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The Atlantic sea scallop supports one of the most lucrative fisheries on the Northeast U .S . shelf. Understanding the interannual variability of 
sea scallop size str uct ure and associated drivers is critically important for projecting the response of population dynamics to climate change and 
designing coherent fishery management strategies. In this study, we constructed time series of sea scallop size structures in three rotationally 
closed areas in the Mid-Atlantic Bight (MAB) and decomposed their total variances using the variance partitioning method. The results suggested 
that the interannual variances in sea scallop size str uct ures were associated more with thermal stress in regions shallower than 60 m but more 
with fishing mort alit y in regions deeper than 60 m. The percentages of small (large) size groups increased (decreased) with ele v ated thermal 
stress and fishing pressure. We adopted a scope for growth model to build a mechanistic link between temperature and sea scallop size. 
Model results suggested a gradual decrease in maximum shell height and habitat contraction under w arming. T his study quantified the relative 
contributions of thermal stress and fishing mort alit y to the variance of scallop size str uct ure and discussed the need for adaptive management 
plans to mitigate potential socioeconomic impacts caused by size str uct ure changes. 
Keywords: atlantic sea scallop, fishing mortality, size structure, warming. 
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Introduction 

The U.S. Atlantic sea scallop ( Placopecten magellanicus ) fish- 
ery on the Northeast U.S. Shelf (NES) generated over $669 

million ex-vessel revenues in 2021, making it one of the most 
valuable fishery species in the U.S. (NOAA, 2022a ). Sea scal- 
lops were overfished from the 1970s to the mid-1990s, which 

led to decreased sea scallop density and size (Hart and Rago,
2006 ; Hart et al., 2020 ). A number of management strategies 
have been introduced since 1994 to protect the sea scallop 

fishery (Hart and Rago, 2006 ). The implementation of an ef- 
fective fishery management plan has helped rapidly rebuild the 
sea scallop stock with increases in stock biomass and mean 

size over a short period of time (Hart, 2003 ; Hart and Rago,
2006 ). 

The size structure of exploited fishery stocks is one of the 
critical traits determining the health condition and commer- 
cial value of a population and has been used to support the 
development of fisheries management strategies (Shin et al.,
2005 ; Brunel and Piet, 2013 ; Bell et al., 2018 ; Queirós et 
al., 2018 ). The deterioration of sea scallop size structure can 

influence its population dynamics in multiple ways: first, a 
skewed size structure dominated by one or two size classes 
can weaken the population’s buffering capacity, resulting in 

increased stock variability and sensitivity to the concurrent 
multi-stressors associated with climate change (Thouzeau et 
Received: 4 November 2022; Revised: 15 March 2023; Accepted: 24 March 20
© The Author(s) 2023. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
l. , 1991 ; Planque et al. , 2010 ). Second, the loss of large
ndividuals with higher fecundity can disproportionally un- 
ermine the stock reproductive potential because the quan- 
ity and quality of sea scallop eggs increase greatly with
arental age and shell height (Langton et al., 1987 ; Hart
nd Chute, 2004 ). The reduced reproductive potential can 

reatly limit recruitment, an important determinant of sea 
callop total biomass (McGarvey et al., 1992 ). Additionally,
ince the timing and location of spawning vary with scallop
ize (Posgay and Norman, 1958 ), a deteriorated size struc-
ure can shorten the spawning season and reduce spawning 
istribution, thus leading to increased population vulnera- 
ility to the environmental and anthropogenic perturbations 
Wright and Trippel, 2009 ). Therefore, understanding the spa- 
iotemporal variability of sea scallop size structure and its
rivers is critical in developing adaptive fisheries management 
lans and achieving future sustainable sea scallop fishery 
esources. 

Among all the factors regulating sea scallop size structure,
shing has gained much attention in previous studies due to
ts direct and profound effects (Thouzeau et al., 1991 ; Mu-
awski et al., 2000 ; Hart et al., 2020 ). Commercial fishing ac-
ivities mainly target large individuals, thus truncating the age 
tructure by removing large-size groups and increasing the rel- 
tive abundance of small-size classes (Hart and Rago, 2006 ).
23 
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Figure 1. The climatology of Atlantic sea scallop density in the MAB from 

1978 to 2017 (data source: dredge surv e y data provided by NOAA). The 
three black contour lines represent 35, 60, and 100 m isobaths, 
respectiv ely. T he three green bo x es are the rotationally closed areas 
(HCCA: Hudson Can y on South Closed Area; ETCA: Elephant Trunk 
Closed Area; DMVCA: Delmarva Closed Area). 
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verfishing has been associated with a relatively low abun-
ance of large individuals over the NES fishing grounds from
he 1970s through the mid-1990s (Hart and Rago, 2006 ; Hart
t al., 2020 ). The size of sea scallops increased in most ro-
ationally closed areas after implementing a series of fishery
anagement regulations (Hart, 2003 ; Hart and Rago, 2006 ;
art et al., 2020 ). Noticeably, fishing mortality reduction did

ot successfully rebuild the sea scallop population in all closed
reas. One of the southern rotationally closed areas, Virginia
each, was closed from 1999 to 2001 to allow the growth of

uvenile scallops, but few fishable scallops were found after a
-year closure (Lee et al., 2019 ). The closure of Delmarva in
he southern Mid-Atlantic Bight (MAB) starting from 2012 re-
ulted in relatively high recruitment with low spawning stock
iomass, indicating a decrease in sea scallop mean size (Hart
t al., 2020 ). The scallop size did not increase in response to
he reduction in fishing pressure, implying that other stressors
ay play a vital role in limiting the recovery of sea scallop size

tructure after fishery closure. Several previous studies sug-
ested that warming might be responsible for the absence of
arge individuals in the southern MAB (e.g. Weinberg, 2005 ;

allace et al., 2018 ). Both lab experiments and model results
ndicated that the vulnerability of Atlantic sea scallop and
ther bivalve species to thermal stress increases with individ-
al size (Munroe et al., 2013a , 2013b ; Rybovich et al., 2016 ;
ang et al., 2022a ): for large individuals, relatively small gill

urface area per body weight can induce faster decrease in
issue oxygen and transitions to anaerobic metabolism un-
er thermal stress, resulting in lower tolerance to warming
nd higher mortality than small individuals (Shumway, 1983 ;
örtner, 2002 , 2010 ). Given the rapid temperature increase
but with substantial spatial heterogeneity) in the MAB over
he last several decades and projected future warming (Persh-
ng et al., 2015 ; Saba et al., 2016 ; Kleisner et al., 2017 ; Thomas
t al., 2017 ; du Pontavice et al., 2023 ), understanding the ef-
ects of thermal stress on the variability of population size
tructure is imperative for developing climate adaptive fishery
anagement options. 
Although a variety of studies have revealed the influences of

cean warming and fishing on the size structures of sea scal-
ops and other fishery species (Shin et al., 2005 ; Munroe et al.,
013a ; Bell et al., 2018 ; Hart et al., 2020 ), most of the pre-
ious efforts provided limited information regarding the spa-
ial heterogeneity of these two critical stressors. Additionally,
he response of sea scallops to warming was measured based
n lab experiments with relatively short temporal scales rang-
ng from several days to months (e.g. Shumway et al., 1988 ;
ilditch and Grant, 1999 ). The impact of thermal stress on
he interannual variability of sea scallop size structure is still
argely unknown. Until now, there has been no concrete ev-
dence to support the causal linkages between rapid warm-
ng in the MAB and the variability of sea scallop population
ize structure. In this study, we reconstructed the interannual
ariabilities of sea scallop size structure in three rotationally
losed areas in the MAB using dredge survey data. We esti-
ated the impacts of fishing- and warming-induced size trun-

ation on the cohorts based on field measurements and model
nalyses. The primary objectives of this study are to (1) assess
he spatiotemporal variations of sea scallop size structure in
he MAB rotationally closed areas, (2) disentangle the rela-
ive contributions of fishing and warming to the interannual
ariability of sea scallop size structure, and (3) examine the
esponse of sea scallop size structure to projected warming
ver the next several decades from the perspective of energy
alance. 

ata and methods 

ea scallop dredge data and population size 

tructure pattern extraction 

he sea scallop abundance and distribution data used in this
tudy were collected by National Oceanic and Atmospheric
dministration (NOAA) sea scallop dredge surveys from 1979

o 2017. The data cover the major sea scallop habitats on the
ES. In this study, we used the data in the MAB (longitude:
6 

◦W–71 

◦W; latitude: 37 

◦N–41 

◦N; Figure 1 ) to examine the
mpacts of thermal stress and fishing on sea scallop size struc-
ure at an interannual time scale. The sea scallop abundance
ata collected during the cruises were grouped into 29 size
ins from 40 to 180 mm shell height with a 5-mm interval.
eaders are referred to Hart et al. (2020) for more detailed

nformation regarding the dredge survey and data collection. 
Most existing size structure analyses rely on univariate size-

ased indicators (SBI; e.g. mean size, upper 95-percentile of
he size frequency, and length class diversity), whereas no sin-
le SBI can well represent the entire size structure and the sta-
us of a population (Tu et al., 2018 ). In this study, we utilized
 machine learning tool, Self-Organizing Map (SOM), to ex-
ract the major size spectrum patterns and their spatiotempo-
al variations from the dredge survey data. Compared with
nivariate SBI, the SOM method has several advantages in
xploring size structure variation and associated drivers: (1)



Atlantic Sea Scallop Size Structure Shift 1353 

Figure 2. 12 sea scallop size str uct ure SOM patterns extracted from the dredge data. To better demonstrate the interannual variability of sea scallop 
mean size in each subregion in Figure 3 , we reordered the pattern number (title of each panel) based on the mean size of each pattern. Blue color 
represents adults with shell height ≥8 cm. Red color represents juveniles with shell height < 8 cm. The percentages of juveniles and adults and mean 
size are listed in each SOM pattern. 
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all the samplings can be grouped into several major size dis- 
tribution patterns so we can estimate pattern shifts and the 
linkage with multiple stressors; (2) we can examine the vul- 
nerability/resistance of size distributions to different size trun- 
cation scenarios; and (3) each SOM pattern consists of mul- 
tiple SBIs, which allow us to use one pattern to describe var- 
ious characteristics of the corresponding size structure (e.g.
mean size, percentage of adults/juveniles, and variance). The 
SOM is an unsupervised artificial neural network method that 
projects high-dimensional input data onto a regular 2D grid 

(Kohonen, 1982 ). As a powerful pattern recognition, feature 
extraction, and data clustering tool, the SOM has been widely 
applied in various disciplines of oceanography (Liu and Weis- 
berg, 2005 ; Liu et al., 2009 , 2016 ; V ilibi ́c et al. , 2016 ; Zang et
al., 2022b ). In this study, the SOM tunable parameters were 
chosen following Liu et al. (2006) . The map was designed as 
a flat rectangular 3 × 4 lattice (Liu et al., 2006 ; Zang et al.,
2022c ). We linearly initialized the node weight vectors and 

utilized the batch training algorithm to accelerate the con- 
vergence of SOM training. The training lasted for 10 itera- 
tions to avoid over-fitting. The SOM input data included 29 

dimensions to represent 29 sea scallop size bins in the sur- 
vey data. The input data in each dimension was the propor- 
tion of the scallop abundance in the corresponding size bin 

(i.e. the number of scallops in one size bin divided by the to- 
tal number of scallops). We removed dredge tows where no 

scallops were caught from the SOM input data since these 
contained no size structure information. The total number of 
dredge tows for the SOM input was 10 296. Twelve sea scal- 
lop size structure patterns were extracted from the inputs after 
the SOM training ( Figure 2 ). By comparing the 12 SOM pat- 
terns with the input data, a best matching unit (BMU) can be 
ound for each dredge sample. The BMU is the SOM pattern
ith the minimum Euclidean distance from (and thus most 

imilar to) the sample. Every sample had its corresponding 
OM pattern, and all the input data were clustered into 12
OM patterns. To elucidate the mean size of 12 SOM size
tructure patterns, we estimated mean shell height SH of each 

attern 

SH = 

29 ∑ 

i =1 

S H bin ( i ) · P ( i ) . (1) 

Where S H bin (i ) is the shell height of the i th size bin. P(i ) is the
ercentage of the scallop abundance in the i th size bin. To ex-
mine the spatial heterogeneity of sea scallop size structure, we
rouped the dredge data in three rotationally closed areas in
he MAB: Delmarva Closed Area (DMVCA), Elephant Trunk 

losed Area (ETCA), and Hudson Canyon South Closed Area 
HCCA) (see Figure 1 ). Since thermal stress varies greatly
ith water depth, we further divided each closed area into

wo subregions using 60 m isobath to represent shallow (bot-
om depth ≤60 m) and deep (bottom depth > 60 m) portions
f closed areas, respectively. We constructed each subregion’s 
callop size structure interannual variability by adding all the 
amplings collected in the subregion in each year together and
ound its BMU based on the 12 SOM patterns extracted from
he dredge data. 

stimation of fishing mortality and thermal stress 

ishing mortality in the MAB was estimated based on the
umber of scallops in two size bins (1) new recruits in the
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shery (80 mm ≤ shell height ≤ 98.5 mm), and (2) all larger
ndividuals (shell height > 98.5 mm). 

F T = − log 
(

P T +1 

P T + R T 

)
− M, (2) 

here R T and P T are the total number of scallops in year T 

n size bins (1) and (2), respectively. Natural mortality M was
pecified as 0.1 following Merrill and Posgay (1964) . Readers
re referred to Hart and Rago (2006) for more details regard-
ng fishing mortality estimation. When the rotationally closed
reas were open for fishing, we used fishing mortality in the
AB to represent fishing mortality in the closed areas. Fish-

ng mortality in each rotationally closed area was assigned as
ero when it was closed for fishing. It is worth noting that
shing mortality might be overestimated due to reduced sea
callop growth associated with warming. This is because the
arming-induced growth interruption and/or mortality could
e mistakenly counted as fishing mortality when using Equa-
ion ( 2 ). In the areas with strong thermal stress (e.g. the south-
rn boundary of sea scallop habitats), fishing mortality is low
ue to the low abundance of fishable adults, so we did not
onsider this potential bias in fishing mortality estimation. 

Since the negative impact of thermal stress on sea scallops
s accumulative and individual growth rate peaks between 12
nd 13 

◦C (Coleman et al., 2022 ), we used the number of days
ith spatial averaged bottom temperature exceeding 13 

◦C in
ach year to represent the magnitude of thermal stress. The
aily bottom temperature over 39 years (1978–2016) in each
ubregion was estimated by averaging hourly model results of
he Finite Volume Community Ocean Model—Gulf of Maine
ersion 3 (FVCOM-GOM3; Chen et al., 2003 , 2011 , 2021a ).
ased on the locations of the three rotationally closed ar-
as and their overlap with the primary sea scallop habitats
 Figure 1 ), the thermal stress in the present study was esti-
ated using the FVCOM-GOM3 model results in sea scal-

op habitats between 35 and 100 m. The FVCOM-GOM3
odel domain covers the entire MAB and upstream locations.
he FVCOM-GOM3 assimilates mooring and ship measure-
ents to improve the quality of model outputs, and temper-

ture products have been well-calibrated and applied in pre-
ious studies (Chen et al., 2009 , 2011 ; Sun et al., 2013 ; Li
t al., 2015 ; Sun et al., 2016 ; Chen et al., 2021b ; Zang et
l., 2021 , 2022a ). The model outputs were downloaded from
he data server of the University of Massachusetts Dartmouth
 http://fvcom.smast.umassd.edu ). 

To quantify how much of the size structure temporal vari-
tion could be explained by fishing mortality, thermal stress,
nd the interactive effects, we applied the variance partition-
ng method (aka. redundancy analysis) to decompose the size
tructure total variance (Peres-Neto et al., 2006 ; Tu et al.,
018 ). The response variable was the time series of BMU
n each subregion, and the two predictors were the time se-
ies of fishing mortality and thermal stress, respectively. We
eport the adjusted R 

2 for fishing mortality, thermal stress,
nd their interactive effect. Permutation tests were conducted
 000 times to estimate the significance of fishing mortality
nd thermal stress components. Due to the slow recovery of
ea scallop population size structure under fishing and ther-
al stress, the lagged effects of fishing and warming were

aken into account by using a 1–5 year moving average fishing
ortality and the number of days with temperature > 13 

◦C,
ncluding the 1–5 years previous to the specific year, as ex-
lanatory variables. In the present study, we tested multiple
cenarios with different time lags (1–5 years) due to the lack
f information regarding the optimal time lag for fishing mor-
ality and warming. 

The idealized response of sea scallop size structure to
shing- and warming-induced size truncation was examined
ased on two truncation sizes (80 and 120 mm) and five mor-
ality rates ( M ; 20%, 40%, 60%, 80%, and 100%) for scal-
ops larger than truncation size. We selected these two trun-
ation sizes because 80 mm is the minimum adult size, and
20 mm represents one of the most abundant size bins for the
ommercial catch. Here we defined the mortality rate M as a
ne-time percentage loss of those individuals larger than the
runcation size ( S H trun ), and its value for smaller scallops (size
in ≤ truncation size) was specified as 0 

{ M size _ bin ( i ) = M (S H bin ( i ) > S H trun ) 
M size _ bin ( i ) = 0 ( S H bin ( i ) ≤ S H trun ) 

. (3)

For each SOM pattern extracted from the dredge survey
ata, we estimated its size spectrum after truncation as follows

P post _ trun ( i ) = 

P pre _ trun ( i ) ·
(
100% − M size _ bin ( i ) 

)
∑ 29 

i =1 P pre _ trun ( i ) · M size _ bin ( i ) 
, (4)

where P pre _ trun (i ) and P post _ trun (i ) are the percentage of the
callop abundance in the i th size bin before and after size
runcation, respectively. M size _ bin (i ) is the mortality rate of the
 

th size bin. A new post-truncation size spectrum ( P post _ trun )
nd its corresponding BMU for each SOM pattern can be
ound using the method described in section 2.1 to determine
he evolution of sea scallop size structure after size truncation.

e employed several idealized size truncation scenarios here
ecause the objective of this analysis is to explore the sensitiv-
ty of sea scallop size structure to different levels of external
tresses (fishing and/or thermal) rather than to reproduce
he realistic size structure variation in the rotationally closed
reas. 

odeling maximum sea scallop shell height under 
arming 

ue to the enhanced vulnerability to warming with larger sea
callop size, the maximum shell height decreases and small in-
ividuals become more dominant in adverse thermal environ-
ents. To explore the spatial pattern of sea scallop maximum

hell height and its response to rapid warming in the MAB,
e applied the sea scallop scope for growth (SFG) model de-

eloped by Zang et al. (2022a) to simulate the spatial distri-
ution of maximum shell height in the MAB. The SFG model
as designed to simulate the sea scallop energy balance by

stimating the difference between the energy gain through ab-
orption and the loss due to respiration based on bottom tem-
erature and food availability. The daily bottom temperature
nd food concentration (phytoplankton + detritus) were ex-
racted from the physical model FVCOM-GOM3 mentioned
bove and the 3D lower trophic marine food web model, re-
pectively (Zang et al., 2021 ). The nitrogen-based food web
odel includes two types of phytoplankton and detrital or-

anic matter, which are important food sources for sea scal-
ops. The model-data comparisons in Zang et al. (2021) sug-
ested that the marine food web model could reasonably cap-
ure the seasonal and spatial patterns of phytoplankton in the

AB, and the outputs have been successfully applied to simu-
ate sea scallop SFG over the primary scallop fishing grounds
n the NES (Zang et al., 2022a ). Readers are referred to Zang

http://fvcom.smast.umassd.edu
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et al. (2021) for detailed information regarding the food web 

model structure and setup. We estimated bimonthly mean sea 
scallop SFG for multiple individual sizes ranging from 10 to 

140 mm with a 10-mm interval based on daily model outputs 
following Zang et al. (2022a) . 140 mm was selected as the 
upper limit of sea scallop shell height in the simulations be- 
cause the asymptotic shell height of sea scallops in the MAB 

was about 100–140 mm (Hart and Chute, 2009 ). The maxi- 
mum shell height with SFG ≥ 0 all year round was detected to 

represent the largest sea scallop size in the cohorts. If the SFG 

was negative for the smallest size (i.e. 10 mm), its correspond- 
ing maximum shell height was zero, since no scallops could 

survive in this region. In the benchmark run, bottom temper- 
ature and food concentration in 2010 were used to drive the 
SFG model. Year 2010 was selected to represent the thermal 
climatology before the observed rapid warming since 2012 

(Kleisner et al., 2017 ). A series of sensitivity tests were con- 
ducted with the bottom temperature increased by 1–4 

◦C with 

1 

◦C interval. Although the warming trend in the MAB had 

strong spatial heterogeneity (du Pontavice et al., 2023 ), our 
simulations did not take that into account (the same warm- 
ing rate was used over the entire MAB) due to the lack of 
information regarding the spatial pattern of future warming 
trend (Kleisner et al., 2017 ). Our sensitivity tests focused on 

assessing the response of maximum sea scallop size to the pro- 
jected warming scenario over the next several decades (NOAA 

GFDL CM2.6; Saba et al., 2016 ), so we only modified the tem- 
perature field in the sensitivity tests but kept food concentra- 
tion the same as the benchmark run. 

Results 

Characteristic patterns of sea scallop size structure 

Figure 2 shows the twelve SOM size structure patterns ex- 
tracted from the dredge data. Note that we reordered the SOM 

patterns based on the mean size from small (pattern 1; Figure 
2 a) to large (pattern 12; Figure 2 c) to better demonstrate the 
temporal variation of sea scallop size structure later. The shell 
heights of > 99% of individuals were between 40 and 160 mm,
and the mean sizes of twelve patterns varied from 56.3 to 

112.9 mm ( Figure 2 a and c). Most of the size distributions 
were unimodal, with the peak shifting from 4–5 cm (patterns 
1 and 2) to 11–12 cm (patterns 11 and 12). The dominant size 
bins accounted for 15%–25% of the entire population ( Figure 
2 ). Only three patterns were bimodal with one peak in juve- 
niles and the other in adults ( Figure 2 b, e, and h). The twelve 
SOM patterns well represented the three major sea scallop size 
distributions in the MAB: (1) unimodal size distribution dom- 
inated by small individuals (patterns 1, 2, 3, 4), (2) unimodal 
size distribution dominated by large individuals (patterns 5,
7, 9, 11, 12), and (3) bimodal size distribution (patterns 6, 8,
10) (Hart and Rago, 2006 ; Hart and Chute, 2009 ; Hart and 

Shank, 2011 ). The SOM we designed could well capture the 
main scallop size distribution patterns identified in previous 
studies. 

The interannual variabilities of the BMUs in 6 subregions 
were strong without a dominant long-term trend, implying 
high sensitivity of sea scallop population size structure to 

the environmental and anthropogenic disturbances ( Figure 
3 ). The moderate/weak correlations of the BMU time se- 
ries between different subregions suggested strong spatial 
heterogeneity of sea scallop size structure at different 
epths (0.16 ≤ r ≤ 0.44) and in different closed areas
0.20 ≤ r ≤ 0.56) (Table S1). One common feature among 
ost subregions was the overall increased mean size (i.e.
igher SOM pattern) from 1998 to the late 2000s/early 2010s
esulting from the implementation of fishery management 
lan in the MAB. After that, a marked decrease and strong
uctuation could be detected until 2017 ( Figure 3 ). For the
hallow ETCA and the shallow DMVCA, the population 

ean size remained low after 2012 ( Figure 3 c and e). 

nterannual variabilities of fishing mortality and 

hermal stress 

ishing mortality in the MAB increased gradually from 0.39 

n 1980 to 1.1 in 1995, and reached a peak in 1994 ( Figure
 ). After that, fishing mortality decreased gradually and var-
ed between 0.2 and 0.8 as a result of the rotational closure
f three closed areas (blue, green, and red colours in Figure
 ). Since these three areas did not close/open simultaneously
nd the closure of one area might increase the fishing effort
nd mortality in the open areas, fishing mortalities in the three
otationally closed areas were markedly different after 1998,
eading to the distinct interannual variabilities of sea scallop 

ize structure. 
Thermal stress, represented by the number of days with bot-

om temperature > 13 

◦C was overall stronger in the shallow
ubregions (red lines in Figure 5 ) than that in the deep subre-
ions (blue lines in Figure 5 ), although their interannual vari-
bilities were strongly correlated (HCCA: r = 0.82; P < 0.05;
TCA: r = 0.87; P < 0.05; DMVCA: r = 0.84; P < 0.05). The

atitudinal thermal stress gradient in shallow subregions was 
vident with increased durations from north to south (HCCA: 
6.2 days; ETCA: 114.2 days; DMVCA: 131.8 days; Figure 
 ). In the deep subregions (bottom depth > 60 m), thermal
tress in the ETCA was stronger than that in the HCCA and
he DMVC A (HCC A: 67.6 days; ETC A: 84.0 days; DMVC A:
7.4 days; Figure 5 ), implying the importance of other pos-
ible mechanisms (e.g. slope water intrusion and warm core 
ing impingement) rather than latitudinal gradient in modu- 
ating the spatial heterogeneity of thermal conditions in the 
eep portions of the closed areas (Zhang and Gawarkiewicz,
015 ; Gawarkiewicz et al., 2019 ). 

he responses of SOM patterns to fishing mortality 

nd thermal stress 

o quantitatively estimate the contributions of fishing mortal- 
ty, thermal stress and their interactive effect on the interan-
ual variability of sea scallop size structure, we employed the
ariance partitioning approach to decompose the total vari- 
nce of SOM size structure patterns. In shallow closed areas,
hermal stress could significantly explain 8.6%–22.3% of the 
otal variance ( P value < 0.05), while the other terms (i.e. fish-
ng and interactive terms) could not explain any part of the
ariance significantly ( P value ≥ 0.05; Table 1 ). In the deep
losed areas, fishing mortality was the only variable signifi- 
antly explaining ∼9.9%–28.3% of size structure interannual 
ariations ( Table 1 ). Overall, thermal stress plays a prominent
ole in regulating sea scallop size structure in the shallow sub-
egions, while fishing mortality plays a more important role 
n the deep subregions. The fractions of variance explained by
shing mortality or thermal stress peaked when we applied 

 1-4 year running average of these two stressors, implying
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Figure 3. Time series of sea scallop population size BMU in 6 subregions from 1979 to 2017 (a: shallow HCCA; b: deep HCCA; c: shallow ETCA; d: deep 
ETCA; e: shallow DMVCA; f: deep DMVCA). 

Figure 4. Interannual variability of fishing mort alit y in the MAB from 1979 to 2017. The dashed lines and braces represent the closure of three rotationally 
closed areas (blue: HCCA; green: ETCA; red: DMVCA). 
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Figure 5. Interannual variability of the number of days with bottom temperature > 13 ◦C in the HCCA (a), ETCA (b), and DMVCA (c). The blue lines 
represent deep regions with bottom depth > 60 m, and the red lines represent shallow regions with bottom depth ≤ 60 m. 

 

 

 

 

o  

v  

f  

t  

t  

t  

m
a  

s  

i  

m  

f
c
i
i  

r
t  

h
b  

a  

(  

g
t  

p

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/5/1351/7125901 by N
O

AA C
entral Library user on 01 August 2023
minimal influences of fishing and warming five (or more) years 
ago on the current sea scallop size structure. 

Since every dredge sample had its corresponding SOM pat- 
tern (Method 2.1), we estimated the percentage of each pat- 
tern in a certain subregion ( P i ) using the equation 

P i = 

N i 

N t ot al 
· 100% , (5) 

where N i is the number of samples whose corresponding 
SOM pattern is i . N t ot al is the total number of samples. To 

simplify the analysis, we categorized the twelve SOM patterns 
into four pattern groups based on the mean size of each pat- 
tern (group 1: patterns 1, 2, and 3; group 2: patterns 4, 5,
and 6; group 3: patterns 7, 8, and 9; group 4: patterns 10, 11,
and 12). The percentage of each pattern group was estimated 

by adding the percentages of corresponding patterns together.
The interannual variabilities of their percentages in six sub- 
regions are shown in Figure 6 . The percentages of group 4 

with the largest mean size (green colour) in the deep subre- 
gions showed similar temporal variations, with relatively high 

percentages in the early 1980s and around the early 2010s 
( Figures 6 b, d, and f). In the shallow subregions, moderately 
high percentages of group 4 were detected in the early 1980s,
1990s, and early 2000s ( Figure 6 a, c, and e). The percentages 
f group 1 with the smallest mean size (red colour) were in-
ersely related to those of group 4 in most subregions except
or the deep DMVCA ( Figure 6 ). Since sea scallop size struc-
ures in shallow and deep regions were primarily explained by
hermal stress and fishing, respectively ( Table 1 ), we estimated
he correlation between the percentage of each group and ther-
al stress/fishing mortality in shallow/deep closed areas to ex- 

mine the responses of different pattern groups to these two
tressors ( Figure 7 ). Given the dominant spatial heterogene-
ty of the two primary stressors (i.e. thermal stress and fishing
ortality) in the closed areas and the distinct responses of dif-

erent pattern groups to the stressors, the subregion-specific 
orrelation analysis for each pattern group was essential to 

dentify those cohorts more sensitive to thermal stress/fishing 
n different areas. The percentage of group 4 in shallow sub-
egions was negatively correlated with thermal stress magni- 
ude, indicating the significant impact of warming on the co-
orts dominated by large individuals. The negative correlation 

ecame weaker from south to north ( Figure 7 a, c, and e), prob-
bly due to the latitudinal variation of thermal stress intensity
 Figure 5 ). For other groups, only group 1 (smallest pattern
roup) in the shallow DMVCA was strongly correlated with 

hermal stress ( Figure 7 e). For the deep closed areas, fishing
ressure regulated the percentage of group 4 significantly, with 



1358 Z. Zang et al. 

Ta
b

le
 
1
. 

Va
ria

tio
n 

pa
rt

iti
on

in
g 

re
su

lts
 
(a

dj
us

te
d 

R
 2 

va
lu

e)
 
sh

ow
in

g 
th

e 
re

la
tiv

e 
co

nt
rib

ut
io

n 
of
 
th

er
m

al
 
st

re
ss

 
(T

), 
fis

hi
ng

 
m

or
t a

lit
 
y 

(F
), 

an
d 

th
ei

r 
in

te
ra

ct
iv

e 
ef

fe
ct
 
(T

&
F)
 
to
 
th

e 
to

ta
l v

ar
ia

tio
n 

of
 
S

O
M

 
pa

tt
er

ns
 
( ∗

In
di

ca
te

s  
P 

<
 
0.

05
; ∗

∗I
nd

ic
at

es
 
P 

<
 
0.

01
. 1

–5
 
ye

ar
s 

re
pr

es
en

t 
1–

5 
ye

ar
s 

ru
nn

in
g 

a v
 er

ag
e)

. T
em

pe
ra

tu
re
 
an

d 
Fi

sh
in

g 
m

or
t a

lit
 
y 

si
gn

ifi
ca

nt
ly
 
ex

pl
ai

n 
th

e 
to

ta
l v

ar
ia

nc
e 

in
 
sh

al
lo

w
 
(d

ep
th
 
≤

60
 
m

) a
nd

 
de

ep
 
(d

ep
th
 

>
 60

 
m

) s
ub

re
gi

on
s,
 
re

sp
ec

tiv
el

y.
 

H
C

C
A
 
( ≤

60
 
m

) 
H

C
C

A
 
( >

 60
 
m

) 
E

T
C

A
 
( ≤

60
 
m

) 
E

T
C

A
 
( >

 60
 
m

) 
D

M
V

C
A
 
( ≤

60
 
m

) 
D

M
V

C
A
 
( >

 60
 
m

) 

T
 

F 
T

&
F 

T
 

F 
T

&
F 

T
 

F 
T

&
F 

T
 

F 
T

&
F 

T
 

F 
T

&
F 

T
 

F 
T

&
F 

1 
yr

 
4.

8%
 

2.
8%

 
0.

0%
 

3.
5%

 
20

.2
%

 ∗∗
0.

0%
 

0.
7%

 
1.

7%
 

0.
4%

 
0%

 
6.

5%
 

0%
 

12
.2

%
 ∗

0.
0%

 
0.

0%
 

0.
0%

 
20

.7
%

 ∗∗
2.

0%
 

2 
yr

s 
9.

4%
 ∗

7.
4%

 
0.

0%
 

1.
3%

 
28

.3
%

 ∗∗
0.

0%
 

0%
 

5.
7%

 
0.

7%
 

0%
 

6.
7%

 
0%

 
22

.3
%

 ∗∗
0.

0%
 

0.
0%

 
0.

0%
 

15
.7

%
 ∗∗

2.
8%

 

3 
yr

s 
12

.7
%

 ∗
7.

5%
 

0.
0%

 
0.

0%
 

24
.7

%
 ∗∗

0.
0%

 
5.

3%
 

1.
6%

 
1.

8%
 

0%
 

2.
9%

 
1.

6%
 

13
.5

%
 ∗

0.
0%

 
0.

9%
 

0.
0%

 
3.

9%
 

5.
9%

 

4 
yr

s 
12

.7
%

 ∗
7.

4%
 

0.
0%

 
2.

0%
 

16
.0

%
 ∗∗

2.
0%

 
10

.0
%

 ∗
0%

 
2.

9%
 

0%
 

11
.9

%
 ∗

0%
 

20
.6

%
 ∗∗

0.
0%

 
0.

9%
 

0.
0%

 
13

.8
%

 ∗
2.

6%
 

5 
yr

s 
8.

6%
 ∗

1.
9%

 
0.

0%
 

2.
1%

 
10

.0
%

 ∗
3.

3%
 

6.
8%

 
0%

 
2.

3%
 

0%
 

9.
9%

 ∗
0.

9%
 

11
.1

%
 ∗

0.
0%

 
1.

9%
 

0.
0%

 
8.

1%
 

4.
1%

 c  

7  

s  

H  

w  

E
 

e  

m  

t  

p  

s  

w  

n  

s  

e  

w  

p  

t  

s

I
h

T  

i  

i  

b  

e  

b  

t  

t  

o  

3  

r  

9  

i  

t  

t  

a  

w  

t  

e  

M  

w  

h  

M  

u

D

E
s

T  

m  

i  

s  

i  

c  

s  

s  

i  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/5/1351/7125901 by N
O

AA C
entral Library user on 01 August 2023
orrelation coefficients ranging from −0.34 to −0.58 ( Figure
 b, d, and f). The percentages of group 1 and group 2 with
maller mean size increased with fishing mortality in the deep
CCA ( Figure 7 b). In contrast, only the percentage of group 1
as significantly correlated with fishing mortality in the deep
TCA and DMVCA ( Figure 7 d and f). 
Figure 8 shows sea scallop size structure shifts under differ-

nt size truncation scenarios. The SOM patterns with small
ean sizes (patterns 1–4) did not change after truncation due

o the low proportion of large individuals. For those SOM
atterns with larger mean size, the relatively high fishing pres-
ure and thermal stress resulted in a dramatic pattern shift
ithout transferring to middle-sized patterns (upper right cor-
er of Figure 8 a). The direct degradation from large to small
ize structures due to strong size truncation might partially
xplain why fishing and warming stress are more correlated
ith group 1 than with groups 2 and 3 ( Figure 7 ). Scallop size
atterns were almost unchanged as truncation size increased
o 12 cm ( Figure 8 b), implying the increase of population size
tructure resistance when stressors became weak. 

mpacts of warming on maximum sea scallop shell 
eight in the MAB 

he spatial distributions of sea scallop maximum shell height
n the MAB under five different thermal conditions are shown
n Figure 9 . The simulated maximum shell height based on the
ottom temperature in 2010 could reach 140 mm in the north-
rn MAB with latitude > 40 

◦N ( Figure 9 a), suggesting negligi-
le impacts of thermal stress on sea scallop asymptotic size. In
he southern MAB, large scallops were mainly distributed in
he belt on the mid-shelf ( Figure 9 a). The nearshore boundary
f scallop habitats in the southern MAB was roughly along the
5 m isobath, and no scallops could be found in the shallower
egions (maximum shell height is zero; blue colour in Figure
 a) due to strong thermal stress. As the bottom temperature
ncreased by 1–2 

◦C over the entire shelf, the suitable habi-
ats for large scallops in the southern MAB shrank towards
he mid-shelf and became patchy, and the nearshore bound-
ry of scallop habitats in the northern MAB retreated sea-
ard ( Figure 9 b and c). With the further increase of bottom

emperature, the entire southern MAB became inhospitable
ven for small individuals, and the habitats in the northern

AB contracted considerably ( Figure 9 d and e). Overall, the
arming-induced maximum size reduction and subsequent
abitat shrinkage in the MAB are substantial, such that the
AB scallop population could disappear as warming contin-

es. 

iscussion 

ffects of multiple stressors on sea scallop size 

tructure 

he variations of sea scallop size structure are the results of
ultiple stressors. A comprehensive understanding of their

ndividual and synergistic effects is important in protecting
ea scallop fishery resources under rapid climate change and
ntensified human activities. Among all the stressors, fishing
ontributes to the instantaneous variation in population size
tructure via removing older age classes and truncating size
tructure in exploited stocks. Our analyses suggested that fish-
ng mortality better explained the interannual variability of
ea scallop size structure only in the deeper portion of the
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Figure 6. The percentages of four size groups in the HCCA (a and b), ETCA (c and d), and DMVCA (e and f). The left panels represent shallow regions 
with depth ≤60 m, and right panels represent deep regions with depth > 60 m. Group 1 (red): SOM patterns 1, 2, and 3; group 2 (blue): SOM patterns 4, 
5, and 6; group 3 (cyan): SOM patterns 7, 8, and 9; Group 4 (green): SOM patterns 10, 11, and 12. The correlation coefficient (r) between group 1 and 
group 4 and the P value are shown in the title of each panel. 

Figure 7. Left panels are the interannual correlations between the percentages of SOM groups and thermal stress (i.e. number of days with bottom 

temperature > 13 ◦C) in shallow closed areas with bottom depth ≤60 m (a: HCCA; c: ETCA; e: DMVCA). Right panels are the interannual correlations 
between the percentages of SOM groups and fishing mortality in deep closed areas with bottom depth > 60 m (b: HCCA; d: ETCA; f: DMVCA). X axis in 
each panel represents 1–5 years’ running average ( ∗: P value < 0.05). 
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closed areas. One possible explanation of our finding is the 
changes in fishing location selection: the fishing location com- 
parison between 2006 and 2017 suggests that the primary 
fishing grounds shifted offshore in recent years probably due 
o the decreased abundance of large scallops in shallow wa-
ers (Figure S1). Moreover, discard mortality associated with 

shing activities might also contribute to the variation of sea
callop size structure. Discard mortality is the probability of a
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Figure 8. The responses of 12 SOM patterns (y axis) to different idealized 
mort alit y rates (x axis) and truncation sizes (panel a: 8 cm; panel b: 
12 cm). The circle size and the number in it denote the new SOM pattern 
after size truncation. 
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iscarded sea scallop not surviving during harvest or shortly
fter release due to physical trauma, physiological pressure,
nd predation (Veale et al., 2000 ; Rudders et al., 2022 ). Al-
hough few previous studies investigated the role of discarding
n modulating sea scallop size structure, the responses of dif-
erent size groups to these stressors vary greatly, which might
ive rise to size structure shifts. Additionally, the occurrence of
iscarding is a function of size structure because small scallops
ith lower commercial values are more likely to be discarded

Rudders et al., 2022 ). Thus, fishing can profoundly affect sea
callop size structure through direct harvesting and indirect
iscard mortality. 
Our study found that thermal stress, represented by the

umber of days with bottom temperature > 13 

◦C, is crucial
n regulating sea scallop size structure in the MAB shallow
abitats ( Figure 5 and Table 1 ). However, there is no consen-
us on how to select a reasonable temperature-related metric
o represent thermal stress. The sea scallop model developed
y Cooley et al. (2015) employed 2-year lagged mean tem-
eratures to calculate the relative change in the Brody growth
oefficient with temperature. Tanaka et al. (2020) utilized the
easonal averaged bottom temperature to simulate the habitat
uitability for sea scallops. The generalized additive model de-
eloped by Torre et al. (2019) used monthly averaged bottom
emperature to simulate sea scallop distribution in the Gulf
f Maine. It should be noted that the mean bottom tempera-
ures might not properly represent the magnitude of thermal
tress because scallops could suffer greater thermal stress in an
rea with strong variability than in one with the same mean
emperature but less variability . Additionally , the MAB bot-
om temperature in winter and early spring is ∼2–4 

◦C lower
han the optimum temperature for sea scallop growth (Figure
2), and warming in the cold seasons can enhance sea scallop
ood uptake and net energy gain (Heilmayer et al., 2004 ; Hart
nd Chute, 2009 ; Zang et al., 2022a ). Given the opposite ef-
ects of warming on sea scallop physiology and energy balance
n different seasons, understanding the phenology of thermal
onditions in the MAB is important in estimating the impacts
f thermal stress on sea scallop size structure. The long-term
bservational data analysis from 1968 to 2013 indicates that
he bottom temperature in the MAB increased by about 3.2 

◦C
n fall (warm season), while no significant warming trend was
etected in spring (Kleisner et al., 2017 ). The strong warming
rend in the fall and relatively stable bottom temperature in
pring can be responsible for the negative impacts of warming
n sea scallop size in the shallow closed areas ( Figure 7 ). The
ottom temperature projections based on the NOAA GFDL’s
M2.6 suggest that warming of ∼4 

◦C in fall will occur in
he next several decades, resulting in a further decrease in sea
callop size and habitats shrinkage (Figure 9; Saba et al., 2016 ;
leisner et al., 2017 ). 
Unlike the rotationally closed areas, open areas in the MAB
ight have distinct thermal stress and fishing mortality. To

xamine whether our findings are generalizable across the en-
ire MAB, we reconstructed the interannual variabilities of sea
callop size structure (Figure S4) and thermal stress (Figure
5) in the north and west open areas (locations see Figure S3).
he North and West areas are to the north and west of the
CCA, respectively. Fishing mortalities in the two open ar-

as were specified as the spatially averaged fishing mortality
n the MAB (black line in Figure 4 ). The variation partition-
ng results suggested that thermal stress significantly explained
3.1%–14.5% of size variation in the west area due to its
igher temperature associated with shallow depth, while the
est two terms (fishing mortality and interactive term) could
ot explain the variation significantly (Table. S2). Unlike the
est open area and three rotationally closed areas, sea scal-

op size variation in the North open area was significantly ex-
lained by fishing mortality in both shallow and deep portions
11.8%–15.5%; Table S2), suggesting the impact of thermal
tress in the North area was undetectable. The overwhelming
mpact of fishing mortality in the shallow portion of the North
rea might occur because: (1) the shallow North area was al-
ays open to fishing, and fishing mortality could be higher

n the shallow subregion due to the relatively low fishing trip
ost (shorter trip distance and duration); and (2) thermal stress
n the shallow portion of the north area was weak due to its
igher latitude. The maximum shell height simulation results
lso indicated that the northern area was less influenced by
arming than those regions in the south ( Figure 9 ). Thus, the

patial heterogeneities of fishing mortality and thermal stress
esult in distinct responses of sea scallop size structures in the
pen and closed areas, and identifying the primary stressor in
ifferent regions is crucial in understanding the variability of
ea scallop size structure. 

Other factors not analyzed in this work might also be im-
ortant in modulating sea scallop size structure. Parasitism
nd prokaryotic infection likely caused gray meat and mass
ortality events in many sea scallop habitats, and larger indi-

iduals seem to be more susceptible to parasitism than smaller
nes (Medcof, 1949 ; Gulka et al., 1983 ; Levesque et al., 2016 ;
iemann et al., 2019 ), although Inglis et al. (2016) only found
 weak correlation between individual size and gray meat. Ad-
itionally, parasitism can indirectly impact scallop size struc-
ure by affecting normal gonad development, spawning, and
arval recruitment (Inglis et al., 2016 ). Sea star predation is
nother cause of sea scallop mass mortalities and potential
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Figure 9. Simulated sea scallop maximum shell height (unit: mm) in the MAB based on five different thermal conditions (panel a: bottom T in 20 1 0; panel 
b: bottom T in 20 1 0 plus 1 ◦C; panel c: bottom T in 20 1 0 plus 2 ◦C; panel d: bottom T in 20 1 0 plus 3 ◦C; panel e: bottom T in 20 1 0 plus 4 ◦C). We cut off at 
100 m depth, and the black contour represents 35 m isobath. 
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size structure shifts within major habitats on the NES (Dickie 
and Medcof, 1963 ; Hart, 2006 ; Marino et al., 2007 ; Lowen et 
al., 2019 ). Cancer spp. crab predation can also contribute to 

scallop size structure variation through consuming more large 
juvenile scallops due to a combination of passive and active 
selections (Elner and Jamieson, 1979 ; Barbeau and Scheibling,
1994a ; Barbeau et al., 1994 ). Nonetheless, due to the lack of 
quantitative analyses, the causal connection between preda- 
tion pressure and sea scallop size structure interannual vari- 
ability remains unknown. Ocean acidification (OA) has been 

viewed as another important stressor for sea scallops (e.g.
Cooley et al., 2015 ; Rheuban et al., 2018 ; Saba et al., 2019 ).
Bivalves exposed to lower pH levels have reduced biomass 
and thinner/eroded shells, making them more vulnerable to 

other concurrent stressors (Watson et al., 2012 ; Ekstrom et al.,
2015 ; Lagos et al., 2016 ). Food supply can also affect sea scal- 
lop size structure by regulating energy gain. The growth and 

metabolism of large individuals require more food than small 
ones (MacDonald and Thompson, 1985 ; Cranford and Gor- 
don, 1992 ). The relationship between food availability and 

scallop asymptotic size suggests the importance of food sup- 
ply in the spatial heterogeneity of scallop size structure on the 
NES (Hart and Chute, 2009 ; Zang et al., 2022a ). 

Size-dependent growth and mortality rates modulated by 
thermal stress, fishing, and other factors mentioned above di- 
rectly determine the evolution of sea scallop size structure,
so understanding the spatiotemporal variations of sea scal- 
lop growth and mortality rates is crucial in projecting the re- 
sponse of size structure under the impacts of multi-stressors.
The linear mixed-effects model results based on sea scallop 

shells collected in the MAB between 2001 and 2007 suggest 
that the sea scallop growth rate decreases with age (size), and it 
is higher in shallow waters at lower latitudes (Hart and Chute,
2009 ). Hart & Chang (2022) estimated size-specific and tem- 
porally variable sea scallop natural mortality in the MAB, and 

applying the size-dependent mortality rate improved the per- 
formance of the stock assessment model. Since the three areas 
we studied were closed during certain periods and the SOM- 
derived size distributions include both juveniles and adults 
( Figure 2 ), quantifying the size-dependent growth and natu- 
ral mortality rates can help us better explain the interannual 
ariations of sea scallop size structures in different subregions 
 Figure 3 ). 

It is worth emphasizing that most studies only focused on
he effects of one or two factors on sea scallops, whereas in
he natural environment they are influenced by multiple in- 
ertwined stressors modulating sea scallop size structure syn- 
rgistically. For example, discarding after fishing could cause 
igher physiological stress for scallops and also attract more 
redators due to fishing activities, thus increasing predation 

isk (Hart and Shank, 2011 ; Rudders et al., 2022 ). The loss
f total biomass induced by predation can be exacerbated by
arasitism and OA due to thinner shell thickness, weaker shell
trength, and reduced escape behavior (Gulka et al., 1983 ;
roeker et al., 2014 ). A sufficient food supply can, to some

xtent, offset the adverse effects of thermal stress and OA by
roviding more energy to bolster the physiological response 
Ramajo et al., 2016 ; Zang et al., 2022a ). Thus, understand-
ng the joint effects of multiple stressors on sea scallop popula-
ion dynamics and size structure should be the future research
riorities to fill the current knowledge gaps. 

ocioeconomic impacts of sea scallop size 

tructure variability 

hanges in scallop size structure and spatial distribution pro- 
oundly impact fishing operations, income and employment,
nd the well-being of fishing communities. A deeper under- 
tanding of these changes will help fishers, managers, and 

ommunity planners make informed decisions related to ves- 
el trips, optimal utilization of marine resources, and long- 
erm investments in fishery infrastructure to mitigate climate 
hange impacts. 

Specifically, our study contributes to social science research 

nd marine resource management in three significant ways.
irst, the scallop price varies by size. Typically, the scallop
rice increases with its size. For example, U10 (under 10 meats
er pound) size scallops are significantly more expensive than 

30 + size scallops (Valderrama and Anderson, 2007 ; Ar-
ini and Lee, 2018 ), and the price gap was growing in 2014–
015 over previous years (Ardini and Lee, 2018 ). Moreover,
he dynamic movements of prices for different size classes
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re complex and affected by quantities landed in each class
Valderrama and Anderson, 2007 ; Hart, 2009 ). Information
n size structure will help develop more realistic scallop de-
and models to predict the price for each size class as a func-

ion of quantities landed. 
Next, changes in scallop size structure and distribution will

ffect fishing location choice. Fishing trip cost increases with
he distance to fishing locations and trip duration (days at
ea) (Werner et al., 2020 ). Vessel owners attempt to maximize
rofit for each trip. A longer transit distance must be justifiable
y an increase in expected catch revenue (Smith, 2005 ; Haynie
nd Layton, 2010 ). A better understanding of size structure
nd its spatial distribution can help vessels avoid inefficacy in
arvesting small scallops. In addition, at the aggregate level,
he spatial and temporal fishing vessel and effort distribu-
ions influence future scallop size structure and distribution.
s shown by Lee et al. (2019) , the location and magnitude of
arvestable biomass fluctuate dramatically due to both nat-
ral variation and the explicitly spatial management system
esigned to allow small individuals to grow larger and more
aluable. The present study serves as an initial step towards
 multidisciplinary study of this important dynamic feedback
oop, explicitly accounting for changes in size structure. 

Finally, changes in fishing net revenue will affect income
nd employment, and in turn the well-being of fishing com-
unities. Indeed, abundant scallop resources present a natu-

al advantage to nearby fishing port communities. The natu-
al productivity of the ocean combined with explicitly spatial
sheries management has induced a spatial component to the
ort-level response to changes in biomass availability (Lee et
l., 2019 ). Although overall Atlantic sea scallop landings have
een at a much higher level in the last two decades than in pre-
ious decades (NOAA, 2022a ), the share of landings from the
id-Atlantic region has significantly decreased in the past two

ecades (Figures S6 and S7). These changes affect 11 fishing
ort communities across four states (VA, NJ, MD, and NY).
OAA (2022b) has developed the Fishing Engagement Index

or individual species, which demonstrates the importance of a
pecies to a given community relative to other coastal commu-
ities in a region. The index consists of the pounds and value
f the species landings, the number of dealers/processors with
he landings, and the number of specific species permits within
 community (Colburn et al., 2016 ). Based on the index, sev-
ral of the 11 communities have been highly dependent on the
callop fishery for a long time, including Cape May, NJ, New-
ort News, VA, Barnegat Light, NJ, and Point Pleasant Beach,
J (NOAA, 2022b ). The projected change in size structure
ith vanishing large scallops in the southern part of the Mid-
tlantic region ( Figure 9 ) will cause considerable hardship to

hese communities, which are urgently calling for an effective
limate adaptation plan for the region. 

mplications for the development of fisheries 

anagement strategies 

he implementation of sea scallop spatial management regu-
ations protects the areas with abundant of juvenile scallops,
llowing them to grow larger before being harvested (Hart,
003 ; Hart and Rago, 2006 ). The rapid recovery of sea scal-
op populations in most of the MAB has successfully protected
shery resources. However, the failure of recovery in Virginia
each and the shallow DMVCA suggests the complexity of
esigning adaptive fisheries management plans in an era of
apid climate change. Our SFG model results indicated that
arming-induced maximum shell height decreases and habi-

at contraction are likely inevitable. If so, regional manage-
ent plans probably cannot overcome the long-term negative

onsequences of global climate change in the MAB unless the
ea scallop thermal acclimation capacity can keep pace with
he enhanced thermal stress. For those sea scallop habitats that
ave not yet directly suffered from thermal stress (e.g. Great
outh Channel, Georges Bank, and Gulf of Maine), warm-
ng can also influence sea scallop size structure through other
echanisms, including larval dispersal, food availability, and
redation (Barbeau and Scheibling, 1994b ; Behrenfeld et al.,
006 ; Kwiatkowski et al., 2020 ; Chen et al., 2021b ; Zang et
l., 2022a ). Monitoring bottom thermal condition, sea scallop
ize structure, and other related metrics can provide valuable
nformation for developing proactive conservation plans. 

nowledge gaps and future directions 

lthough the present study based on the observational data
nd model results shed critical light on the roles of thermal
tress and fishing pressure in regulating the interannual vari-
bility of sea scallop size structure, several unanswered ques-
ions still hinder our understanding and warrant more effort
n the future. First, the study only assessed the response of
ea scallop size structure to warming and fishing mortality,
hile the effects of other factors we mentioned above (e.g.
redation, recruitment, OA, and parasitism) were not taken
nto account. Disentangling the compound effects of multiple
tressors on sea scallop size structure is challenging, especially
onsidering the potential non-linear interactions among them.
or example, warming can reduce the abundance of large scal-

ops by not only amplifying respiration loss and energy defi-
iency, but also decreasing upper-layer productivity and food
upply to the bottom (Behrenfeld et al., 2006 ; Kwiatkowski et
l., 2020 ). The statistical or artificial neural network meth-
ds can help unveil the relationship between size structure
nd stressors and identify key factors regulating the physiol-
gy and biogeography of sea scallops. Quantifying the multi-
tressor impacts requires more lab work, field measurements,
nd process-based models. Future work should combine vari-
us methods to better understand the ramifications of multiple
tressors on sea scallop fishery resources and design adaptive
anagement plans (Lehikoinen et al., 2017 ). 
Second, we incorporated the lagged effects of warming and

shing mortality by using temporally averaged thermal stress
nd fishing mortality over 1–5 years to explain the interan-
ual variability of sea scallop size structure in the MAB. Tak-
ng the lagged effects into account is a fairly common prac-
ice in quantifying the lifetime environmental experience of
any fishery species, but the selection of time lag is some-
hat arbitrary or highly dependent on plausible background
nowledge achieved from previous studies (e.g. Dulvy et al.,
008 ; Hoístede et al., 2010 ; Perry et al., 2010 ; Shank et al.,
012 ; Lehikoinen et al., 2017 ; Tu et al., 2018 ). We are still
acing the dilemma of attaining a proper time window for av-
raging the explanatory variables: the averaged magnitude of
tressors over a relatively short period can increase the risk of
xcluding those events with prolonged effects, whereas using
ean values over a long period smooths out the high mag-
itude of short-term disturbances. A better understanding of
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the stressors’ lagged effects on sea scallop size structure is 
even more important due to the existence of those old and 

large sea scallops, whose relative abundance in the cohorts 
can reflect the disturbance a long time ago. Using stable oxy- 
gen isotope information obtained from the shells of large in- 
dividuals is a feasible way to examine the long-term environ- 
mental impact on scallop growth (Chute et al., 2012 ). Future 
studies focusing on the lagged effects of various stressors can 

help us better understand and project sea scallop size structure 
shifts. 

The present study identified twelve major sea scallop size 
structure patterns from the dredge data and the interannual 
variation of sea scallop size structure regulated by thermal 
stress and fishing mortality, yet a critical question remains 
unanswered before applying the results to sea scallop resource 
conservation: how to determine the health condition of a pop- 
ulation based on its size structure? The health condition of 
a population is characterized by the capacity of a popula- 
tion to survive under an external perturbation (resistance) and 

return to normal conditions (resilience) (Hsieh et al., 2010 ; 
Brunel and Piet, 2013 ). Quantifying the health condition of 
a population purely based on size structure is oversimplified 

due to distinct responses of a specific size structure to dif- 
ferent types of perturbations. For instance, the populations 
dominated by large individuals are more resistant to preda- 
tion and recruitment variability associated with environmen- 
tal fluctuations (Barbeau and Scheibling, 1994a ; Barbeau et 
al., 1994 ; Hart, 2006 ). However, their high commercial value 
and greater vulnerability to high temperatures decrease their 
resistance to fishing and climate-induced warming (Hart and 

Rago, 2006 ; Hart et al., 2020 ; Zang et al., 2022a ). Given 

the coexistence of multiple stressors in the natural sea scal- 
lop habitats, estimating the health condition of a population 

requires a better understanding of the spatiotemporal pat- 
terns of these stressors and their influences on size structure 
variability. 

Conclusions 

We extracted twelve Atlantic sea scallop size structure pat- 
terns from the NOAA dredge survey data and constructed the 
interannual variabilities of size structure in three rotationally 
closed areas in the MAB. The results from the variance par- 
titioning method showed that fishing mortality contributed 

more to the interannual variability of sea scallop size struc- 
ture in deep subregions (bottom depth > 60 m), but thermal 
stress contributed more in shallower habitats. The percentages 
of those size pattern groups with the largest (smallest) mean 

size over all the size pattern groups were negatively (positively) 
correlated with thermal stress and fishing mortality. The simu- 
lated maximum shell height reduction under projected warm- 
ing ( ∼4 

◦C) suggested that the entire southern MAB will be- 
come unsuitable for sea scallops and the contraction of habi- 
tats in the northern MAB will occur. Since sea scallop size 
structure reflects the health condition of population and is reg- 
ulated by warming, fishing, and other factors, future efforts 
should better examine the spatiotemporal patterns of these 
stressors and address their synergistic effects. 
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