agery was 
used to select only those sites w ith a 
gravel substratum. Effort data col­
lected since 1994 have served to con­
firm our disturbance-level designa­
tions at the deep sites (J. Black, 
C anada D epartm ent of Fisheries and 
Oceans, pers. comm.)

Over the course of the 7 yr study, 
9 sites w ere sam pled (Fig. 1, Table 1). 
In January  1995 a large portion of 
G eorges Bank was closed to all bot­
tom-fishing towed gear. The designa­
tion of Sites 17 and 18 was changed to 
reflect the concomitant diversions in 
fishing effort that took place after the 
closure. In 1997, Site 17W was added 
to the study to serve as an additional 
fished control site for recovering Site
17. Both otter-trawl and scallop fishing 
effort data collected since 1994 confirm 
our designations of Site 17 as an 
unfished, recovering site and of Sites 
17W and 18 as control sites (Rago & 
M cSherry 2002, D. Stevenson, Natio­
nal M arine Fisheries Service, pers. 
comm.).

Sampling of the benthic inverte­
brate community. Benthic m egafauna, 
w hich we operationally define as ani-
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Fig. 1. M ap of sam pling sites on the northern  p art of Georges Bank. D epth 
contour on th e  low er m ap denotes 100 fathoms (183 m)

Table 1. List of cruises, sam pling sites, depth, and  disturbance levels for this study. O designates undisturbed stations;
X designates disturbed stations

Site D epth (m) April 1994 N ovem ber 1994 July 1995 M ay 1996 July 1997 A ugust 1998 June 1999 Novem ber 2000

16 Shallow (62) X
17W Shallow (50) X X X
17a Shallow (47) X X O O o o o O
18a Shallow (48) o o X X X X X X
17S Shallow (50) o o
13 Deep (80) X X X X X
10 Deep (90) o o
11 Deep (85) o
20 Deep (85) o o o o
aIn January  1995, Closed A rea II, w hich included Site 17, w as created. Site 17 w as then  classified as undisturbed and  Site 18 
w as redesignated  as disturbed, as a  result of the ensuing diversion of fishing effort into this area
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mals >5 mm, w ere sam pled w ith a i m  wide N atural­
ists' d redge fitted w ith a 6.4 mm m esh liner. Tow dura­
tion was short (-30 s) to avoid overfilling the net bag 
and losing the sample. We aim ed for 3 replicate sam ­
ples per station. Samples w ere brought aboard and 
em ptied onto plywood on the deck of the vessel. Ani­
mals w ere then  m anually rem oved from the sedim ent 
and sample sedim ent volume recorded. To account for 
any fauna overlooked in the first sorting, a 9 1 subsam ­
ple was sieved through a 5 mm m esh screen. M ean 
subsam ple size throughout the study was approxi­
mately 9% of the total sample volume. The contents of 
the subsam ple w ere later scaled to the volume of the 
entire sample. All animals w ere preserved in 10% for­
m alin/seaw ater solution buffered w ith boric acid.

To convert volume (1) of sedim ent to area sampled 
(m2) by the Naturalists' dredge, we assum ed the 
100 cm wide dredge sam pled uniformly to a depth  of 
2 cm. Every liter of sedim ent sam pled was then 
equivalent to 0.05 m 2 of the sea bottom. Because we 
chose to sample in areas w ith a continuous veneer of 
gravel, this assum ption of uniform dredge efficiency 
was probably not violated. Even though the dredge 
certainly sam pled with less than 100% efficiency, 
biomass and production estim ates betw een sites sam ­
pled during the course of this study could still be 
compared.

In the laboratory, organism s w ere identified to the 
lowest taxonomic level possible, counted and w eighed 
after blotting w ith a paper towel. Because w eight loss 
due to preservation is highly variable across species, 
we did not account for w eight changes due to preser­
vation in the blotted w et weights. The species list was 
filtered to keep only those species that w ere sam pled 
quantitatively with the dredge. Individuals from 20 of 
the most abundant species w ere m easured with 
vernier calipers to the nearest mm (Table 2). At least 
30 individuals of each of these 20 species w ere also 
m easured and w eighed to generate leng th -w eigh t 
relationships w ith the equation W  = aLb, w here W  is 
w eight (g) and L is the length (mm) of the m easured 
body part or structure. The log-transformation of this 
equation, log(147) = log(a) + b log(L), was fitted with 
standard linear regression.

Direct estimates of production. If there w ere more 
than 30 individuals of a species in a sample, 
leng th -frequency  distributions w ere compiled and 
production w as calculated with the size-frequency 
(Hynes) method. This m ethod depends upon several 
assumptions including: (1) that the species is univol- 
tine, or that generation time is known; (2) that all indi­
viduals can potentially grow to the maximum size 
class; (3) that grow th in length is linear and is constant 
through time; and (4) that lifespan is known. To deter -

Table 2. List of the 20 species m easured for w hich production was estim ated w ith the size-frequency  method. Also listed are the 
body part or structure used for the m easurem ent, num ber of animals m easured, a  and b coefficients of the derived leng th -w eigh t 

relationship, the r2 of the standard  linear regression, and the maximum lifespan and corresponding reference

Species M easurem ent n a b r2 Life span
(yr)

Source

Astarte borealis M aximum shell height 114 3.4 X IO-4 3.047 0.99 5.0 Wildish & Peer (1983)
Astarte elliptica M aximum shell height 70 2.9 X IO-4 3.099 0.98 5.0 Wildish & Peer (1983)a
Astarte m ontagui M aximum shell height 80 4.0 X IO-4 2.957 0.99 5.0 Wildish & Peer (1983)a
Astarte subaequilatera M aximum shell height 36 2.3 X IO-3 2.521 0.76 5.0 Wildish & Peer (1983)
Astarte undata M aximum shell height 56 1.6 X IO-3 2.615 0.90 5.0 Wildish & Peer (1983)a
Asterias vulgaris Center of m outh to tip of arm 49 2.2 X IO-3 2.126 0.94 10.0 Wildish & Peer (1983)
Buccinum  undatum Shell height 56 1.3 X IO-4 2.925 0.99 15.0 G iguère & Brulotte 

(2000)
Cancer irr ora tus Carapace width 87 1.7 X IO-4 2.904 0.98 7.5 Bigford (1979)
Crangon septemspinosa Base of eyestalk to tip of telson 60 3.4 X IO-6 3.249 0.84 2.5 H aefner (1979)
Cyclocardia borealis M aximum shell height 44 4.5 X IO-4 2.973 0.98 5.0 Wildish & Peer (1983)
Dichelopandalus

leptocerus
Base of eyestalk to tip of telson 51 6.3 X IO-6 3.049 0.93 4.0 Williams (1984)

Eualus pusiolus Base of eyestalk to tip of telson 58 1.6 X IO-5 2.998 0.89 5.0 Wildish & Peer (1983)
H yas coarctatus Carapace length 61 7.6 X IO-5 3.173 0.95 4.0 Hartnoll (1963, 1965)
Ophiopholis aculeata Disc diam eter 96 7.2 X IO-4 2.932 0.92 5.0 Wildish & Peer (1983)
Pagurus acadianus Céphalothorax 38 4.3 X IO-4 3.244 0.95 5.0 Wildish & Peer (1983)
Pagurus pubescens Céphalothorax 48 3.4 X IO-4 3.449 0.94 10.0 Wildish & Peer (1983)
Pandalus montagui Céphalothorax 49 3.6 X IO-5 3.079 0.97 4.0 Williams (1984)
Placopecten m agellanicus M aximum shell height 44 7.7 X IO-5 3.078 0.97 20.0 Wildish & Peer (1983)
Spirontocaris liljeborgii Base of eyestalk to tip of telson 69 4.9 X IO-6 3.398 0.89 2.5 Williams (1984)
Strongylocentrotus Diameter 

droe b a ohiensis 
“We used the age of congeners

64 1.4 X IO-3 2.584 0.94 10.0 Wildish & Peer (1983)
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mine annual production, we used the equation of 
Krueger & M artin (1980):

Pi
Si

MA,- l i N i j
j=i

- N h]+1)(W h]W 1J+1f 5 + N hs W hs

w here P is  the annual production of species i, S  is the 
num ber of size classes used in the analysis of species i, 
MA is the maximum age of species i, N¡j is the num ber 
of individuals of species i in size category j, and 
(WyWy+J)0,5 is the geometric m ean w eight betw een 
2 size classes of species i. Krueger & M artin (1980) 
have indicated that w hen mass grow th is exponential, 
the geometric m ean w eight betw een size classes is a 
more accurate estim ate of average w eight than  the 
arithmetic mean. If the num ber of animals m easured at 
a station did not equal the num ber of animals captured 
there (i.e. a subsam ple was m easured or animals w ere 
too dam aged to m easure), the leng th -frequency  distri­
bution was scaled to m atch the total num ber of animals 
caught. In the rare instance that a replicate from a site 
and year was not m easured, the leng th -frequency  was 
calculated from the m ean proportion of animals in each 
size category from replicates that w ere m easured at 
that site and year. In 1994, 4 sites w ere sam pled twice, 
in April and November. For that year, the num ber in 
each length  category was averaged over the sampling 
dates. Also for 1994 only, if the num ber of animals per 
sampling date averaged <20, we used indirect m eth­
ods to calculate production.

For 1 species, Placopecten magellanicus, it was pos­
sible to track cohorts through time at Site 17. The 
NORMSEP program  (Hasselblad 1966) was used to 
identify cohorts in the leng th -frequency  distributions, 
w hich w ere aggregated  at 5 mm intervals of shell 
height. For this species and site only, we used the 
increm ent-sum m ation (Crisp 1984) m ethod to esti­
m ate production. Production of each scallop cohort, 
Pr, is

Pc =  Z N t + 0 N t + 1 ( w t + l - ■ W f )

from the literature w hen available, or w ith P:B ratios 
calculated using the allometric relationship of Brey 
(2001). Brey's (2001) empirical model is a multiple lin­
ear regression w ith 11 param eters including m ean 
energy content of the organism  (kJ), depth  (m), tem ­
perature (°C), w hether the organism  was motile, and 
w hether the organism  belonged to the phyla echino­
derm ata or mollusca. We used the taxa-specific con­
version factors provided by Brey (2001) to convert wet 
mass to ash-free dry mass (AFDM) and AFDM to 
joules. For each species and site, the production:bio- 
mass ratio was calculated using the m ean depth  (m) 
and the m ean individual body mass (kJ) of the species 
from that site and year. We used 9°C as the m ean bot­
tom tem perature for all of the P:B ratio estim ates (D. 
M ountain, National M arine Fisheries Service, pers. 
comm.).

Direct and indirect estim ates of production for the 
39 species w ere then sum m ed to generate an estim ate 
of benthic production in g ww n r 2 yr_1 for each site and 
year. K rueger & M artin (1980) gave an equation for the 
variance of a production estim ate for a single species, 
but there is no corresponding equation for the variance 
of the sum of production estim ates of potentially co- 
varying species. We also calculated the production at 
each site in each year in kcal n r 2 yr% Community P:B 
ratios w ere calculated by dividing the sum of the bio­
mass by the sum of the production from the 2 methods 
for the 39 species for each site and year.

A paired  f-test was perform ed on the untransform ed 
annual production data (kcal n r 2 yr_1) from the deep 
sites after testing for hom ogeneity of variances w ith a 
2 -tailed F-test. We did not perform a similar test on the 
annual production data from the shallow sites because 
such a test would not have been  m eaningful due to 
changes in the disturbance pattern  at these sites asso­
ciated w ith the closure of Site 17 in early 1995.

RESULTS

w here N t is num ber of scallops in the cohort estim ated 
at time t. The corresponding m ean w eight of the 
cohort, Wt, was calculated from the leng th -w eigh t 
relationship (Table 2), adjusted for the standard devia­
tion of the length distribution (Pienaar & Ricker 1968). 
Total production was sum m ed over scallop cohorts and 
expressed on a calendar-year basis for comparison 
with the size-frequency method.

Indirect estimates of production. For samples at a 
site in a given year with insufficient num bers (i.e. <30) 
to create a leng th -frequency  distribution, and for 
19 additional species that m ade up the bulk of the total 
biomass of all animals collected over the course of the 
study, production was calculated with either a P:B ratio

The 39 species for w hich we estim ated production in 
this study accounted for over 99 % of the biomass of the 
total of 124 species sam pled quantitatively by the N at­
uralists' dredge. Our direct estim ates of production, 
based on 37 000 individual m easurem ents, accounted 
for 73% of the total biomass of these 39 species over 
the 7 yr study.

The sites sam pled on northern G eorges Bank over 
the course of this study fall into 2 main groups: a shal­
low group on the US side of the H ague Line and a deep 
group in the C anadian exclusive economic zone 
(Fig. 1, Table 1). A lthough we w ere not able to sample 
all depth  and disturbance levels in all years, w e w ere 
able to obtain enough samples to com pare disturbed,
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Table 3. List of additional 19 species, and their corresponding 
P:B ratio if available from the literature, for which production 
was estim ated by multiplying m ean biomass at a site and year 

by the P:B (productiombiomass) ratio

Species P:B ratio Source

Aphrodita hastata 1.9a George & 
Warwick (1985)

Astarte castanea 0.4-0.6 Brey (2001)
Chlamys islandicus 0.1-1.1 Brey (2001)
Colus pubescens 0.4-0.9 Brey (2001)
Colus stimpsoni 0.3-0.5 Brey (2001)
Crossaster papposus 0.2-0.7 Brey (2001)
Cucumaria frondosa 0.1-0.5 Brey (2001)
Echinarachnius parma 0.7 Brey (2001)
Euspira heros 0.6-1.1 Brey (2001)
Henricia sanguinolenta 0.3-0.6 Brey (2001)
Lebbeus groenlandicus 0.9-1.8 Brey (2001)
M odiolus modiolus 0.5 George & 

Warwick (1985)
M usculus discors 0 O) 1 a> Brey (2001)
M ytilus edulis 2.2 Howe &

Leatham (1984)
N eptunea decemcostata 0.3-0.5 Brey (2001)
N ereis zonata 2.6b Kristensen (1984)
Pagurus arcuatus 0.5-1.7 Brey (2001)
Thelepus cincinnatus 0.9-3.0 Brey (2001)
Urticina felina 0.3-1.1 Brey (2001)
aM ean for Aphroditidae
bM ean of 2 congeners

undisturbed, and recovering areas while accounting 
for differences in community composition with depth 
in most years (Table 1).

Production was estim ated directly for 20 species 
w hen the sample size at a site and year was sufficient
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Fig. 2. Placopecten magellanicus. Growth of scallop cohorts at 
Site 17, which was closed to all bottom fishing in January  
1995. The linear size of the symbols are proportional to re la­
tive abundance; error bars are standard deviations estim ated 
with NORMSEP. Broken horizontal lines are the expected 
sizes at age of Georges Bank scallops (Serchuk et al. 1982). 

Dates given as m o/d/yr

Table 4. Placopecten magellanicus. Production (g ww m 2 
yr“1) at Site 17 estim ated by 3 methods

--------------------------M e th o d --------------------------
Year Increment- Size- P:B ratio

summation frequency

1994 23 a 3
1995 18 l í 8
1996 40 16 16
1997 52 72 101
1998 83 210 276
1999 171 172 207
2000 223 422 684
aWe w ere unable to calculate production with this method 
due to small sample size

to generate a leng th -frequency  distribution (Table 2). 
M any of the regression coefficients, b, w ere close to 3, 
indicating that growth of the selected part m easured 
was nearly isometric with w eight (Table 2). Values 
>3 indicated that growth was allometric, such that 
w eight increased proportionately faster than the part 
or structure of the anim al m easured.

We calculated production indirectly for 19 additional 
species (Table 3); P:B values estim ated with Brey's 
relationship (Brey 2001) varied betw een some sites 
because of differences in m ean individual biomass 
betw een sites (Table 3).

At Site 17, individual scallop cohorts w ere identified 
and followed over the sampling years; the 1994 cohort 
could be tracked until 2000 (Fig. 2). Scallop num bers 
w ere low in 1994 but increased following the closure of 
this area in 1995. Estimated cohort num bers fluctuated 
among cruises, but the modal shell heights are consis­
tent with published growth curves for G eorges Bank 
scallops (Serchuk et al. 1982). Scallop production at 
Site 17 began to increase in 1996 and reached its h igh­
est level in 2000 (Table 4). Production estim ates from 
the increm ent-sum m ation m ethod are similar in m ag­
nitude and trend to those estim ated with the size- 
frequency m ethod and Brey's (2001) empirical model. 
The lower production estim ates for the increm ent- 
summation m ethod in 1998 and 2000 can be explained 
by the presence of cohorts in those years that w ere not 
associated with growth increm ents (Fig. 2). The large 
age-1 cohort in 1998 and age-2 cohort in 2000 w ere 
identified only once, and therefore did not contribute 
to the increm ent-sum m ation production estimates. In 
contrast, the size-frequency m ethod and Brey's model 
are based on the biomass sam pled in those years, 
including all the cohorts.

The sum of the biomass (g ww m-2) of the 39 species 
exam ined in this study varied considerably among 
some sites (Table 5). These estim ates represent the 
sum of the biomass calculated from the size-frequency
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Table 5. M ean total biomass (g ww m 2) at each site and year

Site D epth (m) Disturbance 1994 1995 1996 1997 1998 1999 2000

16 Shallow (62) Disturbed 3101
17W Shallow (50) Disturbed 61 77 476
17a Shallow (47) Disturbed 51
18a Shallow (48) Disturbed 91 135 189 132 136 196
18a Shallow (48) U ndisturbed 123
17a Shallow (47) U ndisturbed 129 121 509 1301 1180 2474
17S Shallow (50) U ndisturbed 592 277
13 Deep (80) Disturbed 212 162 246 108
10 Deep (90) U ndisturbed 374
11 Deep (85) U ndisturbed 508
20 Deep (85) U ndisturbed 299 532 1073 535
aSee footnote to Table 1

m ethod and from the samples w hen production was 
calculated indirectly. Biomass (g ww n r 2) ranged from 
50 to 3101, w ith a m ean of 513. The highest biomass 
estimate, 3101 g ww n r 2, was from Site 16 in 1996, 
w here we encountered  dense aggregations of Atlantic 
sea scallops Placopecten magellanicus. At Site 17, b en ­
thic m egafaunal biomass increased by 2 orders of m ag­
nitude from 51 g w w  n r 2 in 1994 to 2474 g ww n r 2 in 
2000. In contrast, biomass estim ates from 1994 to 2000 
varied comparatively little at disturbed Site 18, with a 
maximum of 196 g ww n r 2 in 2000. The order of m ag­
nitude increase in biomass at Site 17W from 77 g ww 
n r 2 in 1998 to 476 g w w  n r 2 in 1999 was largely due to 
an approxim ately 7-fold increase in the biomass of 
P. magellanicus and a 4-fold increase in the biomass of 
Strongylocentrotus droebachiensis. At the deep sites, 
m ean biomass was consistently higher at the undis­
turbed sites for all 4 of the years we sampled. The 
2-fold increase in biomass at Site 20 in 1998 was the 
result of a particularly dense aggregation of sea stars 
Asterias vulgaris in the single replicate w e w ere able 
to obtain at that station in 1998.

Because biom ass-to-energy conversions are very dif­
ferent across taxa, we converted production from g ww 
n r 2 y r 1 to kcal n r 2 y u 1 using taxon-specific conver­
sions from Brey (2001) for each site and year. By doing 
this, we w ere able to account for the influence of com ­
m unity composition on estim ates of production in e n ­
ergy units across sites and years. Production (kcal n r 2 
y r 1) at the shallow sites followed a pattern  similar to 
biomass (g ww n r 2), w ith production increasing from 
17 kcal n r 2 y r 1 in 1994 to 215 kcal n r 2 y r 1 in 2000 
(Fig. 3). However, the increase at Site 17 in energy units 
was only 12-fold, considerably less than the nearly 
49-fold increase in biomass (g ww n r 2) over that period.

To exam ine the contribution of some im portant taxa 
to the production of 3 shallow sites, we isolated the 
4 species that contributed most to total production at 
undisturbed Site 17, disturbed Site 17W, and disturbed

Site 18 (Fig. 4). Asterias vulgaris accounted for a signif­
icant proportion of the production in most years at all 
3 sites. At Site 17, the contribution to production of the 
sea urchin Strongylocentrotus droebachiensis and 
sea scallop Placopecten magellanicus significantly 
increased after 1996. These 2 species are primarily re ­
sponsible for the increases in production inside Closed 
Area II at Site 17 from 1997 to 2000. A scavenging 
omnivorous crab Cancer irroratus was also responsible 
for a significant proportion of the production at Site 18 
from 1994 to 2000. C. irroratus represen ted  only a small 
proportion of the production at Sites 17 and 17W.

At the deep sites, production (kcal n r 2 y u 1) was sig­
nificantly higher at undisturbed Site 20 than at the 
deep, disturbed Site 13 for the 4 years sam pled 
(2-tailed F-test for hom ogeneity of variances, p > 0.05; 
paired  f-test, p = 0.003) (Fig. 5). Two species, the tube- 
building worm Thelepus cincinnatus, along w ith A ste ­
rias vulgaris, constituted a significant fraction of the 
production at undisturbed Site 20 (Fig. 6) for all 4 years 
sampled. T. cincinattus was comparatively absent at
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deep, disturbed Site 13. There, the bivalve mollusc Pla­
copecten magellanicus, along w ith 5 species of the 
genus Astarte  and the sea star A. vulgaris, represented  
the bulk of the production.

Community P:B ratios for each site and year ranged 
from 0.26 to 0.91. At the shallow sites, P:B ( y r 1) 
rem ained comparatively static at disturbed Site 18, 
w ith fluctuations of less than 17 % from the 7 yr mean, 
save in 1995 w hen the P:B was 38% higher than  the 
m ean (Fig. 7a). At Site 17, P:B followed a dow nw ard 
trend over the study to 0.26 in 2000, approximately 
one-third of the peak at that station of 0.75 in 1995. 
Turnover rates at the deep sites varied, w ith no signifi­
cant difference betw een the 2 sites for the 4 years both 
sites w ere sam pled (f-test, p = 0.48) (Fig. 7b). The low 
turnover rate of 0.35 at Site 20 in 1998 was primarily 
the result of a dense aggregation of particularly large 
Asterias vulgaris.

DISCUSSION

We have docum ented a steady and m arked increase 
in the production of the benthic m egafauna inside an 
area closed to all mobile fishing gear disturbance com ­
pared  to the same area prior to the closure and to an 
area outside the closure w here fishing continued 
(Fig. 3). At deep sites on the C anadian side of Georges 
Bank, we have docum ented significantly higher pro­
duction in an unfished area versus an area that experi­
enced chronic disturbance by bottom -towed fishing 
gear (Fig. 5). A lthough w e w ere not able to obtain esti­
m ates of variance, w hich would have allowed for direct 
betw een-site comparisons of production, the increase 
in production at the shallow Site 17 and the m arkedly 
h igher production at the deep undisturbed site versus 
the disturbed site yield an obvious pattern  of lower 
production at sites subjected to chronic fishing d istur­
bance.

We aim ed to estim ate production directly from the 
communities we sam pled to the extent possible, 
although there are some w ell-docum ented draw backs 
of the size-frequency  m ethod employed for this study 
(Morin et al. 1987). W hen cohorts are identifiable, the 
increm ent-sum m ation m ethod is preferable because it 
avoids some of the strong assumptions of the size- 
frequency method. For Placopecten m agellanicus at 
Site 17, we obtained good agreem ent betw een the 
3 m ethods of production estimation. With the incre­
m ent summation method, there are potential errors in 
attributing scallops to correct cohorts. However, the 
influence of these ageing errors is limited, because a 
given scallop can only contribute to the production of 
one cohort or another. The agreem ent betw een  the 
m ethods increases our confidence in the size- 
frequency production estim ates that w ere m ade for the 
bulk of the species and the use of Brey's m ethod for the 
rem aining species.
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Fig. 5. Production (kcal m  2 yr 1) for deep Sites 13 and 20 for 
1994 and 1997 to 1999
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As w ith other studies, a small proportion of the spe­
cies exam ined in this study constituted the bulk of the 
biomass and production (Warwick 1980, Kenchington 
et al. 2001). In a 3 yr study of the effects of trawling on 
the G rand Banks, 95% of the biomass was accounted 
for by 23 species (Kenchington et al. 2001). A single or 
small num ber of species can be responsible for an 
overwhelm ing proportion of the production in suspen­
sion-feeding communities (Warwick 1980). In a study 
of the benthic production of the Bay of Fundy, an active 
suspension feeder, the horse mussel M odiolus m odio­
lus, accounted for the bulk of production (Wildish & 
Peer 1983). In this study, a passive suspension feeder, 
Placopecten magellanicus, accounted for a large 
proportion of the production at the shallow recovering 
Site 17 (Fig. 4). A lthough the feeding m ethod of Thele­
p us cincinnatus w as not exam ined in this study, a con­
gener, T. crispus, has been  observed to suspension- 
feed (Musgrove 1983). At the deep undisturbed sites, 
T. cincinnatus dom inated production (Fig. 6).

Our estim ates of benthic m egafaunal biomass fall 
w ithin the range of 1 to 5272 g ww n r 2 for 2 extensive 
benthic surveys of G eorges Bank benthos conducted 
from 1956 to 1965 and in 1977 (Steimle 1987) (Table 5). 
In those studies, estim ates are for benthos retained on 
a 1 and 0.5 mm sieve, and preserved in form aldehyde 
and alcohol, respectively. The m ean biomass we calcu­
lated, 513 g ww n r 2, is substantially higher than the
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from 1994 and 1997 to 1999. ’Prior to the area closure in 1995, 

Site 17 was disturbed and Site 18 undisturbed

300 1 

200 

1001

0

1 50 -i 

1 0 0 -  

50 -

Deep undisturbed Site 20

1994 1995 1996 1997 1998 1999

Deep disturbed Site 1 3

■ Placopecten magellanicus
□  A s ta rte  spp.
El Asterias vulgaris
□  Thelepus cincinnatus
□  Other

0  -t- 1— — i--------------------- 1------------------- 1— 1— 1— i— — — i— — — i

1994 1995 1996 1997 1998 1999
Year

Fig. 6. Production (kcal r r r2 y r 1) for deep Sites 20 and 13 from 
1994 and 1997 to 1999, w ith several im portant taxa h igh­

lighted. Note the change in scale

m ean biomass reported  in both of the earlier studies 
(239 g ww n r 2 in 1956 to 1965, 313 g ww n r 2 in 1977) 
(Steimle 1987). We focused our sam pling on the re la ­
tively productive gravel pavem ent areas of the north­
ern  part of G eorges Bank, w here Placopecten m agel­
lanicus dom inates the benthic biomass (Fig. 1). Our 
estim ates are likely not representative of the whole of 
Georges Bank as a result. Our values also bound the 
m ean estim ates for both Browns Bank and the Bay of 
Fundy of 64 and 199 g ww n r 2, respectively (Wildish & 
Peer 1983, Wildish et al. 1989). Estim ated scallop bio­
mass at Site 17 in this study increased by approxi­
m ately 200x (10 g n r 2 in 1994 and 2075 g n r 2 in 2000), 
a m uch higher rate than the 9- to 14-fold increase 
reported  for all 3 of the closed areas on G eorges Bank 
and the N antucket Lightship com bined (Murawski et 
al. 2000). This difference is likely due to our relatively 
small sam pling effort com bined with our targeting of 
prime scallop habitat.

Conversion of ww production to energy units 
allowed for a more m eaningful comparison of the 
trophic dynamics of different sites sam pled within this 
study and to past studies of G eorges Bank. Although 
ww production was estim ated to be nearly 50 % higher 
at Site 17 than at Site 20 in 1999 (489 and 324 g w w  n r 2
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yr-1, respectively), we found production in kcal n r 2 yr-1 
to be considerably higher at Site 20 than at Site 17 (238 
and 190 kcal n r 2 yr-1, respectively). This is a result of 
the species that dom inated the very different com m u­
nities at these sites; at Site 17, production was dom i­
nated  by the bivalve Placopecten magellanicus and the 
echinoderm  Strongylocentrotus droebachiensis versus 
the proportionately higher-energy-yielding Thelepus 
cincinnatus and Asterias vulgaris at Site 20.

The dow nw ard trend in the P:B ratios at the recover­
ing Site 17 is consistent w ith the findings of other stud­
ies (Warwick 1980). The P:B of a population decreases 
w ith m ean age, resulting in changes in annual P:B if 
the age composition of a population changes. These 
changes can result from natural fluctuations in year 
class strength and/or changes in exploitation. It follows 
that as the m ean age of a dom inant species increases, 
community P:B decreases (Warwick 1980). Community 
P:B inside Site 17 in 2000 was 0.26, approxim ately one- 
third of the peak  of 0.75 observed in 1995.

A similar phenom enon has been  observed in the 
North Sea, w here infaunal P:B increased w ith increas­
ing benthic disturbance (Jennings et al. 2001). This 
observed increase in infaunal production per unit bio­
mass could not com pensate for the loss in biomass and 
thus infaunal production decreased at the most d is­
turbed sites (Jennings et al. 2001). We found a similar 
trend in this study: although P:B decreased at undis­
turbed Site 17 over the 7 yr, the increase in biomass at 
Site 17 contributed to production levels that w ere sev­
eral-fold higher than at the disturbed Site 18. In con­
trast, the community P:B ratios at our deep sites 
showed no sign of a trend  in relation to disturbance 
(Fig. 7b). The hypothesis of higher turnover rates with 
increasing disturbance was not evident at these deep 
sites.

The m arked increase in production at shallow Site 17 
is most likely related to the closure and associated ces­
sation of mobile fishing gear disturbance that occurred 
in early 1995. Prior to the cessation of scallop dredging 
and fish trawling, production at Site 17 was approxi­
mately half of the level at Site 18 (Fig. 3). After the clo­
sure, production at Site 17 increased to approxim ately 
4x the level at Site 18, mainly due to an increase in the 
population of Placopecten m agellanicus (Fig. 4). To see 
if the difference w as solely due to scallops, we exam ­
ined the production of Sites 17 and 18 with the sea 
scallop production removed. Production, w ith sea scal­
lops removed, at the recovering site averaged 102 kcal 
n r 2 yr-1 from 1998 to 2000, over twice as high as the 
average of 41 kcal n r 2 yr-1 for the same period at Site
18. Therefore, the difference in production estim ates 
was not solely due to an increase in scallop abundance. 
Along with Strongylocentrotus droebachiensis and 
Asterias vulgaris, the gastropod Buccinum undatum

represen ted  a large proportion of the production inside 
the closed area.

Unlike the shallow sites, the community composition 
at the deep sites seem ed to be quite altered by d istur­
bance. The soft-bodied, tube-building, terebellid poly­
chaete Thelepus cincinnatus, although present, m ade 
only a small contribution to the production in the d is­
turbed area while accounting for 20 to 47 % of the pro­
duction at Site 20 (Fig. 6). Bivalve molluscs, including 
Placopecten magellanicus and Astarte  spp., consti­
tu ted  a relatively high proportion of the production at 
the disturbed sites, most likely due to their ability to 
survive in the w ake of a scallop dredge or fish trawl. 
The relative dearth  of P. magellanicus at the undis­
turbed sites may be related  to differential settling suc­
cess in areas of abundant epifaunal cover. Analyses of 
photographs of the bottom at these sites have indicated 
that percent cover of the calcareous tube-building 
worm Filograna implexa, as well as plant-like animals 
such as bryozoans, was significantly higher at Site 20 
than at Site 13 (Collie et al. 2000).

The decrease in benthic production associated with 
disturbance by mobile fishing gear is inextricably 
related  to sedim ent type and probably cannot be g en ­
eralized to other sedim ent types and communities. Our 
results are in agreem ent w ith the predictions of Je n ­
nings et al. (2001) that gravel sediment, which supports 
a diverse array of biogenic habitat, may be particularly 
vulnerable to the type of disturbance associated with 
scallop dredging and fish trawling. Biogenic habitat — 
Filograna im plexa  colonies, bryozoa, and hydroids — 
supports m any invertebrate benthic taxa including 
polychaetes, brittle stars, and shrimps (Collie et al.
1997). Reefs of the tube-building worm Sabellaria in 
the Bristol C hannel add structural complexity to the 
hard-bottom  habitat on w hich they grow (George & 
W arwick 1985). A large num ber of small species w ere 
found within the complex biogenic habitat the reef cre ­
ates (George & Warwick 1985).

That our samples only account for a large size frac­
tion w ithin the macrofauna, and skip over the meio- 
fauna entirely, would likely not significantly alter our 
conclusions. A size-based model of the effects of bot­
tom trawling on the benthic community in the North 
Sea predicted that smaller m eiofauna would be little 
affected by trawling disturbance (Duplisea et al. 
2002). Experiments in the southern North Sea support 
these predictions, as trawling had no effect on the 
biomass of the meiofaunal community (Schratzberger 
et al. 2002). M eiofauna generally have higher 
turnover rates and suffer lower mortality in the path 
of bottom-fishing tow ed gear than m acrofauna. More 
importantly, m acrofauna play a m uch more signifi­
cant role in the diets of commercially im portant fish 
than meiofauna.
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M any of the species that contributed significantly to 
the production estim ates in this study are prey of com ­
mercially im portant fish on G eorges Bank. Atlantic cod 
Gadus morhua  on Georges Bank prey on several of the 
species and/or taxonomic categories included in this 
study, including D ichelopandalus leptocerus, Crangon 
septemspinosa, Cancer irroratus, Pagurus spp., and 
H yas spp. Haddock M elanogram m us aeglefinus  on 
G eorges Bank prey on bivalve molluscs, polychaete 
worms, and the brittle star Ophiopholis aculeata (Bow­
m an et al. 2000).

We have recorded both significantly lower levels of 
production at disturbed sites and a significant 
increase in production after the cessation of mobile 
fishing gear disturbance at shallow sites. Sediment 
type is an im portant variable w hen gauging the 
effects of bottom-fishing tow ed-gear disturbance. The 
effect of such gear on the benthic production on the 
gravel pavem ent of G eorges Bank is conspicuous. 
Cessation of disturbance by bottom-fishing towed 
gear has allowed for a m arked increase in the produc­
tivity of the benthos in areas of prior heavy fishing 
disturbance. In areas w ith no history of disturbance, 
production is m arkedly higher than in areas that are 
chronically fished.

Our findings will potentially assist fishery m anagers 
w hen considering area closures and the use of low- 
impact bottom-fishing towed gear as fishery m anage­
m ent tools. We have determ ined that some bottom - 
fishing towed gear may have a large detrim ental effect 
on an ecosystem service provided by benthic m ega­
fauna, the transfer of prim ary production to higher 
trophic levels. Because benthic m egafaunal production 
in the G eorges Bank ecosystem may have a significant 
effect on fisheries production, the effects of fishing 
gear that lower benthic m egafaunal production should 
be taken  into account in an ecosystem -based m anage­
m ent regime.
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