
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 347: 39–49, 2007
doi: 10.3354/meps07057

Published October 11

INTRODUCTION

Sea stars have influenced scallop evolution, in that
scallops are among the most efficient bivalve swimmers,
and this swimming has primarily evolved to avoid sea
star predation (Caddy 1989, Brand 1991). In the western
North Atlantic, sea stars Asterias spp. and sea scallops
Placopecten magellanicus are linked in a predator–prey
relationship throughout their life history. For example,
spawning and settlement are synchronized (Parsons et
al. 1989), sea stars inflict varying rates of predation over
a variety of substrates and scallop densities (Barbeau &
Scheibling 1994, Wong & Barbeau 2003), and occasion-
ally inflict mass mortalities removing >25% of the scal-
lop population (Dickie & Medcof 1963).

High sea scallop abundance may cause predators,
including sea stars, to aggregate (Merrill & Posgay
1964, Caddy 1989, Orsensanz et al. 1991). In 1994,

3 large areas (total area closed ca. 17 000 km2) of
Georges Bank were closed to all mobile fishing gear, -
including scallop dredges, to protect declining ground-
fish stocks (Murawski et al. 2000). Sea scallop densities
in these areas are presently among the greatest ever
observed (Stokesbury 2002, Stokesbury et al. 2004). 

We compared the densities, spatial distributions,
and size structures of sea stars in closed and open
areas of Georges Bank. We tested the hypotheses
that: (1) sea stars are aggregating in the closed
areas; (2) sea stars are larger in the closed areas than
in the open areas; and (3) sea star predation on sea
scallops is site-specific, causing high levels of
localized natural mortality. We used video survey
techniques to quantify the density, spatial distribu-
tion (on the scale of meters and kilometers), and size
structure of sea scallop and sea stars, and the natural
mortality rate of sea scallops.
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MATERIALS AND METHODS

Georges Bank is a submerged archipelago off the
New England US coast and has supported historic
scallop fishing grounds that extend from 13 to 150 m in
depth along most of its circumference. Areas of high
sea scallop densities, based on discussions with New
Bedford scallop fishers and literature, were video
surveyed, particularly within the 3 closed areas
(Stokesbury 2002). The video survey was primarily
designed to examine the distribution and abundance
of sea scallops (Stokesbury 2002, Stokesbury et al.
2004); however, a secondary goal was to observe the
distribution and abundances of other macroinverte-
brates, including sea stars. Survey stations were posi-
tioned using a centric systematic design, as it is simple
and samples evenly across the entire survey area
(Krebs 1999, Stokesbury 2002). During the 1999 to
2002 surveys, 2885 video stations (11 540 quadrats of
2.8 m2) were sampled on a grid with 1.57 km between
stations (Fig. 1, Stokesbury 2002). In 2003, the sam-
pling grid was expanded to include historical and pre-
sent fishing grounds, with 924 video stations (3696
quadrats of 2.8 m2) on a grid with 5.60 km between sta-
tions (Fig. 1, Stokesbury et al. 2004). The total area sur-
veyed within each sample area varied temporally
(Table 1). The precision of this survey design ranged

from 5 to 15% for the normal and negative binomial
distributions, respectively, for sea scallop densities
assessed in the Nantucket Lightship Closed Area
(NLCA) in 1999 (Stokesbury 2002). 

A video sampling pyramid (described in Stokesbury
2002, Stokesbury et al. 2004) was deployed from scal-
lop fishing vessels. Two downward-looking cameras
provided 2.8 and 0.6 m2 (nested within the 2.8 m2)
views of the sea floor; however, only the data from the
2.8 m2 view were used in the analysis. A third camera
provided a profile view of the sea floor and was used
for species identification. It was possible to identify sea
scallops and sea stars to a minimum size of about
20 mm, and all individuals were counted, including
those that were only partially visible along the edge of
the quadrat image. To correct for this edge effect,
56 mm, based on the average shell height of the
scallops observed, were added to each edge of the
quadrat image so that the quadrat size was effectively
3.24 m2 (Stokesbury 2002, Stokesbury et al. 2004). Four
quadrats were observed at each station, which in-
creased the sample area to 12.94 m2.

Monitors and S-VHS video recorders for each
camera, a monitor for the Captain who controlled the
vessel’s hydraulic winches to deploy the pyramid, a
laptop computer with Arcpad GIS® software integrated
with a differential global positioning system, and a

laptop computer for data entry, were assem-
bled in the wheelhouse. The survey grid
was plotted prior to the cruise in Arcpad
GIS®. Video footage of the sea floor was
recorded on S-VHS videotapes. For each
quadrat, we recorded the time, depth, lati-
tude and longitude, number of scallops and
clappers (scallops that died of natural
causes), substrate, and the presence of
other macroinvertebrates (including sea
stars). 

After each survey the videotapes were
reviewed in the laboratory and a still image
of each quadrat was digitized and saved
using Image Pro Plus® software (TIFF file
format). Counts of sea stars and sea scallops
were standardized to individuals m–2. The
sea stars Asterias vulgaris (= A. rubens,
Franz et al. 1981) and A. forbesi are sym-
patric species on Georges Bank, and the
feeding ecology and movement of both
species are similar (Feder & Moller-Chris-
tensen 1966). Franz et al. (1981) observed
that A. forbesi are largely confined to the
inner shelf and were rarely collected on
Nantucket Shoal and Georges Bank,
whereas A. vulgaris occur over the entire
breadth of the continental shelf from the
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Fig. 1. Video survey sampling grid on Georges Bank, east of Massachusetts
(MA), USA, from 1999 to 2003. Areas surveyed from 1999 to 2002 were
sampled on a grid with 1.57 km between each station (denser dots). The
grid was increased to 5.60 km between each station in 2003 (less dense
dots). Closed Area I (CAI), Closed Area II north and south (CAIIN and
CAIIS), and Nantucket Lightship Closed Area (NLCA) have been closed to
all mobile fishing gear since 1994 (shaded). The northern and southern
portions of the open area of Georges Bank (GB OpenN and GB OpenS),
and the South Channel (SC Open) have been continuously open to fishing
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Bay of Fundy to Maryland. Most of the observed sea
stars were therefore believed to be A. vulgaris, but
differences between the 2 species were not detectable
in the video images, so the 2 species were combined
(Asterias spp.). 

The mean and SE for the density (ind. m–2) of sea
stars and sea scallops were calculated using equations
for a 2-stage sampling design (Cochran 1977, Stokes-
bury 2002). Sea star abundance within a survey area
was estimated by multiplying the mean number of sea
stars m–2 by the total area surveyed (Stokesbury 2002,
Stokesbury et al. 2004).

Sea scallop shell heights (mm; from the umbo to the
ventral shell edge) and sea star arm lengths (mm; from
the tip of a median sized arm to the center of the oral
disc) were measured using Image Pro Plus® software. 

To test the hypothesis that sea stars were aggregat-
ing in the closed areas, we examined differences in the
spatial distribution and densities of sea stars between

areas open and closed to fishing. Sea
star spatial distributions were evalu-
ated using the index of dispersion (the
variance, s 2, to mean ratio) and by com-
paring distributions to those predicted
by the Poisson (random) and negative
binomial (aggregated) distributions
with chi-square analyses, applying
Cochran’s rule when the expected
count was less than 5 (Elliott 1971, Zar
1999). Distributions were determined
for the areas surveyed each year to
determine if sea stars were aggregating
on the scale of 10s of km2. Aggregations
less than 1.57 km were undetectable, as
the aggregation pattern is dependent
on the grid size.

Sea star density data were tested for
normality and homogeneity of variance
using Kolmogorov-Smirnov tests and
Levene’s median tests, respectively (Zar
1999). In most cases the hypothesis was
rejected; however, untransformed data
were used because transformations had
a limited effect (Underwood 1981).
Normality was not considered a serious
issue, as sample sizes were reasonably
large (Zar 1999). Comparisons of means
were made with Welch’s approximate 
t-tests (t ’), which did not assume equal
variances, with awareness of increased
probability of Type I error (Day & Quinn
1989, Underwood 1997, Zar 1999). Sea
star density comparisons were not made
in 1999, as areas open to fishing were not
video surveyed in that year. 

We examined the effect of area type on sea star
density by applying a 1-way nested ANOVA to the
5.60 km grid survey data set from 2003. The area type
(open and closed) was the experimental factor and
survey area (Closed Area I [CAI], Closed Area II north
and south [CAIIN, CAIIS], Nantucket Lightship Closed
Area [NLCA], Georges Bank Open north and south
[GB OpenN, GB OpenS], and South Channel
[SC Open]) was the nested factor. 

The 5.60 km grid survey conducted in 2003 exam-
ined sea star distributions at depths between 13 and
150 m, and covered areas with and without sea scal-
lops (Fig. 2). A 1-factor ANCOVA was used to test for
differences in sea star densities between areas closed
and open to fishing, after removing the effects of depth
and sea scallop density. The ANCOVA included sea
star density as the dependent variable, area as the cat-
egorical variable, and water depth and sea scallop
density as separate independent variables. The homo-
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Table 1. Asterias spp. Mean sea star densities (±SE) in open and closed areas of
Georges Bank between 1999 and 2003. Sea star spatial distributions were
estimated using the index of dispersion ‘variance (s2) to mean ratio’ and by
comparing the observed sea star distributions to those predicted by the Poisson
(random; p < 0.001 for all areas in all years) and negative binomial (neg. bin; aggre-
gated) distributions using chi-square analysis (Elliott 1971). Agreement of s2:mean
with the Poisson series was rejected at the 99% probability. CAI: Closed Area I;
CAIIN, CAIIS: Closed Area II north and south, respectively; GB OpenN, 
GB OpenS: southern and northern portions of the open area on Georges Bank,
respectively; NLCA: Nantucket Lightship Closed Area; SC Open: South Channel 

Area Stations Density (m–2) s2:mean p-values (chi-square)
df Neg. bin.

1999 
CAI 455 0.09 ± 0.009 4.66 14 0.084
CAIIN 125 0.09 ± 0.012 2.16 7 0.758
NLCA 205 0.32 ± 0.038 9.73 25 0.031

2000
CAI 183 0.15 ± 0.020 4.89 14 0.423
NLCA 204 0.12 ± 0.016 4.82 13 0.296
SC Open 157 0.06 ± 0.009 2.21 6 0.413

2001
CAI 164 0.13 ± 0.016 3.51 11 0.099
CAIIN 162 0.03 ± 0.011 7.18 5 0.709
GB OpenN 115 0.04 ± 0.016 8.17 5 0.742
CAIIS 62 0.12 ± 0.058 18.13 7 0.220
NLCA 204 0.28 ± 0.032 7.67 21 0.923
SC Open 201 0.03 ± 0.006 2.13 4 0.735

2002
NLCA 204 0.43 ± 0.046 10.46 27 0.358
SC Open 444 0.07 ± 0.006 2.41 8 0.989

2003
CAI 97 0.09 ± 0.023 6.20 8 0.061
CAIIN 72 0.02 ± 0.008 2.13 2 0.009
CAIIS 114 0.20 ± 0.081 39.20 14 0.097
GB OpenN 114 0.21 ± 0.050 14.44 12 0.566
GB OpenS 196 0.46 ± 0.051 11.42 29 0.428
NLCA 128 1.67 ± 0.254 51.93 40 0.045
SC Open 203 0.30 ± 0.056 21.90 25 0.482
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geneity of regression slopes assumption was tested by
ANOVA, including the covariate and examining the
significance of the interaction term (Huitema 1980).
The survey area–sea scallop density interaction did
not have a significant effect on sea star density (F6,910 =
1.76, p = 0.185). There was a significant effect of the
survey area–depth interaction on sea star density
(F6,910 = 9.68, p < 0.001). Therefore, the assumption of
homogeneity of slopes was violated, so depth was not
used as a covariate in the ANCOVA (Huitema 1980,
Underwood 1981).

Chi-square analysis, applying Yates’ correction, was
also used to determine if sea stars were more abundant
in closed areas than in open areas within each year
surveyed (2000 to 2003) (Zar 1999). The number of sta-
tions where sea stars were observed compared to the
total number of stations surveyed provided the per-
centage of stations with sea stars, which was used to
standardize for differences in the number of stations
sampled. The number of stations surveyed in CAI in
1999 was higher than in 2000 and 2001; therefore, only
stations that were repeatedly sampled were used in
the analysis. 

We compared mean sea star arm lengths with
Welch’s approximate t-test to test the hypothesis that
sea stars were larger in the closed areas than in the
open areas. Comparisons were made spatially, be-
tween areas surveyed in the same year, and tem-
porally, between years for surveys in the same area.
A 1-way nested ANOVA was used to examine the
effect of the type of area on sea star arm length in 2003.
The type of area was the experimental factor and sur-
vey area was the nested factor.

We examined the spatial and temporal variations of
sea scallop natural mortality rates within areas open to
and closed to fishing to test the hypothesis that sea star
predation on sea scallops was site specific, causing
high levels of localized natural mortality. The annual
rate of sea scallop natural mortality (a) was calculated
as (Dickie 1955, Merrill & Posgay 1964):

a =  1 – e–(C/t)(1/L)(365) (1)

where C: the number of clappers (scallops that died of
natural causes including sea star predation) in a sam-
ple, which were easily identifiable in the video images
because their 2 shells were still attached by the umbo
ligament (Stokesbury 2002), t: the average time (in
days) required for the shell to separate, and L: the
number of live scallops in a sample. The exponent is
equal to the instantaneous natural mortality rate (M ).
Merrill & Posgay (1964) found that the average time of
ligament separation is 33 wk, but varies depending
upon the environmental conditions; therefore, the
exponent becomes (C/L) × 1.58. We applied this equa-
tion to the video observations to determine the spa-
tially specific natural mortality rate in different areas of
Georges Bank.

RESULTS

Sea stars had a contagious (aggregated) distribution
in all areas surveyed and in all years. The indices of dis-
persion suggested an aggregated pattern at the scale of
10s of km, as they differed from the Poisson distribu-
tion, and agreed with the negative binomial distribu-

tion in all survey areas except NLCA in 1999
and 2003 and CAIIN in 2003 (Table 1). 

Sea star densities were greater in the closed
areas (0.13 to 0.60 m–2) than in open areas
(0.04 to 0.34 m–2) during each year from 2000
to 2003 (Table 2). There was a significant ef-
fect of survey area within the type of area in
2003 (Table 3, p < 0.001). There was no effect
of area type on the density of sea stars in 2003
(Table 3, p = 0.72). Comparisons between spe-
cific sites showed a more variable pattern. Sea
star densities were higher in NLCA and CAI
than in the open areas from 2000 to 2002
(Tables 1 & 4); however, sea star densities in
CAIIN and CAIIS were similar to those in open
areas in 2001. In 2003, NLCA had a very high
density of sea stars (1.67 sea stars m–2, SE =
0.254), while densities in open areas ranged
between 0.21 and 0.46 sea stars m–2 (SE =
0.050 and 0.051, respectively) and CAI and
CAII ranged between 0.09 and 0.20 sea stars
m–2 (SE = 0.023 and 0.081, respectively)
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Fig. 2. Asterias spp. Sea star densities (sea stars m–2) on Georges Bank
observed during the 2003 video survey. Area labels are defined in Fig. 1
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(Table 1). Sea star densities were highest
in NLCA  for each of the 5 years sur-
veyed (Table 1), and higher in the open
areas than those in CAI and CAIIN in
2003. Similarly, on the southern flank of
Georges Bank (GB Open S), higher den-
sities of sea stars were observed in the
open area than in the adjacent closed
area in 2003 (Tables 1 & 4). Sea star den-
sities in 2003 differed significantly be-
tween survey areas even when the den-
sity of sea scallops was taken into
account (Table 5). 

Chi-square analysis comparing the distributions in
open and closed areas indicated that sea stars were not
aggregating in the closed areas in the 2000 survey (χ2=
1.33, df = 1, p = 0.250), but were aggregated in the
closed areas in the 2001, 2002, and 2003 surveys (2001:
χ2 = 25.23, df = 1, p < 0.001; 2002: χ2 = 38.98, df = 1, p<
0.001; 2003: χ2 = 4.40, df = 1, p = 0.04). 

The area covered by sea star aggregations varied
between areas and years, and area usually increased
or decreased as the sea star density increased or de-
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Table 2. Asterias spp. Mean sea star densities (m–2) in the combined closed areas
compared to those in the combined open areas for each year from 2000 to 2003
using Welch’s approximate t-test (t ’). Data from 1999 were omitted from this
analysis since no open areas were sampled. 95% CI: 95% confidence 

interval

Year Density t’ df p Mean 95% CI
Closed Open difference Lower Upper

2000 0.132 0.062 4.57 536 <0.001 0.071 0.041 0.102
2001 0.153 0.036 7.38 819 <0.001 0.117 0.086 0.148
2002 0.431 0.067 7.86 210 <0.001 0.364 0.273 0.455
2003 0.601 0.340 2.74 512 0.006 0.261 0.074 0.448

Table 3. Asterias spp. Results of 1-way nested ANOVA
applied to sea star density (m–2) between closed and open

areas on Georges Bank in 2003

Source df SS MS F p

Fishery 1 6.49 6.49 0.148 0.716
Area 5 221.38 44.28 29.002 <0.001
Residual 917 1399.93 1.53

Table 4. Asterias spp. Comparisons of mean sea star densities (m–2) between closed and open areas on Georges Bank from 2000
to 2003 using Welch’s approximate t-test (t ’). Negative values of mean difference indicate that the density of sea stars was higher

in the open area than in the closed area. Area labels are defined in Table 1

Area t ’ df p Mean 95% CI
Closed Open difference Lower Upper

2000
CAI SC Open 3.91 254 <0.001 0.084 0.042 0.127
NLCA SC Open 3.16 307 0.002 0.059 0.022 0.096

2001
CAI SC Open 5.46 206 <0.001 0.094 0.060 0.128
CAIIS SC Open 1.55 62 0.126 0.090 –0.026 0.207
NLCA SC Open 7.79 215 <0.001 0.251 0.187 0.314
CAIIN SC Open –0.15 237 0.882 –0.002 –0.027 0.023
CAI GB OpenN 3.51 267 0.001 0.082 0.036 0.127
CAIIS GB OpenN 1.29 71 0.200 0.078 –0.042 0.198
NLCA GB OpenN 6.67 290 <0.001 0.238 0.168 0.309
CAIIN GB OpenN –0.72 213 0.475 –0.014 –0.054 0.025

2002
NLCA SC Open 7.86 210 <0.001 0.364 0.273 0.455

2003
CAI GB OpenN –2.13 158 0.035 –0.118 –0.228 –0.009
CAIIN GB OpenN –3.62 118 <0.001 –0.185 –0.286 –0.084
CAIIS GB OpenN –0.10 189 0.921 –0.010 –0.198 0.179
NLCA GB OpenN 5.66 137 <0.001 1.469 0.956 1.982
CAI GB OpenS –6.73 263 <0.001 –0.375 –0.485 –0.265
CAIIN GB OpenS –8.63 203 <0.001 –0.441 –0.542 –0.341
CAIIS GB OpenS –2.79 201 0.006 –0.266 –0.455 –0.078
NLCA GB OpenS 4.67 137 <0.001 1.212 0.699 1.725
CAI SC Open –3.45 263 0.001 –0.208 –0.327 –0.089
CAIIN SC Open –4.89 209 <0.001 –0.274 –0.385 –0.164
CAIIS SC Open –1.01 217 0.314 –0.099 –0.293 0.095
NLCA SC Open 5.30 139 <0.001 1.379 0.864 1.894
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creased, respectively (Fig. 3). However, in CAI the area
covered by the aggregations increased from 42% in
2000 to 46% in 2001, while the density decreased (Fig. 3).

The average sizes of sea stars varied among areas
and years from 22.7 to 74.3 mm (SD = 31.62 and 13.65,
respectively) (Fig. 4). For example, mean sea star arm
length in the SC Open was larger than in CAI and
NLCA in 2000 and 2001 (Table 6). However, mean arm
lengths were similar between NLCA and SC Open in
2002. The mean arm lengths in CAIIN and CAIIS were
larger in 2001 than in each of the open areas, respec-
tively (Table 6). There was no distinct pattern; for
example sea stars in the open areas were not always
smaller or larger than those in closed areas (Table 6,
Fig. 4). There was a significant effect of survey area
within the area type on sea star arm length in 2003
(Table 7, p < 0.001). There was no effect of area type on
the arm length of sea stars in 2003 (Table 7, p = 0.294).
A more variable pattern was observed in comparisons
between specific sites.

Temporal variations of mean arm length were
observed within each survey area. The mean arm
length of sea stars in NLCA increased between 1999
and 2001 and decreased from 2001 to 2002 (1999 to
2000: t ’ = –4.91, p < 0.001; 2000 to 2001: t ’ = –2.11, p =
0.035; 2001 to 2002: t ’ = 16.64, p < 0.001) (Fig.4). Mean
arm length in CAI decreased from 1999 to 2000 and
increased from 2000 to 2001 (1999 to 2000: t ’ = 3.81, p <
0.001; 2000 to 2001: t ’ = –5.57, p < 0.001). Mean arm
length in CAIIN also increased from 1999 to 2001 (t ’ =
–3.754, p < 0.001). However, mean arm lengths were
constant in SC Open from 2000 to 2001 (t ’= –0.43, p =
0.669) (Fig. 4).

The instantaneous natural mortality rate of sea
scallops within our surveyed areas ranged from 0.00 to
0.18 yr–1 (Table 8). The highest instantaneous mortality
rates were observed in CAII and NLCA, but in general,
mortality rates varied yearly and were often low
(Table8).

DISCUSSION

Sea stars were highly aggregated in areas both
closed and open to fishing from 1999 to 2002 on the
scale of 10s of km. Sea stars appeared to be more
loosely aggregated in 2003, but this pattern may reflect
the change in survey design; in 2003 we sampled a
much larger portion of the continental shelf and there
was a greater distance between stations. 

On a large spatial scale, sea stars Asterias forbesi
and A. vulgaris occur over the entire breadth of
Georges Bank, with marked differences in densities
related to depth, substratum, and temperature (Franz
et al. 1981, Theroux & Wigley 1998). Sea stars are
distributed around the edges of Georges Bank and
the South Channel at depths between 25 and 200 m
but are rare in the central portion (Theroux & Wigley
1998). Sea stars within this area are associated more
with fine particle bottoms than with gravel and till
(Theroux & Wigley 1998). Sea stars are more abun-
dant where temperature ranges are moderate (4.0 to
15.9°C) but can tolerate, at least for short periods of
time, temperatures as high as 25°C (Franz et al.
1981, Theroux & Wigley 1998). Our sample area
ranged from 13 to 150 m in depth within the sea star
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Table 5. Asterias spp. and Placopecten magellanicus. Comparison of mean sea star densities (m–2) between closed and open areas
on Georges Bank in 2003 using a 1-way ANOVA and a 1-way ANCOVA with mean sea scallop density (m–2) as a covariate.
Adjusted means for sea star density were calculated for a mean sea scallop density of 0.15 scallops m–2. Area labels are defined 

in Table 1

df SS MS F p

ANOVA (Area) Between groups 6 236.908 39.485 25.864 <0.001
Within groups 917 1399.925 1.527

ANCOVA (Area) Covariate (scallops) 1 2.684 2.684 1.759 0.185
Between groups 6 238.363 39.727 26.044 <0.001
Within groups 916 1397.241 1.525

ANOVA ANCOVAArea
n Mean SE Adjusted mean SE

CAI 97 0.09 0.023 0.09 0.125
CAIIN 72 0.02 0.008 0.04 0.146
CAIIS 114 0.20 0.081 0.21 0.116
GB OpenN 114 0.21 0.050 0.20 0.116
GB OpenS 196 0.46 0.051 0.46 0.088
NLCA 128 1.67 0.254 1.68 0.109
SC Open 203 0.30 0.056 0.29 0.087
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range. Although we could not test the association
between sea star distributions and depth due to vio-
lations in the assumptions of the analysis, significant
differences between the survey areas were detected
as the response to depth was different between
areas. 

Sea stars aggregated within the closed areas on
Georges Bank. Although sea scallop densities were
independent of sea star densities, they may be deter-
mined by sea star predation in specific locations where
instantaneous sea scallop natural mortality rates were
high. Sea stars may aggregate in closed areas for
several possible reasons. Responses of predators to
prey abundance include functional responses, where
the consumption rates of individual predators increase,
and aggregative numerical responses, where densities
of predators increase (Barbeau et al. 1996). In seeding
trials in Atlantic Canada, Asterias vulgaris showed a
functional response to high sea scallop abundance, but
not a numerical response (Cliché et al. 1994, Barbeau
et al. 1996). However, Sloan (1984) suggests that most
predatory sea stars are opportunistic and will aggre-
gate on superabundant food sources: the sea stars Dis-
telasterias nipon and A. rubens have been previously
observed aggregating on high-density patches of the
Japanese scallop Patinopecten yessoensis (Volkov et
al. 1983, Caddy 1989) and the European queen scallop
Pecten maximus (Wilson & Brand 1994). 

Our findings differ from previous research that
suggests that the effect of fishing on the benthic com-
munity causes aggregations of opportunistic predators
and scavengers to feed on prey damaged by fishing
gear (Ramsay et al. 1998). Portions of CAIIS, NLCA,
and CAI were opened from 1999 to 2000, in 2000, and
from 2000 to 2001, respectively, for a short-term lim-
ited fishery (NMFS 1999–2001, Stokesbury & Harris
2006). Sea stars were aggregated in closed areas and
in some cases densities decreased after a fishing event.
Although significant numbers of sea stars are collected
by scallop dredges, they are returned to the sea after
each dredge haul (K. D. E. Stokesbury et al. unpubl.
data); therefore, scallop dredging would not explain
decreased sea star densities. Spatial and temporal
scales also vary greatly between studies. Previous
studies examined this relationship on the scale of
meters by studying the path of the dredge immediately
after the dredge tow was made, whereas the present
study was conducted on the scale of square kilometers
and was conducted after the limited fishery was closed. 

In the sea scallop fishery, the scallop abductor mus-
cles are harvested immediately after capture and the
remaining somatic tissue is returned to the ocean.
These discards represent approximately 67% of the
total soft tissue weight of the scallop, and may cause
predators to aggregate (K.D.E. Stokesbury et al.

unpubl. data). In CAIIS, the 1999 to 2000 short-term
limited fishery was intense and highly localized.
Approximately 3483 metric tons (t) of abductor muscle
was harvested and 10 600 t of soft tissue discarded.
This limited fishery occurred at the same time as the
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Fig. 3. Asterias spp. Percentage of area covered by aggregation
(bars) and average sea star density (points) (SE) in areas closed
and open to fishing on Georges Bank between 1999 and 2003.

nd: no data collected; area labels are defined in Fig. 1
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settlement of juvenile Asterias vulgaris on
Georges Bank (Barker & Nichols 1983).
The distribution of sea stars in CAIIS was
highly aggregated, as indicated by the
high coefficient of variation (CV% = 47.4),
even though the mean density was similar
to that in areas open to fishing. This sug-
gests that the distribution of sea stars was
patchy on a relatively small scale (10s of
m2). An aggregated distribution was also
indicated by the observation of extremely
high densities of sea stars feeding on sea
scallops in 2001 and 2003 (Fig. 5). 

High densities of sea stars were not
always associated with closed areas.
Dynamic environmental conditions may
explain the low densities of sea stars in
CAIIN and the reduced area covered by
the sea star aggregation. The northern
flank of Georges Bank is characterized by
rapidly changing water depth, a complex
frontal zone, and strong currents (Flag
1987). The macrobenthic invertebrate
faunal assemblage existing on the north-
ern edge and northeast peak consists
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Fig. 4. Asterias spp. Sea star arm lengths (mm) from 9038 sea stars observed
at 3809 video survey stations (15 236 quadrats) on Georges Bank from 1999
to 2003. Each plot shows the median (solid horizontal line), the 25th and
75th percentiles (outer edges of the box), and the 10th and 90th percentiles
(whiskers). +: outliers; ×: extreme values; area labels are defined in Fig. 1

Table 6. Asterias spp. Comparison of mean sea star arm lengths (mm) (see Fig. 4) between closed and open areas on Georges
Bank from 2000 to 2003 using Welch’s approximate t-test (t ’). Negative values of mean difference indicate sea star arm lengths

were larger in the open area than in the closed area. Area labels are defined in Table 1

Area Mean 95% CI
Closed Open

t ’ df p
difference Lower Upper

2000
CAI SC Open –7.23 128 <0.001 –14.901 –18.981 –10.821
NLCA SC Open –3.93 170 <0.001 –8.781 –13.187 –4.374

2001
CAI SC Open –3.80 96 <0.001 –9.931 –15.122 –4.739
CAIIS SC Open 6.90 159 <0.001 28.457 20.311 36.603
NLCA SC Open –3.02 82 0.003 –7.567 –12.555 –2.578
CAIIN SC Open 6.52 93 <0.001 27.782 19.322 36.241
CAI GB OpenN –1.00 33 0.327 –2.761 –8.406 2.887
CAIIS GB OpenN 8.43 101 <0.001 35.627 27.242 44.012
NLCA GB OpenN –0.15 28 0.883 –0.397 –5.872 5.078
CAIIN GB OpenN 8.02 74 <0.001 34.951 26.265 43.637

2002
NLCA SC Open –0.32 776 0.752 –0.204 –1.471 1.062

2003
CAI GB OpenN 4.35 194 <0.001 8.268 4.518 12.018
CAIIN GB OpenN 1.58 30 0.124 3.440 –0.993 7.873
CAIIS GB OpenN 14.18 330 <0.001 43.944 37.848 50.040
NLCA GB OpenN –3.32 370 0.001 –3.480 –5.544 –1.417
CAI GB OpenS 6.34 114 <0.001 10.421 7.162 13.680
CAIIN GB OpenS 2.87 20 0.010 5.593 1.521 9.665
CAIIS GB OpenS 15.64 274 <0.001 46.097 40.292 51.901
NLCA GB OpenS –3.03 2831 0.002 –1.328 –2.187 –0.467
CAI SC Open 6.73 123 <0.001 11.265 7.950 14.580
CAIIN SC Open 3.26 21 0.004 6.437 2.326 10.548
CAIIS SC Open 15.83 280 <0.001 46.941 41.104 52.777
NLCA SC Open –0.90 1649 0.370 –0.484 –1.542 0.574
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primarily of sessile organisms that have adapted to the
dynamic conditions of this area, but sea stars are
scarce (Theroux & Grosslein 1987, Stokesbury & Harris
2006). Furthermore, the substrate in this area is
predominantly granule pebbles and cobble, while
Asterias spp. are generally associated with finer
substrates more than gravel and till (Theroux & Wigley
1998, Stokesbury 2002, Stokesbury et al. 2004, Stokes-
bury & Harris 2006).

The highest sea star densities and the highest
percentage of area covered by aggregations occurred
in NLCA. In this area, the density of sea stars
decreased significantly between 1999 and 2000
(Fig. 3). During the same period, granule pebble sub-
strate decreased by over 50% and sand and shell
debris increased, suggesting a large environmental
shift possibly the result of a severe storm in September
1999 (Stokesbury & Harris 2006, S. Hu pers. comm.).
The density of sea stars increased over the next 3 yr,
suggesting strong recruitment. The increased numbers
of small individuals led to a decrease in average arm
length. 

Asterias forbesi and A. vulgaris are capable of
assimilating large quantities of food, if food is abun-
dant, resulting in increased individual size (Feder &
Moller-Christensen 1966). The size of sea stars was
similar in the open and closed areas despite the higher
abundance of sea scallops within the closed areas. Sea
star predation may have been limited by the size of
prey available (Paine 1976), as sea scallops were larger

in the closed areas (2000: t ’ = 48.48, p = < 0.001; 2001:
t ’ = 27.08, p = < 0.001; 2002: t ’ = 16.89, p = < 0.001;
2003: t ’ = 21.23, p = < 0.001 using Welch’s approximate
t-test). For example, sea stars have strict limitations on
the size and shape of their prey, although prey size
generally increases with sea star size (Paine 1976,
Anger et al. 1977). A. vulgaris must be at least 1.5times
the diameter of an oyster to successfully consume it
(Needler 1941), and Dickie & Medcof (1963) assume a
similar ratio for sea scallops. Above the maximum sea
scallop size, the sea star’s muscle force is insufficient to
open the shells or handling time becomes so long that
it leads to energy loss (Feder & Moller-Christensen
1966, Anger et al. 1977, O’Neil et al. 1983). Sea stars
may form groups to feed on large bivalves to overcome
this size limitation (Anger et al. 1977, Stokesbury &
Himmelman 1995). 

Comparison of the observed distributions of sea star
diameters to 1.5 times the shell height (Needler 1941)
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Table 7. Asterias spp. Results of 1-way nested ANOVA
applied to sea star arm length (mm) between closed and open

areas on Georges Bank in 2003

Source df SS MS F p

Fishery 1 55062.07 55062.07 1.368 0.294
Area 5 626241.98 125248.40 364.259 <0.001
Residual 4381 1506381.26 343.84

Table 8. Placopecten magellanicus. Sea scallop instantaneous
natural mortality rates (yr–1) calculated using the number of
live sea scallops and clappers observed by video survey and a
shell ligament degradation rate of 1.58 yr–1 (Merrill & Posgay
1964). Area labels are defined in Table 1; – : no data collected

Area 1999 2000 2001 2002 2003

CAI 0.02 0 0.02 – 0
CAIIN 0.11 – 0.03 – 0.01
CAIIS – – 0.13 – 0.16
GB OpenN – – 0 – 0
GB OpenS – – – – 0.02
NLCA 0.18 0.08 0.02 0.02 0.04
SC Open – 0.01 0.05 0.02 0.11

Fig. 5. Asterias spp. and Placopecten magellanicus. Intense
sea star predation events (sea stars physically preying on
scallops and at high densities) were observed in CAIIS in both

(a) 2001  and (b) 2003
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of sea scallops observed in the 2003 video survey
(Stokesbury et al. 2004) indicates area-specific rela-
tionships. Approximately 6% of the sea scallop re-
source in each of the open areas was susceptible to sea
star predation compared to 1, 4, and 13% of the sea
scallops in NLCA, CAIIN, and CAI, respectively. Very
large sea stars occurred in specific locations within the
closed areas; for example, mean sea star arm lengths in
the southern portion of CAII were consistently larger
than in the open areas from 2001 to 2003. Therefore,
the entire sea scallop resource in CAIIS was suscepti-
ble to sea star predation. 

Estimates of instantaneous natural mortality rates
based on the ratio of live scallops to clappers ranged
from 0.00 to 0.18, and varied markedly at different sites.
We observed the highest instantaneous natural mortal-
ity rate (0.16) at CAIIS in 2003, equal to an annual
natural mortality rate of 15%. A rate of 0.10 for scallops
with shell heights >40 mm is used to manage the entire
sea scallop resource, also based on a live scallop-to-clap-
per ratio (Merrill & Posgay 1964, Hart 2003). Departures
from this constant natural mortality (M = 0.10) can result
in differences in the yield per recruit model (Hart 2003).
Further, the clapper ratio only reflects a portion of nat-
ural mortality and does not include losses from crus-
taceans and fishes during which the shells are separated
(Stokesbury & Himmelman 1995). 

In conclusion, the present study revealed high varia-
tion in the degree to which sea stars are aggregated on
Georges Bank. Sea stars were aggregated in the closed
areas, which may influence sea scallop densities. How-
ever, there was no clear influence of sea scallops on
sea star distributions; instead, sea star predation due to
the increase in soft tissue added to the environment
coupled with sea star recruitment may have aug-
mented the number of sea stars in the closed areas. In
the future, as spatially explicit management areas and
marine protected area management plans are imple-
mented, it is important to consider spatial and temporal
effects of predator populations.
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