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INTRODUCTION

Understanding the factors causing inter-annual
variation in recruitment is a challenging and impor-
tant topic in benthic ecology and fisheries research
(Anderson 1988, Trippel & Chambers 1997). Recruit-
ment variability can be controlled by multiple factors
including water circulation (Gilbert et al. 2010), habi-
tat availability (Beverton 1995), nutrition (Zenitani et
al. 2007), environmental stress (Hare & Able 2007)
and predation (Sissenwine 1984, Leggett & DeBlois
1994, Gosselin & Qian 1997, Hunt & Scheibling 1997,
Bax 1998), but the main drivers of recruitment in any
particular case are often difficult to determine.

Except in shallow habitats, direct observation of
marine communities is limited and experimental ma-

nipulation is impractical. In these cases, inference of
population drivers is necessarily made from spatial
and temporal correlations between observational
data and candidate environmental or biological vari-
ables, typically collected through routine resource
monitoring (Sissenwine 1984). However, such infer-
ences are necessarily correlative and are not strict in-
ferential tests of causality (Levin 1992, Myers 1998).
Population data collected across heterogeneous habi-
tats commonly exhibit spatial trends and autocorrela-
tion, obscuring causal relationships and increasing
the probability of producing spurious correlations
(Legendre & Fortin 1989, Lennon 2000, Diniz-Filho et
al. 2003, Holt & Barfield 2003, Birkhofer et al. 2010).

The difficulty in analyzing relationships among
vari ables in the presence of spatial autocorrelation
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has historically been ignored in many ecological
studies despite the availability of statistical tech-
niques that can quantify and address autocorrelation
explicitly (Legendre & Fortin 1989, Lennon 2000, Pin-
heiro & Bates 2000, Dormann et al. 2007). Thus, to
identify determinants of recruitment from observa-
tional data one must detect the effects of individual
processes despite process-based error introduced by
other, unmeasured processes and account for the
temporally and spatially autocorrelated nature of the
data.

Sea scallops Placopecten magellanicus Gmelin are
one of the most valuable fisheries in the United
States and the most valuable wild scallop fishery in
the world (Hart & Rago 2006). The US fishery in -
cludes populations in the Mid-Atlantic Bight (MAB),
Georges Bank (GB), and the Gulf of Maine, which
are ecoregions within the US Northeast Continental
Shelf large marine ecosystem (Hart & Chute 2004,
Naidu & Robert 2006). The GB stock has historically
been the largest producer of sea scallops in the fish-
ery, but yields from the MAB stock have surpassed
the GB stock in recent years due to increased recruit-
ment in this region (Hart & Chute 2004, Hart & Rago
2006, Northeast Fisheries Science Center 2010).
Recruitment events in the MAB are erratic, presum-
ably due to the variability of environmental and eco-
logical factors in this region (Bourne 1965, Serchuk et
al. 1979, Hart & Chute 2004, Hart & Rago 2006).

Juvenile scallop abundance is difficult to quantify
until after their first year. During their pre- and early
post-settlement period, they are subject to multiple
sources of mortality that influence their abundance
and spatial distribution. Post-settlement mortality
rates among juvenile sea scallops are high, mainly
due to sea star and crab predators, but their natural
mortality declines as the scallops grow (Elner &
Jamieson 1979, Barbeau & Scheibling 1994, Stokes-
bury & Himmelman 1995, Hatcher et al. 1996, Hart
2006). We hypothesize that these predators are influ-
encing the spatial distribution and temporal dynam-
ics of scallop recruitment in the MAB.

Several benthic invertebrate predators are com-
mon in the MAB and are readily captured by survey
scallop dredges. Common predators include the sea
stars Asterias vulgaris, A. forbesi, Leptasterias tenera
and Astropecten americanus, and the Atlantic rock
and Jonah crabs (Cancer irroratus, C. borealis). Aste-
rias spp. and L. tenera consume bivalves by prying
open their prey and everting their stomachs into the
shell and are capable of preying on scallops >20 mm
in shell height (Sloan 1980, Barbeau & Scheibling
1994). A. forbsei is more tolerant of warm tempera-

tures and tends to occur in shallower and more
southerly waters than do A. vulgaris and L. terera
(Franz et al. 1981).

The sea star Astropecten americanus is abundant
in the middle and outer continental shelf of the MAB
and is the dominant asteroid on the outer shelf
(Boesch 1979, Franz et al. 1981, Hart 2006). Their
upper depth limit decreases from 25 m at their south-
ern limit off Cape Hatteras to 150 m at its northern
limit on Georges Bank; their geographic range is lim-
ited by summer thermal stress in the south and win-
ter thermal stress in the north (Franz et al. 1981). A.
americanus are generalist predators on small inver-
tebrates and feed by engulfing their prey whole. It
preferentially consumes small molluscs, including
juvenile Placopecten magellanicus; its prey size
rarely exceeds 10 mm (Franz & Worley 1982, Sme -
reka 2003).

The third predator group consists of Cancer crabs
(C. irroratus and C. borealis), which are found
throughout the MAB (Hart 2006). They are visual
predators capable of rapidly depleting juvenile sea
scallops and can be a significant source of scallop
mortality (Elner & Jamieson 1979, Barbeau et al.
1994, Hatcher et al. 1996). Based on these studies,
medium- and large-sized crabs (carapace widths: 50
to 130 mm) prefer moderate-sized scallops with shell
heights in the range of 25 to 55 mm.

We investigate the potential for the spatiotemporal
dynamics of benthic invertebrate predators to ex -
plain sea scallop recruitment patterns in the MAB
region using an 11 yr observational dataset. Because
both sea scallops and their predators have a limited
capacity to move across geographic distances of kilo-
meters or more, we predict that predators, in suffi-
cient densities, will cause localized depletion of sea
scallops that will be evident as negative spatial and
temporal associations between predators and prey.
Further, because the geographic distribution of pred-
ators changes temporally, we hypothesize that the
strength of the spatial association between predators
and prey will also vary across scallop early life-
 history stages with the strongest predator−prey asso-
ciations occurring in the stages when predators most
affect prey populations.

MATERIALS AND METHODS

Data were collected from 2000 through 2010 as
part of the Northeast Fisheries Science Center sea
scallop Placopecten magellanicus dredge survey
(Northeast Fisheries Science Center 2010). This sur-
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vey occurred annually with sampling from mid-May
through July. Data for this study were limited to tows
from the continental shelf in the MAB that encom-
passed the primary habitat for sea scallops in this
region. The study region extended from 36.5 to
41.0° N and 75.0 to 71.4° W, encompassing an area of
~62 700 km2, with depths ranging from 23 to 113 m
(Fig. 1a).

Dredge sampling was conducted with a stratified-
random design using an 2.44 m wide modified New
Bedford-style scallop dredge, with 5.1 cm rings and
lined with 3.8 cm plastic mesh. Dredges were towed
on the bottom for 15 min at 7.04 km h−1 for an aver-
age distance of 1 nautical mile. All collected sea scal-
lops were counted, and their shell heights (SH) were
individually measured to the nearest 5 mm incre-
ment from 2000 through 2004 and the nearest mil-
limeter thereafter. In approximately every third tow,
crabs were enumerated and weighed in aggregate to
the nearest 0.1 kg. Because they were often ex tremely
abundant, sea star (Asterias spp., Leptasterias ten-
era and Astropecten americanus) abundances and
weights were estimated by taking a random subsam-
ple of bycatch, which was then extrapolated to the
whole catch. Because individuals of Cancer irroratus
and C. borealis were not consistently distinguished
from each other, we treated all Cancer crabs as a sin-
gle group for analytical purposes (hereafter Cancer

spp.). Similarly, we treated A. vulgaris, A. forbesi,
and L. tenera as a single group (hereafter Asterias
spp.) because these species were not recorded sepa-
rately in many sampling years.

For each tow from the dredge survey, we inferred
the density of 2 yr old sea scallops (hereafter juvenile
scallops) from the number of scallops collected
within a range of shell heights. Minimum size for
juvenile scallops was fixed at 40 mm SH due to gear
selectivity, corresponding to the typical lower size
distribution of 2 yr old sea scallops. Maximum recruit
sizes for each tow were calculated from the growth
model developed by Hart & Chute (2009) which
accounts for spatial variation in sea scallop growth
rates based on latitude and depth. The maximum cal-
culated shell height for juvenile scallops ranged from
66 mm in high-latitude, deep locations to 88 mm in
low-latitude, shallow locations.

Kriging was used to interpolate sea scallop recruit
densities from the surveyed points to a regular grid
(Pebesma 2004, Bivand et al. 2008). Kriging assumes
that the degree of spatial autocorrelation is equal in
all directions and does not change within the study
area (Burrough & McDonnell 1998). However, scal-
lop distributions in the study area are anisotropic
(exhibiting directional dependence of spatial auto-
correlation), with stronger gradients across isobaths
than along isobaths (Adams et al. 2008). Further, the
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Fig. 1. (a) Mid-Atlantic Bight study area. Dashed line: orientation of the longitudinal axis. (b) Study area after coordinates were
re-projected to relieve anisotropy. Shaded subregions in both maps: results of the cluster analysis for temporally synchronous 

scallop Placopecten magellanicus recruitment. Reference lines show corresponding points on the 2 maps
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degree of anisotropy varied within the study area
due to changes in the width of the continental shelf.
We resolved the anisotropy by re-projecting the coor-
dinates of our data to a longitudinal axis that roughly
paralleled the isobaths, and a depth axis, which
accounted for the changing width of the continental
shelf (Fig. 1b). Replacing the spatial coordinates with
the longitudinal and depth axis coordinates resulted
in stationary, isotropic variance patterns throughout
the study area. We used this coordinate system to
represent our study area and the distances among
survey sites in all subsequent spatial analysis. In this
coordinate projection, 1 unit on the x-axis corre-
sponds to a change of 1 m of depth, and 1 unit on the
y-axis corresponds to 0.1 degrees (11.5 km) along the
longitudinal axis. While this re-projection is an effec-
tive manner of dealing with complex anisotropy pat-
terns over a large geographic region, we are not
aware of the use of similar methods in other studies.

To address the spatial variability in recruitment dy-
namics across the study area, we used cluster analysis
to divide the study area into subregions that had dis-
tinct temporal dynamics. The kriged estimates of re-
cruitment were, for each grid cell, centered across
time to a mean of zero to calculate recruitment anom-
alies for each year. The cluster analysis was then per-
formed with the centered recruitment at each grid cell
as a sampling unit, and years as repeated measures.
We visually examined the clustering dendrogram and
the spatial subregions resulting from different sets of
retained clusters and cut the dendrogram at a com-
promise between accurately depicting spatial hetero-
geneity in recruitment dynamics and dividing the
study area into too many subregions to be practical for
analysis or management.

To estimate predator densities at different early life-
history stages, we reconstructed the time series of
predator densities at each scallop sampling site for the
year of sampling (Year-2) and the 2 yr prior to sam-
pling (Year-1 and Year-0). The Year-0 estimate of
predator density corresponds to the summer that scal-
lop recruits were spawned, 2 yr before recruits were
recorded in the dredge survey. The Year-0 time
period occurs when scallops from the spring spawning
would be settling and ~4 mo before spat from the fall
spawning would be settling. The Year-1 estimate cor-
responds to the summer sampling 1 yr before scallop
densities were quantified, ~1 yr post-settlement. The
Year-2 estimate corresponds to the summer sampling
when recruit densities were actually recorded in the
survey, ~2 yr post-settlement. To eliminate zeroes in
the predator dataset, we added 0.1 kg to all observa-
tions before log-transforming the data. We then esti-

mated predator abundance at un-sampled locations
using lognormal co-kriging, using the spatial abun-
dance pattern from the year before and after the
target year to stabilize predictions, as well as a bias-
correction technique adapted from Yamamoto (2007).

We examined the spatial association between scal-
lop recruits and predators at a regional scale using
spatial cross-correlation (Veit et al. 1993, Fortin &
Dale 2005). We calculated the spatial cross-correla-
tions between log-transformed scallop recruit densi-
ties and predator densities for each year, predator
species, and lag time (Year-0 to Year-2). We then cal-
culated a weighted average across years within dis-
tance intervals to get a single cross-correlogram for
each predator and lag time. Statistical significance of
resulting correlations was determined by permuta-
tion testing.

To further test the hypothesis that predators cause
depletion of scallop recruits, the spatial relationship
between predator biomass and juvenile scallop den-
sities on subregional scales was examined using lin-
ear mixed-effect models (Pinheiro et al. 2009). Preda-
tor−prey relationships were examined using 2 simple
linear models: a log-log relationship and a log-linear
relationship, with predator densities as a fixed effect
and all combinations of year and subregion as ran-
dom effects (i.e. random intercept models). The log-
log model used log-transformed recruit densities and
the kriged estimates of predator biomass to model
the geographic association between recruits and
predators with lognormal errors.

Log-log model:
log(rijk) = β0 + β1 · log(pijk) + bij + εijk (1)

where rijk is the number of scallop recruits observed
in subregion i in year j from tow k, β0 and β1 are esti-
mated intercept and slope parameters, pijk is the esti-
mated predator density for dredge towijk, bij is the
geometric mean number of recruits for subregion i
and year j [random effect, bij ~ N(0, σ2)] and εijk is the
error ~ N(0, σ2) and assumed to be independent (see
Appendix 1 for details). The log-linear model also
used log-transformed recruit densities but used
back-transformed estimates of predator biomass:

Log-linear model: 
log(rijk) = β0 + β1 · pijk + bij + εijk (2)

The log-linear model predicts that prey density
would decline as a negative exponential function of
predator density and, thus, implies a more causative
relationship between predator and prey than the log-
log relationship. However, a simple exponential
decline would only occur if there were no density-
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dependent effects (e.g. no predator satiation or non-
linear functional responses of predators to prey den-
sities; Bjørnstad et al. 1999). Both models account for
temporal and larger scale (across subregions) spatial
variance with the random effects and, thus, analyze
only the relationships between predator and prey
at subregional spatial scales. Intra-cohort density-
dependent mortality can occur in juvenile sea scal-
lops (Wong & Barbeau 2005, Hart & Shank 2011), but
this cannot be detected using our methods since we
only have data on the abundance of sea scallop
recruits after the density-dependent recruitment pro-
cesses have occurred.

We developed the log-log and log-linear models
through a constrained, forward-selection process
with model selection based on AIC (Akiake’s infor-
mation criteria) values and coefficients of the fixed
effects (Burnham & Anderson 2004, Hoeting et al.
2006). The purpose of the model-building exercise
was not to identify a single, best model but rather to
identify which predators were affecting scallop re -
cruitment and the time lag where predator density
best described prey density. We constrained model
selection because we wished to avoid multiple test-
ing errors associated with the re-testing of parame-
ters in stepwise model building but we lacked strong,
a priori hypotheses for the life-history stage where
scallops would be most affected by predation (Ander-
son & Burnham 2002, Whittingham et al. 2006). For
our model-building process we first built individual
mixed-effect linear models for each predator at each
scallop age (Year-0 through Year-2). We then com-
pared each model AIC to a common null model that
contained only the random effects (Ap pen dix 1, Eq. 1).
Thus, models with an AIC below the null model (a
negative ΔAIC) are interpreted as an improvement
over the null model. For each predator species, we
then selected the temporal lag that produced the best
model and added random slope terms to assess vari-
ations in predator− prey relations across time or sub-
regions (Pinheiro & Bates 2000, present study
Appendix 1, Eq. 3). Finally, we combined the best
models from each predator into multispecies models
and assessed potential predator interactions. We
assessed the total variance ex plained by each model
by computing the pseudo-R2 (Kissling & Carl 2008).

For model validation, model residuals were visually
examined using quantile-quantile and residual scat-
terplots. We examined assumptions of linearity using
general additive mixed models (GAMMs) with the
same model structure but with smoothers instead of
linear estimators (Wood 2006). We also assessed the
spatial autocorrelation of residuals as the weighted

average of the absolute Moran’s I values with a spatial
lag of <2 distance units (Legendre & Fortin 1989,
Kissling & Carl 2008, Birkhofer et al. 2010). Because
spatial autocorrelation was evident in the residuals,
we repeated the above model-building process with
exponential spatial correlation structures (SCSs) in-
cluded in each linear model (Pinheiro & Bates 2000,
Dormann et al. 2007, present study Appendix 1). All
statistical analyses were conducted on the R statistical
platform (R Development Core Team 2009).

We tested if predator temporal dynamics is nega-
tively correlated with scallop recruitment with a sim-
ilar set of log-log models that only examined tempo-
ral predator−prey associations. To this end, all spatial
associations between predators and prey were
removed by regressing predator biomass against
scallop recruit density for each subregion and year.
We then built a set of log-log mixed-effect models
using the un-centered residual predator densities
and subregion as a random effect:

Temporal log-log model: 
log(rijk) = β0 + β1 · log(pijk*) + bi + εijk (3)

where pijk* is the spatially detrended predator data
and bi is the geometric mean of recruits in subregion i.
For each model, temporal autocorrelation was com-
puted as the mean correlation among residuals with a
1 yr time lag. Because temporal autocorrelation was
negligible beyond 1 yr, we determined if observed
patterns were robust to the removal of temporal auto-
correlation by repeating each model with a first-order
autoregressive structure (Pinheiro & Bates 2000).

Finally, to examine the effect of spatially aggregat-
ing data on apparent predator−prey relationships and
to visualize temporal predator−prey trajectories, we
calculated the geometric means for juvenile scallop
density and predator biomass for each subregion and
year. A linear, mixed-effect analysis was then per-
formed on the aggregated data with Astropecten
americanus and Cancer spp. in Year-0 as fixed effects
and subregion as a random effect, and results were
compared to a null model with only the random effect.
Asterias spp. was excluded from this analysis because
our spatial and temporal analysis did not provide suf-
ficient evidence for inclusion at any time lag.

RESULTS

A total of 2389 regular scallop Placopecten magel-
lanicus survey tows were conducted within the study
area between 2000 and 2010, with data on benthic
predators collected from 869 tows. Juvenile scallop
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densities were strongly right-skewed, ranging from 0
(14% of observations) to 15 288 recruits, with a
median of 22 recruits tow−1. The spatial cluster analy-
sis of recruitment dynamics indentified 10 subre-
gions with synchronous dynamics. We excluded the
shallowest and deepest subregions due to insuffi-
cient data, retaining 8 subregions with depths rang-
ing from 36 to 80 m. Subregion 4, a central and
inshore portion of the study area, initially segregated
from the rest of the study area as distinct. In succes-
sive splits, the northern portion of the study area
(Subregions 1 to 3) segregated from the southern
portion (Subregions 5 to 8), followed by the deeper
habitats segregating from the shallower habitats.

Yearly mean recruitment ranged from a low of 62
scallops tow−1 in 2009 to highs of 386 and 299 scallops
tow−1 in spawning years 2001 and 2002, respectively
(Fig. 2a, note that recruitment in the figure is lagged
back 2 yr from the sampling year to the spawning
year). Scallop stock biomass increased rapidly from
1998 to 2003, with little change in biomass thereafter
(Fig. 2a).

The spatial distribution of juvenile scallops was
roughly centered but irregularly distributed across
the study area (Fig. 3a), with 3 areas of high interan-
nual variability (Fig. 3e). The observed recruitment
peaks in 2001 and 2002 were largely constrained to
the center of the study area (Subregions 4 and 5),
while a second recruitment peak in 2006 occurred in
the southern portion of the study area (Subregions 5,
6, and 8).

All predators exhibited right-skewed distributions
with biomass ranging from 0 to 83 kg tow−1 for Aste-
rias spp. (16% of samples were zeros), 0 to 173 kg
tow−1 for Astropecten americanus (21% zero values),
and 0 to 79 kg tow−1 for Cancer spp. (<1% zero val-
ues). There were no clear temporal trends in mean
Asterias spp. biomass during the study period, with
low densities in 2002 and 2007 and a peak in 2005
(Fig. 2b). High densities of Asterias spp. were gener-
ally constrained to the shallower inshore portions of
the study area (Fig. 3b), with regions of temporal
variability on the northern and southern boundaries
of the study region (Fig. 3f).

Astropecten americanus biomass showed an in -
creasing trend through the study period, and its
 densities were highest in deeper waters (Fig. 3c),
with high temporal variability at intermediate depths
(Figs. 2b & 3c,g). Cancer crab biomass declined
slightly during our study, with peak biomasses in
2000, 2003, and 2008, and a historic low in 2010
(Fig. 2b). Cancer spp. densities were highest in the
southern portion of the study area (Fig. 3d), with
regions of higher temporal variability in the northern
and southern extents of the study area (Fig. 3h).

The fitted variogram models used for interpolating
predator densities indicated differences among pred-
ators and across years in the spatial structures of the
populations. This resulted in varying precision in our
estimation of predator densities. Variogram models
for all species and all years had non-zero nuggets,
suggesting the presence of small-scale variability
and sampling error (Bivand et al. 2008). Relative
nugget values, scaled to the variogram sill, were low-
est for Astropecten americanus (interannual mean =
22%, range = 13 to 37%), suggesting good potential
for precise interpolation. Relative nuggets were
higher for Asterias spp. (mean = 42%, range = 26 to
60%), while Cancer spp. showed intermediate preci-
sion (mean relative nugget = 31%, range = 15 to
46%), with the exception of years 2000 and 2001
when small-scale variability was unusually high with
relative nuggets of 70 and 89%, respectively).

Predators had different spatial associations with
scallop recruits at regional scales in the cross-corre-
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Fig. 2. Placopecten magellanicus. (a) Mean sea scallop re-
cruit abundance and total scallop meat weight (stock bio-
mass) per tow and (b) predator (Asterias spp., Astropecten
americanus, Cancer spp.) biomass per tow in the Mid-
 Atlantic during the study period. Recruitment is lagged back
2 yr to indicate the approximate year of settlement rather 

than the year of observation
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lation analysis (Fig. 4). Asterias spp. was positively
associated with scallop recruitment at small scales,
with cross-correlations of about 0.1 and similar cor-
relograms for all time lags (Fig. 4a). Astropecten
americanus was negatively associated with scallop
recruits, with distinct correlograms for different time
lags (Fig. 4b). The spatial correlation between A.
americanus and scallop recruitment was strongest for
Year-0 (−0.21) and weakened through Year-1 and
Year-2 (−0.16 and −0.10, respectively). The regional
spatial association between Cancer spp. and scallop
recruitment was positive, and the correlograms for
different time lags were also distinct (Fig. 4c). How-
ever, the small-scale association between Cancer
spp. and scallop recruits is strongest for Year-2 (0.07)
and weakens through Year-1 and Year-0 (0.04 and
0.004, respectively; Fig. 4c). The spatial association
between Cancer spp. in Year-0 and scallop recruits
increases from nearly zero at short distances to a pos-
itive correlation at intermediate distances before
declining to zero at larger distances.

Analysis of predator−prey relationships at subre-
gional scales differed from regional scales for Aster-
ias spp. and Cancer spp. In the spatial log-log model
analysis, both Cancer spp. and Astropecten ameri-
canus were negatively associated with sea scallop
densities, but there was no strong relationship be -
tween Asterias spp. and sea scallop densities (Table 1).
For both Cancer spp. and A. americanus, predator
densities in Year-0 (the summer of spawning) were
the best predictors, and models for both predators
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Fig. 3. Placopecten magellanicus. Maps of mean density (a–d) and standard deviation (SD; e–h) of sea scallop recruitment and
predator density from 2000 to 2010 plotted by longitudinal axis and depth. Means are arithmetic means of sea scallop density
(no. tow−1) and predator biomass (kg tow−1), while SD are in orders of magnitude (SD of log10-transformed densities). Plots are
(biomass and SD each): (a,e) juvenile sea scallop P. magellanicus density, (b,f) Asterias spp., (c,g) Astropecten americanus, 

and (d,h) Cancer spp.

Fig. 4. Placopecten magellanicus. Spatial cross-correlations
for predators (Asterias spp., Astropecten americanus, Can-
cer spp.) and juvenile scallop densities with separate cor -
relo grams for different time lags. Lagged distance is in re-
projected coordinates and represents changes in depth or
position along the longitudinal axis. Shaded areas: points 

outside the shaded areas are significant at p < 0.05
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were improved by including random slope terms.
The model without the predator interaction term per-
formed better than the model with the interaction
term. The best log-log spatial model included ran-
dom intercept and slope terms for both A. ameri-
canus and Cancer spp.

The diagnostics for the spatial log-log models indi-
cated that model errors are spatially correlated and
the relationships between predators and scallop
recruit densities are nonlinear (Table 1, Fig. 5).
Residual spatial autocorrelation (RSA) was evident in
all linear models. Models with lower AIC values had
lower RSAs, with RSA declining from 0.17 in the null
model to 0.06 in the best model, indicating that resid-
uals in the best model are still weakly autocorrelated
and justifying the examination of models with spatial
correlation structures (SCSs). The inclusion of SCSs
in the models weakened the relationships between
predators and scallop recruits (Table 1). For models
with SCSs, only models with A. americanus terms are
supported over the null model with the strongest
relationship again occurring in Year-0. Both of the 2-

species SCS models with random slope terms for A.
americanus resulted in singular convergences and
could not be evaluated. The response curves for the
GAMM models suggested that predator−prey rela-
tionships are nonlinear with near-zero slopes at low
predator densities and increasingly negative slopes
at high densities for both A. americanus and Cancer
spp. (Fig. 5a,b). The predator−prey relationships for
additive SCS models are also nonlinear for A. ameri-
canus (Fig. 5c). However, the relationship for addi-
tive Cancer spp. SCS models is linear and not statis-
tically relevant (Fig. 5d).

Results from the spatial log-linear models were
similar to the log-log models, but the shape of the
response curves were different (Table 2, Fig. 6).
Both Astropecten americanus and Cancer spp. were
negatively associated with scallop recruitment and
predator−prey relationships were strongest for Year-
0 scallops. Asterias spp. densities showed a negative
association with scallop recruits, with more support
for Year-1 than Year-0, though the strength of the
association was comparatively weak and not ana-
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             Models without spatial correlation structures            Models with spatial correlation structures
Model                                            Coefficient ± SE     ΔAIC                   RSA                                Coefficient ± SE      ΔAIC

SR-Y (null model)                                     −                 0.0         0.171                                           −                  0.0
Asterias Yr2 + SR-Y                       0.155 ± 0.061       −0.5         0.169                                 0.266 ± 0.089        −3.8
Asterias Yr1 + SR-Y                       0.087 ± 0.065       3.8         0.171                                 0.244 ± 0.092        −2.0
Asterias Yr0 + SR-Y                       0.058 ± 0.065       4.8         0.172                                 0.275 ± 0.091        −4.1

A. americanus Yr2 + SR-Y            −0.193 ± 0.033       −27.8         0.159                                 −0.154 ± 0.044        −5.7
A. americanus Yr1 + SR-Y            −0.231 ± 0.032       −42.8         0.162                                 −0.199 ± 0.044        −13.6
A. americanus Yr0 + SR-Y            −0.291 ± 0.032       −72.0         0.155                                 −0.250 ± 0.044        −25.7
A. americanus Yr0 * SR-Y            −0.351 ± 0.064       −140.1         0.084                                 −0.269 ± 0.096        −24.2

Cancer Yr2 + SR-Y                        −0.142 ± 0.054       −0.3         0.168                                 −0.023 ± 0.074        5.3
Cancer Yr1 + SR-Y                        −0.207 ± 0.055       −7.4         0.168                                 −0.042 ± 0.077        5.0
Cancer Yr0 + SR-Y                        −0.363 ± 0.054       −37.1         0.161                                 −0.187 ± 0.074        −0.4
Cancer Yr0 * SR-Y                        −0.385 ± 0.103       −92.8         0.115                                 −0.187 ± 0.078        3.6

A. americanus Yr0a                        −0271. ± 0.033       −96.7         0.145                                 −0.239 ± 0.044        −22.2
+ Cancer Yr0 + SR-Y                   −0.305 ± 0.053                                                                     −0.106 ± 0.076             

A. americanus Yr0                         −0273. ± 0.036       −90.6         0.146                                 −0.244 ± 0.046        −16.8

* Cancer Yr0 + SR-Y                  −0.307 ± 0.057                                                                     −0.117 ± 0.082             
                                                        −0.005 ± 0.050                                                                     0.024 ± 0.067             

A. americanus Yr0 * SR-Y            −0.325 ± 0.062       −153.9         0.077                                           SC                    −
+ Cancer Yr0 + SR-Y                   −0.257 ± 0.056                                                                                                          

A. americanus Yr0 + SR-Y            −0.226 ± 0.034       −125.8         0.116                                 −0.239 ± 0.044        −18.2
+ Cancer Yr0 * SR-Y                   −0.303 ± 0.088                                                                     −0.011 ± 0.077             

A. americanus Yr0 * SR-Y            −0.286 ± 0.061       −170.5         0.062                                           SC                    −
+ Cancer Yr0 * SR-Y                   −0.234 ± 0.087

aResults for corresponding additive model are shown in Fig. 5

Table 1. Placopecten magellanicus. Spatial log-log models for predators (Asterias spp., Astropecten americanus, Cancer spp.)
and scallop juveniles. ΔAIC (Akaike’s information criterion) values are relative to the null random intercept model. RSA is the
model residual spatial autocorrelation. Notation for model representations (left column) are in Appendix 1. Yr denotes scallop
age (0 to 2 yr) and SR-Y denotes the subregion-year random effect. Model parameters joined to SR-Y with * indicate random 

slope terms. SC indicates models that were not solved due to singular convergences in parameter estimates
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lyzed further. The inclusion of random slope terms
for both A. americanus and Cancer spp. provided
improvement over simpler random intercept models,
and 2-species models improved single-species mod-
els, though there is no evidence for predator inter-
actions. Like the log-log model, the best log-linear
model had random intercept and slope terms for
both predators. Most predator−prey relationships
were stronger for log-linear models than compara-
ble log-log models, though not consistently for the
models for Cancer spp.

Similar to the log-log models, the diagnostics for
the log-linear models indicated spatially structured
model errors and nonlinear relationships between
predator biomass and scallop recruitment. Models
with lower RSAs also had lower AIC values relative
to the null model, and the model with random slope
terms for both Astro pecten americanus and Cancer
spp. had the lowest RSA (0.082), again suggesting
that SCSs are appropriate additions to the log-linear
models (Table 2). Models with SCSs had weaker

predator− prey relationships, and only
models for A. americanus are sup-
ported over the null model, again with
the strongest relationship occurring in
Year-0.

The response curves from the addi-
tive models indicate that prey deple-
tion rates increase with increased
predator biomass for low to moderate
predator biomass but approach a
threshold at high predator biomass
(Fig. 6). However, additive models
with spatial autocorrelation structures
estimate linear responses for both
Astropecten americanus and Cancer
spp. densities, suggesting that the log-
linear model may be appropriate for
modeling these predator−prey rela-
tionships. The best log-linear model
had a pseudo-R2 of 0.41, compared to a
pseudo-R2 of 0.11 for the null model.
Thus, predation accounts for ~30% of
the total deviance in this model.

Results from the analysis of temporal
associations in predator−prey abun-
dances support the results from the
spatial analysis. Interannual variations
in both Cancer spp. and Astropecten
americanus densities were negatively
associated with sea scallop recruit-
ment in Year-0 and Year-1, with the
strongest relationships in Year-0

(Table 3). Models containing both A. americanus and
Cancer spp. improved only minimally over models
with A. americanus alone, suggesting some temporal
correlation between these predators. Again, includ-
ing an interaction term between the predators did
not improve model fit. Temporal fluctuations in Aste-
rias spp. densities again showed no association with
scallop recruitment dynamics.

We constructed mortality curves using the coeffi-
cients from the spatial log-linear models as depreci-
ation rates (Table 2, Fig. 7). We used the best sin-
gle-species models with and without SCSs as
reasonable higher and lower estimates of predation
rates. The higher estimates of predation rates for
both predators suggest the potential for >90% juve-
nile sea scallop mortality during their first 2 yr post-
settlement at high predator densities. At a moder-
ately high Astro pecten americanus density of 50 kg
tow−1 (about the upper 13th percentile of observed
samples) the models predict juvenile sea scallop
mortality between 48 and 76%. A high Cancer spp.

169

Fig. 5. Placopecten magellanicus. Predator−prey response curves for the spa-
tial log-log general additive mixed models without random slope terms (* in
Table 1) based on models with (a,b) and without (c,d) spatial autocorrelation
structures for Astropecten americanus (a,c) and Cancer spp. (b,d). Tick marks 

along the x-axis indicate the presence of survey data
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density of 10 kg tow−1 (the upper fourth percentile
of the sampled densities) is predicted to result in
scallop mortality rates of between 21 and 68% in
their first 2 yr post- settlement.

Relationships between predators and scallop re -
cruit ment were weaker when data were aggregated
to the subregion level (Fig. 8). The best model had
only Astropecten americanus in Year-0 as a fixed
effect (ΔAIC = −7.0 relative to null model), with no
support for the inclusion of Cancer spp. or random
slope effects for either predator. A general pattern of
declining scallop recruitment and increasing preda-
tor densities is present in multiple subregions and
particularly clear in Subregion 4 (Fig. 8d), but is not
evident in all subregions.

DISCUSSION

We found varying levels of evidence for predators
influencing sea scallop Placopecten magellanicus re-
cruitment. There is strong evidence that Astro pec ten
americanus has affected scallop recruitment in our

study area. Predator−prey relationships are consis-
tently negative in the spatial log-log, log-linear, and
temporal models, with stronger relationships in the
earliest life-history stages. These models also remain
relevant with the inclusion of autocorrelation struc-
tures, suggesting that this relationship is not an arti-
fact of autocorrelation effects (Diniz-Filho et al. 2003).
Additionally, the linear nature of the additive log-
 linear models suggests that the log-linear models are
more appropriate, implying a causative relationship
between predator and prey rather than a geographic
association. These results support the hypothesis that
predation by A. americanus is taking place primarily
in the first year after settlement (between Year-0 and
Year-1 observations), as expected, because the scal-
lops would be too large to be consumed by A. ameri-
canus after the first year.

Our analysis provides moderate evidence that
Cancer crabs are structuring scallop recruitment pat-
terns. The relationship between Cancer crabs and
sea scallops is persistently negative at subregional
scales, including both spatial and temporal analysis.
Additionally, there are clear differences in the
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              Models without spatial correlation structures             Models with spatial correlation structures
Model                                            Coefficient ± SE     ΔAIC                   RSA                                Coefficient ± SE      ΔAIC

SR-Y (null model)                                      −                  0.0         0.171                                            −                   0.0
Asterias Yr2 + SR-Y                       −0.014 ± 0.004       1.9         0.169                                 0.003 ± 0.006        9.9
Asterias Yr1 + SR-Y                       −0.026 ± 0.005       −15.1         0.162                                 −0.008 ± 0.008        8.9
Asterias Yr0 + SR-Y                       −0.024 ± 0.005       −9.2         0.165                                 −0.003 ± 0.008        9.7

A. americanus Yr2 + SR-Y            −0.008 ± 0.001       −87.0         0.132                                 −0.006 ± 0.001        −19.4
A. americanus Yr1 + SR-Y            −0.009 ± 0.001       −102.0         0.136                                 −0.008 ± 0.001        −33.9
A. americanus Yr0 + SR-Y            −0.009 ± 0.001       −112.1         0.126                                 −0.008 ± 0.001        −41.0
A. americanus Yr0 * SR-Y           −0.013 ± 0.002       −143.2         0.088                                 −0.008 ± 0.001        −37.0

Cancer Yr2 + SR-Y                        −0.018 ± 0.005       −2.6         0.175                                 −0.002 ± 0.007        10.0
Cancer Yr1 + SR-Y                        −0.019 ± 0.005       −3.1         0.173                                 −0.005 ± 0.007        9.6
Cancer Yr0 + SR-Y                        −0.029 ± 0.005       −25.1         0.168                                 −0.014 ± 0.007        6.1
Cancer Yr0 * SR-Y                        −0.038 ± 0.015       −50.0         0.143                                 −0.014 ± 0.007        10.2

A. americanus Yr0a                        −0.010 ± 0.001                                                                     −0.008 ± 0.001             
+ Cancer Yr0 + SR-Y                   −0.036 ± 0.005       −158.2         0.123                                 −0.015 ± 0.007        −35.4

A. americanus Yr0                         −0.010 ± 0.001                                                                     −0.008 ± 0.001             

* Cancer Yr0 + SR-Y                  −0.038 ± 0.005                                                                     −0.016 ± 0.008             
                                                        0.000 ± 0.000       −140.8         0.125                                 0.000 ± 0.000        −17.8

A. americanus Yr0 * SR-Y            −0.012 ± 0.002       −170.7         0.092                                 −0.008 ± 0.001             
+ Cancer Yr0 + SR-Y                   −0.032 ± 0.005                                                                     −0.015 ± 0.007        −31.4

A. americanus Yr0 + SR-Y            −0.010 ± 0.001       −157.0         0.117                                 −0.008 ± 0.001             
+ Cancer Yr0 * SR-Y                   −0.031 ± 0.007                                                                     −0.015 ± 0.007        −31.5

A. americanus Yr0 * SR-Y            −0.012 ± 0.002       −180.3         0.082                                 −0.008 ± 0.001             
+ Cancer Yr0 * SR-Y                   −0.025 ± 0.008                                                                     −0.015 ± 0.007        −25.5

aResults for corresponding additive model are shown in Fig. 6

Table 2. Placopecten magellanicus. Results of spatial log-linear models for predators (Asterias spp., Astropecten americanus,
Cancer spp.) and scallop juveniles. ΔAIC (Akaike’s information criterion) values are relative to the random effects model. RSA
is the model residual spatial autocorrelation. Notation for model representations (left column) are in Appendix 1. Yr denotes
scallop age (0 to 2 yr) and SR-Y denotes the subregion-year random effect. Model parameters joined to SR-Y with an asterisk 

indicate random slope terms. Depreciation curves for models in bold are shown in Fig. 7
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strength of the predator−prey relationship in differ-
ent scallop life-history stages, suggesting that preda-
tion effects are age specific. Conversely, there is
more support for the spatial log-log model than the
log-linear model, based on ΔAICs, and there is no
support for Cancer effects in models that include spa-
tial correlation structures, suggesting that this rela-
tionship is partially confounded by common environ-
mental processes.

There was no clear evidence that Asterias spp.
were affecting recruitment in our study area. Aster-
ias spp. densities are unrelated to sea scallop re -
cruitment in the spatial log-log model, have weak
negative relationships in the spatial log-linear model
that are not robust to inclusions of spatial autocorre-
lation terms, and model fit does not vary by life-his-
tory stage. Further, temporal fluctuations in predator
density are not correlated with fluctuations in prey
density.

Comparison of the spatial distributions of predators
and prey at regional scales (cross-correlation analy-
sis) versus subregional scales (mixed-effect models)

provides insight into the  im portance of
unmeasured environmental variables
on predator− prey associations. The
negative relationship be tween Astro -
pecten americanus and scallop re -
cruit ment is consistent between the
regional and subregional analyses,
with stronger relationships in earlier
life-history stages, suggesting a spatial
association that is largely causative.
For Cancer crabs, the re gional associa-
tion was positive, while the subre-
gional association was negative. We
interpret this pattern as the combined
influence of both environmental corre-
lates and causative interactions. At
regional scales, a common response to
environmental gradients results in a
positive relationship, but at smaller,
subregio nal scales predator depletion
re sults in a negative association be -
tween scallops and Cancer crabs
(Ciannelli et al. 2008). Asterias spp.
were positively associated with scallop
recruits at regional scales, but unasso-
ciated at subregional scales. Such
changes of associations between prey
and mobile predators have been
reported in other ecological systems
and may represent shifts between top-
down and bottom-up control (Rose &

Leggett 1990, Fauc hald & Erikstad 2002, Tobin &
Bjørnstad 2003, Frank et al. 2007, Santora et al.
2011). The positive regional-scale relationship may
be a result of a latent, environmental variable that is
removed by the random-effects term and the
reduced spatial scale (Keitt et al. 2002).

The strength of the relationship between predators
and scallop recruit dynamics parallels our capacity to
precisely estimate predator densities at small spatial
scales. Moderate to high variogram nugget values,
relative to the sill values, indicate that much of the
process-based variance in predator and prey popula-
tion dynamics occurs at scales smaller than the reso-
lution of our data, limiting our capacity for inference.
Our data on scallop and predator densities are based
on dredge tows collected over 1 nautical mile. Sea
scallops and the predators in our study are known to
exhibit high variability on smaller spatial scales due
to fine-scale habitat variability and tendencies to
actively aggregate (Stokesbury & Himmelman 1993,
1995, Barbeau et al. 1996, S. Gallager pers. comm.).
The variogram models used to characterize the spa-
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Fig. 6. Placopecten magellanicus. Predator−prey response curves for the spa-
tial log-linear general additive mixed models without random slope terms
 (superscript a in Table 2) based on models with (a,b) and without (c,d) spatial
autocorrelation structures for Astropecten ameri canus (a,c) and Cancer spp. 

(b,d). Tick marks along the x-axis indicate the presence of survey data
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tial autocorrelation of predators exhibit varying
degrees of spatial structure and local predictability,
both across predators and across years. Small-scale
variance (scales smaller than our sampling units)
actually exceeded the total geographic variance in
predator densities in some years for Asterias spp. and
Cancer spp. (i.e. the variogram nugget exceeds the
partial sill). The calculation of predator densities at
unsampled locations by interpolation further de -
creases precision and weakens inferential testing (de
Knegt et al. 2010). As a result, the weaker predator−
prey relationships detected for Cancer spp. and Aste-
rias spp. may be partially due to our inability to
model processes and population structures at an
appropriately small scale with our data.

Coefficients from our log-linear models suggest
that moderate to high densities of either Astropecten
americanus or Cancer crabs are capable of consum-
ing the majority of juvenile sea scallops in their vicin-
ity. For A. americanus, our models predict an upper
scallop mortality rate of 76% at sea star densities of
50 kg tow−1, corresponding to a median density of
13 100 sea stars tow−1. Survey dredge efficiency for

A. americanus is unknown, but estimated efficiency
for scallops is about 0.4 (Northeast Fisheries Science
Center 2010). If dredge efficiency is similar for A.
americanus, then 50 kg tow−1 would correspond to
densities of about 7.25 m−2. Though A. americanus
can only consume small juvenile scallops, they are
capable of consuming multiple juvenile scallops per
day (Franz & Worley 1982, Smereka 2003). Thus,
such high densities of A. americanus would certainly
be capable of consuming the majority of scallop
recruits in their area. Our results and the spatial dis-
tribution of A. americanus further support the asser-
tion by Hart (2006) that predation by A. americanus
may functionally ex clude sea scallops from the
deeper depths of the Mid-Atlantic Bight.

Similarly, Cancer spp. are predicted to result at an
upper mortality rate of 62% at densities of 10 kg
tow−1. Again, correcting for dredge efficiency, this
would translate into actual densities of 0.1 crabs m−2

for crabs large enough to be retained in the dredge.
Cancer crabs are capable of eating up to 3 scallops
d−1, and scallops are susceptible to crab predation
over a broader range of sizes (Nadeau et al. 2009).
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    Models without spatial autocorrelation structures        Models with spatial autocorrelation structures
Model                                      Coefficient ± SE      ΔAIC                      RSA                               Coefficient ± SE       ΔAIC

SR (null model)                                   −                   0.0          0.070                                           −                     0.0
Asterias Yr2 + SR                     0.014 ± 0.051        6.1          0.070                                0.011 ± 0.049          6.1
Asterias Yr1 + SR                     0.059 ± 0.051        4.8          0.069                                0.053 ± 0.050          5.0
Asterias Yr0 + SR                     0.082 ± 0.054        3.7          0.063                                0.076 ± 0.052          3.9

A. americanus Yr2 + SR          −0.033 ± 0.037        6.0          0.070                                −0.026 ± 0.035          6.3
A. americanus Yr1 + SR          −0.135 ± 0.035        −7.7          0.062                                −0.118 ± 0.034         −5.1
A. americanus Yr0 + SR          −0.145 ± 0.033        −11.6          0.057                                −0.128 ± 0.032         −8.6
A. americanus Yr0 * SR          −0.105 ± 0.079        −31.2          0.034                                −0.093 ± 0.072         −24.7

Cancer Yr2 + SR                      0.041 ± 0.052        5.5          0.072                                0.044 ± 0.050          5.4
Cancer Yr1 + SR                      −0.145 ± 0.056        −0.4          0.067                                −0.124 ± 0.054          1.0
Cancer Yr0 + SR                      −0.203 ± 0.055        −7.2          0.062                                −0.176 ± 0.053         −4.6
Cancer Yr0 * SR                      −0.190 ± 0.055        −14.6          0.045                                −0.129 ± 0.087         −10.5

A. americanus Yr0                   −0.139 ± 0.034        −17.2          0.049                                −0.123 ± 0.032         −11.9
+ Cancer Yr0 + SR                 −0.190 ± 0.055                                                                    −0.164 ± 0.053              

A. americanus Yr0                   −0.136 ± 0.036         −9.2           0.050                                −0.120 ± 0.035         −5.9

* Cancer Yr0 + SR                −0.186 ± 0.059                                                                    0.160 ± 0.057              
                                                  −0.009 ± 0.053                                                                    −0.012 ± 0.051              

A. americanus Yr0 * SR          −0.096 ± 0.078        −34.5          0.030                                −0.085 ± 0.071         −26.4
+ Cancer Yr0 + SR                 −0.176 ± 0.057                                                                    −0.154 ± 0.054              

A. americanus Yr0 + SR          −0.122 ± 0.033        −20.8          0.038                                −0.110 ± 0.032         −15.1
+ Cancer Yr0 * SR                 −0.153 ± 0.087                                                                    −0.130 ± 0.080              

A. americanus Yr0 * SR          −0.087 ± 0.069        −32.9          0.024                                −0.079 ± 0.063         −24.8
+ Cancer Yr0 * SR                 −0.144 ± 0.076                                                                   −0.121 ± 0.071)

Table 3. Placopecten magellanicus. Results from the temporal log−log models with spatially detrended predator (Asterias spp.,
Astropecten americanus, Cancer spp.) densities. ΔAIC (Akaike’s information criterion) values are relative to the null random
effects model. RTA is the model residual temporal autocorrelation. Notation for model representations (left column) are in Ap-
pendix 1. Yr denotes scallop age (0 to 2 yr) and SR denotes the subregion random effect. Model parameters joined to SR with 

an asterisk indicate random slope terms
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Additionally, crab predation rates on scallops are
density dependent and may account for a recent scal-
lop mortality event in this region (Wong & Barbeau
2005, Hart & Shank 2011). Given the broader range
of scallop sizes that are susceptible to crab predation
and that Cancer crabs have been recorded to eat up
to 3 scallops d−1, it is again reasonable that crabs at
these densities would be sufficient to consume the
majority of scallop recruits in their area (Nadeau et
al. 2009).

Based on the literature, we had expected Cancer
crabs to affect sea scallops populations primarily be -
tween Year-1 and Year-2, when recruits are larger,
rather than in Year-0 as suggested by the analysis.
Laboratory experiments have found Cancer crabs to
prefer scallops in the 20 to 50 mm SH range over
smaller scallops due to difficulties in capturing and
handling small prey and the decreased profitability
in consuming small prey when larger prey are avail-
able (Elner & Jamieson 1979, Barbeau & Scheibling
1994). However, these studies also demonstrated that
preferred prey size scales with predator size, sug-
gesting that smaller crabs may be more capable of

consuming small sea scallops. These
studies used crabs from 45 to 130 mm
carapace width. In comparison, modal
size for Cancer spp. from the dredge
survey is <60 mm (Shank unpubl.
data), and survey dredges presumably
undersample smaller crabs due to the
38 mm mesh liner. Thus, there may be
an unsampled portion of the Cancer
spp. population affecting scallop re -
cruitment. Finally, Cancer crabs ex -
hibit prey switching, targeting less
preferable prey when preferred prey
are not abundant (Wong & Barbeau
2005), so crabs may facultatively
switch to smaller prey when encounter
rates with scallops in the preferred
size range are low.

Our conclusions on which predators
are affecting recruit densities differ
somewhat from the previous analysis
by Hart (2006) who found evidence
that Astropecten americanus and
Asterias spp. were potentially affect-
ing scallop recruitment but not Cancer
crabs. The disparity between the pre-
vious study and the current analysis is
due to our segregation of the study
area into subregions and the benefit of
a longer time series as Hart (2006) only

had data for 2000 to 2002. The inclusion of subre-
gions as a random variable disrupts the large-scale
biogeographic patterns that otherwise result in the
spurious spatial correlation between Asterias spp.
and scallop recruits seen in Hart (2006). The current
analysis is unable to discriminate between persistent
geographical patterns and causal predation relation-
ships for Asterias spp.; we cannot conclude that Aste-
rias spp. has no effect on scallop recruitment, but
only that it cannot be detected with our data.

The mobility of Cancer spp. likely obscured its
effects on scallop recruitment using the methodology
of Hart (2006). The extended time series now avail-
able allowed us to include time lags to the models
which strengthened effects for Astropecten ameri-
canus but were crucial for detecting the effects for
Cancer crabs. Without time lags in the models, our
results are similar to those of Hart (2006), with mod-
erate effects for A. americanus and little effect for
Cancer spp. The observed difference between Year-
2 and Year-0 results for these predators suggests that
spatial patterns of Cancer spp. were temporally more
variable than those of A. americanus. Cancer crabs
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Fig. 7. Placopecten magellanicus. Estimated predation rates of juvenile sea
scallops by Astropecten americanus (a,c) and Cancer spp. (b,d) based on pa-
rameter estimates for best single-species log-linear models (Table 2). (a,b) Fre-
quency of sample densities. (c,d) Predicted (±SE) mortality rates for models 

with (dark gray) and without (light gray) spatial autocorrelation structures
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are active foragers that aggregate in response to
changes in prey availability, are capable of moving
long distances seasonally and interannually, and may
have high mortality rates (Barbeau et al. 1996,
Hatcher et al. 1996). This temporal variability in Can-
cer crab densities makes the inclusion of temporal
lags crucial to understanding the relationship be -
tween predator and prey and explains why this rela-
tionship was not detected by Hart (2006). In contrast,
A. americanus are more sedentary and tend to be
more opportunistic foragers with aggregations of sea
stars persisting for periods of years (Hart 2006). Thus,
the inclusion of time lags in the analysis is more
important for predators like Cancer spp. whose den-
sities are more temporally variable than A. ameri-
canus whose temporal dynamics are more stable.

The presence of spatial autocorrelation in model
residuals may be indicative of additional endoge-
neous or exogeneous processes that are not included
in our models (Keitt et al. 2002, Diniz-Filho et al.
2003). Our analysis only considers a limited subset of
the predators that are preying on juvenile scallops

and does not account for other post-settlement pro-
cesses (environmental stress, starvation, etc.). Fur-
ther, we do not consider pre-settlement processes
that are known to fluctuate inter-annually, including
the biomass and spatial distribution of spawning
stock and larval supply (Tian et al. 2009, Gilbert et al.
2010, Northeast Fisheries Science Center 2010).
Therefore, the observed high spatial autocorrelation
of residuals, especially in models that do not include
random slope terms, may be the result of pre-
 settlement processes or unmeasured environmental
variables, and the spatial structure of residuals may
provide a basis for investigating these additional pro-
cesses (Keitt et al. 2002).

Three regions of both high recruit density and tem-
poral variability were evident in this study: Subre-
gion 1 in the north, Subregions 4 and 5 in the center,
and Subregion 8 in the south. The degree to which
these predator species can explain temporal varia-
tion in juvenile scallop densities varies spatially
within our study area with good agreement between
model predictions and observed recruit dynamics in
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Fig. 8. Placopecten magellanicus. Time series of sea scallop recruitment and predator (Astropecten americanus, Cancer spp.)
density, aggregated to subregion scales. (a to h) Subregions 1 to 8. Settlement year: spawning year for scallops with estimated 

predator biomasses for that year. Asterias spp. was not plotted for simplicity
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Subregions 4 and 5. Subregions 4 and 5 had record
densities of scallop recruits in 2003 and 2004, corre-
sponding to the year classes that settled in 2001 and
2002. Densities of both Cancer spp. and Astropecten
americanus were particularly low in these settlement
years, but have increased in recent years with a cor-
responding decrease in scallop recruitment. Thus, a
lack of predation pressure during the critical early
post-settlement period potentially contributed to this
recruitment anomaly. Recruitment dynamics in other
subregions are not well explained solely by predator
densities. This does not invalidate the importance of
these predators in sea scallop mortality in other sub-
regions, but rather emphasizes the spatial nature of
multiple processes that structure the scallop popula-
tion in our study area. We note that predator effects
accounted for 30% of the total deviance in the best
spatial model. Measurement error presumably ac c -
ounts for a considerable amount of the unexplained
variance, given the effective scales of our sampling
equipment and the estimation of predator densities
at unsampled locations. However, we expect that
much of the unexplained variance is attributable to
other processes that are not included in this study,
such as variations in larval supply, nutrition, habitat
quality, and other predators.

CONCLUSIONS

Our analysis finds evidence that 2 of the 3 predator
groups studied, Astropecten americanus and Cancer
spp., are negatively correlated with both the spatial
distribution and temporal dynamics of juvenile sea
scallops Placopecten magellanicus and affect sea
scallops primarily in the first year post-settlement.
The comparison of different statistical models further
supports a causal relationship between predator and
prey rather than non-causal spatial associations.
Thus, post-settlement predation is a major determi-
nant in the observed spatial and temporal recruit-
ment dynamics of sea scallops in the Mid-Atlantic
Bight.
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Appendix 1. Standard linear mixed effect models and model representations.

      Model                                                                                                               Representation

1    log(rijk) = β0 + bij,0 + εijk                                                                                    SR-Y
2    log(rijk) = β0 + β1pijk + bij,0 + εijk                                                                       PredatorYrX + SR-Y
3    log(rijk) = β0 + β1pijk + bij,0 +bij,1pijk + εijk                                                          PredatorYrX * SR-Y
4    log(rijk) = β0 + β1p1ijk + β2p2ijk + bij,0 + εikj                                                       Predator1YrX + Predator2YrX +SR-Y
5    log(rijk) = β0 + β1p1ijk + β2p2ijk + β3p1ijk · p2ijk + bij,0 + εikj                               Predator1YrX * Predator2YrX + SR-Y
6    log(rijk) = β0 + β1p1ijk + β2p2ijk + bij,0 +bij,1p1ikj + εijk                                       Predator1YrX * SR-Y + Predator2YrX + SR-Y
7    log(rijk) = β0 + β1p1ijk + β2p2ijk + bij,0 +bij,1p1ijk + bij,2p2ikj + εijk                      Predator1YrX * SR-Y + Predator2YrX * SR-Y

where rijk is the number of scallop recruits observed in subregion i, year j, and tow k, pijk is the estimated predator density
for dredge towijk at a given time lag, and p1ijk and p2ijk represent densities of different predators, bij,0 is the geometric mean
of recruits for subregion i and year j [random effect, bij,0 ~ N(0, σ2)] and bij,x represents a random slope term with predator x.

For models without spatial autocorrelation structures, εijk is the error assumed to be independent distributed as N(0, σ2).
For models with spatial autocorrelation structures, εijk ~ N(0, Λij), where Λij is the variance−covariance matrix estimated
from residual autocorrelation.

For model notation, SR-Y denotes the random effect of subregion, year. PredatoryYrX represents the predator density at
a given scallop age (e.g. AsteriasYr2 is the density of Asterias spp. at scallop age 2). *: indicate random slope terms.

For GAMM models, the linear coefficients are replaced with smoothing terms.
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