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ABSTRACT

ATLANTIC SURFCLAM (SPISULA SOLIDISSIMA) POPULATION DEMOGRAPHICS AND
DISTRIBUTION ALONG THE MIDDLE ATLANTIC BIGHT

Mauricio González Dı́az
Old Dominion University, 2022
Director: Dr. John M. Klinck

The Atlantic surfclam (Spisula solidissima) is a long-lived benthic biomass dominant organism that

occurs on the Middle Atlantic Bight (MAB) continental shelf between 10 m and 50 m. Trends in

Atlantic surfclam population specific growth and mortality rates were analyzed using four decades

of age and length observations obtained from NOAA stock surveys from the 1980s to 2010s in six

regions distributed along the MAB. Atlantic surfclam specific growth rates and asymptotic lengths

were estimated from the age and length observations using the von Bertalanffy growth model. The

analysis showed that the Atlantic surfclam median asymptotic length in the southern regions of

the MAB was smaller, 88 mm, relative to asymptotic lengths of 110 mm to 141 mm estimated for

the northern survey regions. The asymptotic lengths estimated from observations in the southern-

most survey region declined by 35% over the four decades. Constant and age-dependent specific

mortality rates were estimated from the age and length observations with the relationship given

in Hoenig (1985) and a hyperbolic tangent relationship based on the change in number with age,

respectively. The decadal averaged specific mortality rate overall survey regions of 0.20 y−1 is

consistent with mortality rate estimates from literature, but considerable variability was obtained

within and between survey regions. The highest specific mortality rates of 0.18 yr−1 to 0.58 yr−1



were associated with the southern survey regions, where the Atlantic surfclam population had age

distributions skewed to younger ages. The estimated specific growth and mortality rates were in-

put to a numerical model that simulates the population dynamics of Atlantic surfclams to assess

controls on the alongshelf gradient in population density. A comparison of simulated distributions

with observed distributions showed that age-dependent mortality is the primary determinant of

the Atlantic surfclam population density gradient. The trends in population growth and mortality

rates reflect changes in Atlantic surfclams imposed by warming bottom water temperatures. These

results have implications for projecting Atlantic surfclam responses to a warming habitat.
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1

INTRODUCTION

The seven recognized marine ecosystems of the Northwest Atlantic share common oceano-

graphic and ecological features, and each supports a suite of marine organisms, many of which

have a long history of commercial exploitation (Link et al. 2011). The key pelagic and benthic

species vary across the ecosystems of the Northwest Atlantic. The Middle Atlantic Bight (MAB)

region, the portion of the Northwest Atlantic continental shelf system between Cape Hatteras and

Nantucket Shoals (Fig. 1), is characterized by a productive benthic ecosystem dominated by the

Atlantic surfclam (Spisula solidissima, Dillwyn 1817). Historically, this long-lived (∼30 years)

benthic biomass dominant extended over the MAB shelf between depths of 10 m to 50 m (Fig.

1, Abbott 1974, Ropes 1978, Cargnelli et al. 1999). The Atlantic surfclam supports a lucrative

fishery, with nominal revenues of about $33 million per annum (NEFSC 2017), which constitutes

a significant fraction of the MAB commercial fishing industry (McCay et al. 2011).

Atlantic surfclams have an optimal environmental temperature range of 16°C to 22°C (Kim

& Powell 2004, Marzec et al. 2010, Munroe et al. 2013, Munroe 2016, Acquafredda et al. 2019).

Above the upper thermal limit, Atlantic surfclam filtration is reduced, and respiration is increased,

which decreases the scope for growth, eventually producing mortality (Cargnelli et al. 1999, Kim &

Powell 2004, Weinberg 2005, Zhang et al. 2015, Hornstein et al. 2018, Acquafredda et al. 2019).

The thermal effect on Atlantic surfclam physiology constrains the species to areas of the MAB

where bottom water temperatures are within its thermal range (Weinberg 1993, 1998, Weinberg

et al. 2002, Acquafredda et al. 2019). The Atlantic surfclam range is, therefore, closely aligned

with the distribution of cool bottom water temperatures, especially the Cold Pool (Powell et al.

2020, Friedland et al. 2022) that forms on the MAB continental shelf below the thermocline during



2

spring and summer (Ford et al. 1952, Houghton et al. 1994, Brown et al. 2012, Gawarkiewicz et al.

2012).

The thermal constraint on Atlantic surfclam physiology makes the species vulnerable to climate-

related warming of the bottom temperatures that change the distribution of suitable habitats. Warm-

ing of MAB bottom temperatures was observed in the 1990s, with higher rates of warming occur-

ring in the southern MAB (Mountain 2003). Subsequent studies confirmed that MAB waters have

been warming since the 1970s and that the most significant warming is located in the southern

MAB (Jossi & Benway 2003, Wallace et al. 2018). Coincident with this warming, the Atlantic

surfclam biomass off the Delmarva Peninsula began to decline, with the most significant decrease

occurring along the southern and inshore regions from Delaware Bay southwards (Weinberg et al.

2002, Weinberg 2005). At the same time, Atlantic surfclam abundance increased along the off-

shore range boundary off New Jersey and inshore of Long Island, resulting in a progressive north-

ward and offshore shift in the MAB Atlantic surfclam population (Weinberg et al. 2002, Weinberg

2005, Timbs et al. 2019). The northward contraction of the Atlantic surfclam range and continuing

warming of MAB waters have implications for the commercial fishery (Hennen et al. 2018).

Concurrent with climate-related changes in environmental conditions is the expansion of the

development of offshore wind energy on the MAB shelf (Haggett et al. 2020, Methratta 2020). The

areas identified for placement of offshore wind energy areas overlap Atlantic surfclam abundance

areas that support the commercial fishery (Haggett et al. 2020, Methratta 2020). Fishing within the

offshore wind energy areas will be severely curtailed or eliminated, especially for the Atlantic sur-

fclam dredge fishery (Scheld et al. 2022). The impact on fisheries from combined climate-related

warming and offshore wind energy development will be species-specific; the Atlantic surfclam

and the fishery it supports are at-risk from both. Assessment of the risk exposure for this com-
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mercially important species requires an understanding of changes in population demographics and

population-specific processes, such as mortality and recruitment, so that these can be used to guide

model-based projections of future states. The overall goal of this research is to identify changes in

the Atlantic surfclam population demographic and assess the effect of those changes on population

distribution. This goal was addressed with research questions designed to evaluate 1) changes in

Atlantic surfclam demographic parameters from 1980 to present and 2) the effect of population-

specific mortality rate in determining Atlantic surfclam distribution along the MAB. The research

questions were addressed with a combined data analysis and modeling approach. Age and shell

length (hereafter length) observations from NOAA Northeast Fisheries Science Center (NEFSC)

stock surveys of the MAB Atlantic surfclam population done between 1982 and 2019 (NEFSC

2022) were the basis for the analysis of demographic parameters. A numerical model that simu-

lates Atlantic surfclam biomass along the MAB (Munroe et al. 2022) was used to assess the effect

of mortality rate on population distribution.
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Figure 1. Map of the Middle Atlantic Bight showing the areas (colors) included in the NOAA North-
east Fisheries Science Center Atlantic surfclam survey. The six sub-regions are used to apportion
the observations from the Atlantic surfclam survey that are used in this study. The 50 m and 100 m
isobaths are indicated.
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BACKGROUND

Environmental setting – Middle Atlantic Bight

The circulation over the MAB shelf is predominantly to the south-southwest towards Cape

Hatteras (e.g., Beardsley & Winant 1979, Lentz 2008, Levin et al. 2018). The southward flow is

driven by inputs from the Labrador Sea, which continue into the MAB (Chapman & Beardsley

1989). The outer MAB shelf presents a shelf-break front that separates the fresher waters (≤34‰)

from saltier slope waters (≥35‰) (Linder & Gawarkiewicz 1998). The shelf-break front is variable

in space and time and regulates exchange between shelf waters and offshore slope waters, which

are influenced by the Gulf Stream and its associated eddies (e.g., Beardsley 1981, Gawarkiewicz

et al. 2012, Zhang & Gawarkiewicz 2015).

The waters over the MAB undergo seasonal changes in stratification (Bigelow 1933, Ketchum

1964, Houghton et al. 1982). Intense winter mixing results in a vertically homogeneous water col-

umn, which stratifies the following spring and summer as surface waters warm, with the strongest

stratification occurring between August and September (Bigelow 1933, Ketchum 1964, Houghton

et al. 1982). The combination of the seasonal stratification and the input of cold Labrador Sea wa-

ter produces a unique hydrographic feature on the MAB shelf. The intense summer stratification

and reduced mixing isolate the bottom waters, trapping an extensive pool of cold water, referred

to as the Cold Pool (Bigelow 1933, Houghton et al. 1982). This hydrographic feature appears as

a band of cold bottom water (at 50 m to 80 m Houghton et al. 1982) with minimum temperatures

between 4°C and 12°C (Davis 1979, Gawarkiewicz et al. 2012) that extends from Georges Bank to

Cape Hatteras (Bigelow 1933, Ketchum 1964, Beardsley & Winant 1979, Houghton et al. 1982).
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Variability in the Cold Pool temperatures results from differences in the deepening of the ther-

mocline (Ketchum 1964), variations in the topography along the shelf (Houghton et al. 1982), the

position of the shelf-slope front (Davis 1979, Gangopadhyay et al. 2019, 2020), and variability

of the warming of surface waters during the spring (Davis 1979). The Cold Pool remains intact

throughout the summer and is eroded in the fall and winter as mixing increases and reduces the

vertical temperature gradient.

The Cold Pool forms primarily from the isolation of cold water produced during the winter,

but inputs from other sources contribute to its existence. Upstream sources from Georges Bank

contribute to the maintenance of the Cold Pool (Chen et al. 2018). Variations in the volume,

salinity, and temperature of the Cold Pool have been associated with an inflow of Gulf of Maine

waters (Mountain 2003, Andres et al. 2013), variability in Labrador Sea inputs (Mountain 1991),

and regime shift in the formation and intrusion of warm-core rings from the Gulf Stream to the

shelf break (Gangopadhyay et al. 2019, 2020, Friedland et al. 2022).

Warming of the Cold Pool has occurred over the past 4 to 5 decades as evidenced by warming of

1°C in the inner shelf (Jossi & Benway 2003) and 2°C above the average temperatures close to the

shelf-slope (Mountain 2003) during the winter. This warming has been attributed to fluctuations

in the atmospheric heat flux (Shearman & Lentz 2010, Lentz 2017), warmer and longer summers

(Friedland & Hare 2007, Chen et al. 2014, Friedland et al. 2020, 2022), and interactions between

the slope waters and continental shelf waters (Kang & Curchitser 2013, Lentz 2017). For the latter,

an unusual warming event in 2011 was attributed to interactions between slope waters and the Gulf

Stream, which introduced warmer water onto the shelf (Gawarkiewicz et al. 2012). This event

corresponded to a regime shift in the generation and intrusion of warm-core rings from the Gulf

Stream into the shelf break, increasing the number of warm-core rings from 18 (1980 – 1990) to



7

33 warm-core rings (2000 – 2017) (Gangopadhyay et al. 2019, 2020).

Atlantic Surfclam Ecology

The Atlantic surfclam is biomass dominant in the benthic environment of the MAB (Cargnelli

et al. 1999) and is supported by a habitat within the optimal range for the species. Also, the high

primary production of the shelf (O’Reilly & Busch 1984, Yoder et al. 2002, Xu et al. 2011, 2020)

and resuspended benthic material (Munroe et al. 2013) provide food resources that are adequate to

support Atlantic surfclam growth.

Atlantic surfclams have a biannual reproductive cycle characterized by two spawning events, a

major mid-year and a minor late-year spawning (Ropes 1968). The planktonic larvae remain in the

water column for about 35 days (Zhang et al. 2015). Vertical migration helps to retain the larvae in

the inner-shelf region where the temperature is favorable for their growth and development (Zhang

et al. 2015). Along-shelf larval transport, which is predominant to the south, connects the Atlantic

surfclam population along the MAB (Zhang et al. 2016). The exception is the population associated

with Georges Bank, which is relatively isolated by the closed circulation of this region (Zhang et al.

2015, 2016). Patterns of recruitment rates into the Atlantic surfclam population indicates higher

recruitment off New Jersey (∼2.20 clams yr−1 over a standardized area of 423 m2, Weinberg

1999), in contrast with southern MAB locations, which experience considerably lower recruitment

rates (∼0.65 clams yr−1 over a standardized area of 423 m2, Loesch & Ropes 1977, Weinberg

1999).

Atlantic surfclam growth rates vary along the MAB. Specific growth rates were estimated to

be slowest for southern MAB locations (∼0.17 yr−1, Weinberg & Helser 1996, Weinberg 1999),

gradually increasing in central locations (∼0.25 yr−1, Weinberg & Helser 1996, Weinberg 1999).
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The specific growth rates are sufficient for Atlantic surfclams to reach 80 mm in two years, and

recruit to the fishery (Loosanoff & Davis 1963, Loesch & Ropes 1977).

Atlantic surfclam populations experience density-dependent competition at densities higher

than 0.14 clams m−2 (Weinberg 1998), and locations with high densities have higher predation

rates (Ropes 1968, Quijon et al. 2007). Density-dependent control and predation mortality con-

tribute to spatial heterogeneity in Atlantic surfclam distribution by reducing regional differences

produced by recruitment variability (Quijon et al. 2007). Atlantic surfclam size contributes to

the effects of competition and mortality. Small (<50 mm) Atlantic surfclams are more sensitive

to competition (Weinberg 1999) and predation (Weinberg 1998). Adult Atlantic surfclams (>70

mm) mortality is mainly related to fisheries (Weinberg 1999), predation (Quijon et al. 2007), and

temperature variations (Weinberg et al. 2002).

Effects of Warming on Atlantic Surfclam

The temperature range that supports adult Atlantic surfclam growth is 16°C to 22°C (Kim &

Powell 2004, Marzec et al. 2010, Munroe et al. 2013, Munroe 2016, Acquafredda et al. 2019).

Higher temperatures are lethal for larvae, juveniles (Snelgrove et al. 1998, Zhang et al. 2015, Ac-

quafredda et al. 2019), and adults (Loosanoff & Davis 1963, Savage 1976, Kim & Powell 2004).

Metabolic rates of Atlantic surfclam increase as temperature increases (DeFur & Mangum 1979,

Freitas et al. 2009). Atlantic surfclam respiration rates are higher than the average for other bi-

valves, as suggested by burrowing rates measured on the North Atlantic continental shelf (Savage

1976, Alexander et al. 1993). Respiration rate scales as the cube of the length (Powell & Stanton

1985, Freitas et al. 2009, Powell et al. 2016), whereas ingestion scales as the square of the length

(Powell et al. 1992, Hofmann et al. 2006, van der Meer 2006). As a result, Atlantic surfclams expe-
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riencing warming are unable to ingest sufficient food to meet respiration demands, and the animal

starves (Marzec et al. 2010). The already high respiration demands of Atlantic surfclam (Savage

1976, Alexander et al. 1993, Munroe et al. 2013) combined with small changes in temperature can

have significant deleterious effects on the population (Weinberg et al. 2002, Narváez et al. 2015,

Munroe et al. 2016).

The physiological constraint imposed by temperature has been suggested as the cause for the

observed reduction of biomass in the Delmarva Peninsula region of the MAB in the late 1990s to

early 2000s (Weinberg et al. 2002). Inshore waters reached temperatures in the summer that were

lethal for Atlantic surfclams (O’Beirn et al. 1997) and produced poor physiological conditions,

resulting in high mortalities in shallow waters of the Delmarva Peninsula region (Weinberg et al.

2002), and displacement of the population depths of 25 – 35 m to offshore waters of 35 – 46 m

(Weinberg 2005). A subsequent study by Marzec et al. (2010) showed that adult Atlantic surfclams

at the edge of the MAB shelf had poorer condition relative to those in the center of the Cold

Pool, which was attributed to warmer temperature fluctuations and reduced nutrients at the shelf

edge. Simulations of Atlantic surfclam growth showed that populations located along the outer

MAB were more frequently affected by warm water from the Gulf Stream and shelf slope, which

decreased condition and increased mortality (Narváez et al. 2015). An increase in bottom water

temperatures of 2°C above the average produced a 2 – 9 % in mortality due to thermal stress

(Narváez et al. 2015) and resulted in a decrease of 10 % in maximum length along the MAB

(Munroe et al. 2016).
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METHODS

Stock Survey Data

The NOAA NEFSC Atlantic surfclam stock surveys encompass the MAB shelf region from

offshore Southern Virginia to Georges Bank (Fig. 1) and are designed to overlap with the primary

Atlantic surfclam fishery areas (Weinberg 2005, NEFSC 2017). The survey areas are approxi-

mately the same for each survey region (NEFSC 2017). In 2012, the NEFSC modified the survey

protocol by changing the dredge, and hence dredge efficiency, used for the survey. The stock

surveys from 2012 to present used the different dredge.

Atlantic surfclam surveys in the six survey regions used in this study were done from 1982 to

2019 at intervals of about 3 years (NEFSC 2017, 2022, Table 1), with minor differences in the tim-

ing of the surveys. For example, the Southern Virginia region was surveyed less frequently during

the 1990s and early 2000s, and the Southern New England region was surveyed more frequently

after 2012 (Table 1).

For each survey region, the stock survey data provided Atlantic surfclam age and length mea-

surements as well as counts of individuals (NEFSC 1995, 2017, 2022). The age and length data

were binned by survey region (Fig. 2A) and by decade (Fig. 2B). The binning provided good data

coverage across regions and decades and reduced variability associated with limited measurements

in some regions (Table 1). The age and length data are not affected by the change in survey pro-

tocol in 2012, which allows the stock survey data from 2012 to 2019 to be included, providing

almost four decades of observations (Fig. 2, Table 1).

The counts of individuals were used to calculate Atlantic surfclam density for the 1990s to

2010s for each survey region, with the exception of Georges Bank, for which no density data are
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available for any decade.

Figure 2. Age (yr) and length (mm) data obtained from the NEFSC Atlantic surfclam stock surveys
from 1982 to 2019 binned by (A) survey region and (B) decade. The survey region locations and
definitions are shown in Figure 1.
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TABLE 1.
NEFSC survey regions (south to north), years surveyed, and number of observations per decade.

The survey regions are shown in Figure 1.

Region Years Surveyed Number of Observations
Southern Virginia 1982, 1983, 1986, 1989 185

1992 8
2002, 2005 29

2011, 2012, 2015, 2018 70
Delmarva Peninsula 1982, 1983, 1986, 1989 2089

1992, 1994, 1997, 1999 1560
2002, 2005, 2008 986

2011, 2012, 2015, 2018 385
New Jersey 1982, 1983, 1986, 1989 3726

1992, 1994, 1997, 1999 1468
2002, 2005, 2008 1865

2011, 2012, 2015, 2018 1151
Long Island 1982, 1983, 1986, 1989 126

1992, 1999 69
2002, 2005, 2008 271

2011, 2012, 2015, 2018 373
Southern New England 1982, 1983, 1986, 1989 622

1992, 1999 104
2002, 2005, 2008 98

2011, 2013, 2014, 2015, 2016, 2018 99
Georges Bank 1982, 1984, 1986, 1989 1111

1992, 1997, 1999 539
2002, 2008 264

2011, 2013, 2014, 2016, 2019 642
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Demographic Parameters Estimation

Growth Rate

Atlantic surfclam growth rates were estimated from the age (a) and length (L) observations

using the von Bertalanffy relationship (von Bertalanffy 1938) that gives length at age, L(a), as

L(a) = L∞(1− e−k(a−a0)) (1)

where L∞ is the asymptotic length (mm), k is the instantaneous specific growth rate (yr−1), and a0 is

the initial age (yr). The von Bertalanffy equation was fit to the binned age and length observations

from each region and each decade using a nonlinear curve fitting routine (nlinfit, MATLAB, Seber

& Wild. 2003). The curve fits yielded estimates of the instantaneous specific growth rate, k, and

asymptotic length, L∞. A specific growth rate, g, for a given length, L, is then obtained from

g = k(L∞ −L) (2)

which is input to the Atlantic surfclam population model (see section Model Implementation for

details).

The von Bertalanffy growth curves obtained using the age and length observations from the

New Jersey survey region, which is intermediate between the southern and northern survey regions,

provide examples of variability in k and L∞ in the 1980s, 1990s, 2000s, and 2010s (Fig. 3). The

growth curves for the other five survey regions are provided in the Supplemental materials (Fig.

A.1 – A.5). The estimated k and L∞ parameters for the six survey regions for the four decades are
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summarized in Table 2 (more details in Table B.1).

Figure 3. Atlantic surfclam age (yr) versus length (mm) observations (grey dots) obtained from the
New Jersey survey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s. The growth curve (heavy
line) and standard deviation (2σ , thin line) obtained from the von Bertalanffy equation fit to the
observations for each decade is shown. All curve fits are significant (p < 0.001) with r2 values of 0.74
for the 1980s, 0.75 for the 1990s, 0.62 for the 2000s, and 0.65 for the 2010s.



15

TABLE 2.
Atlantic surfclam specific growth rate (yr−1), asymptotic length (mm), average length (mm), and

standard deviation (SD) estimated from the age and length observations for each survey location and
each decade. The survey regions are listed from south to north along the MAB shelf. The survey

regions are shown in Figure 1.

Survey Region Decade Specific Asymptotic Average
Growth Rate (yr−1) Length (mm) Length (mm ±SD)

Southern Virginia 1980s 0.34 153 124 (±30)
1990s 0.37 143 88 (±32)
2000s 0.38 131 71 (±33)
2010s 0.68 105 89 (±19)

Delmarva Peninsula 1980s 0.23 168 127 (±32)
1990s 0.26 142 114 (±30)
2000s 0.29 141 113 (±32)
2010s 0.32 126 103 (±26)

New Jersey 1980s 0.27 165 128 (±31)
1990s 0.26 159 131 (±31)
2000s 0.26 155 126 (±33)
2010s 0.24 149 123 (±28)

Long Island 1980s 0.25 163 140 (±31)
1990s 0.34 159 128 (±30)
2000s 0.34 155 124 (±34)
2010s 0.28 153 128 (±29)

Southern New England 1980s 0.28 165 141 (±30)
1990s 0.24 164 115 (±42)
2000s 0.25 167 142 (±34)
2010s 0.25 166 146 (±30)

Georges Bank 1980s 0.24 148 102 (±35)
1990s 0.27 146 106 (±32)
2000s 0.28 144 114 (±32)
2010s 0.29 149 131 (±25)
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Mortality Rate – Constant Rate

The age and length observations from the stock surveys were used to construct an age-

frequency distribution for each survey region in each decade. The age-frequency distribution was

used to estimate a constant specific mortality, Mconstant , for each survey region for each decade

from the relationship given in Hoenig (1983) and suggested by Hewitt & Hoenig (2005), which

was derived using observations from several species, including bivalves. This relationship assumes

that the specific mortality rate decreases with increasing age (yr) and is expressed as a negative log-

arithmic relationship of the form

ln(Mconstant) = a + b ln(amax) (3)

where a (1.23, number) and b (-0.832, number yr−1) are the constants given in Hoenig (1983) for

mollusks, and amax (yr) is the population maximum age.

Equation (3) was used with the Atlantic surfclam age-frequency observations for each survey

region for each decade to obtain estimates of specific mortality rates. The maximum age and spe-

cific mortality rate estimated using the observations from the survey regions for the 1980s, 1990s,

2000s, and 2010s are shown in Table 3.
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TABLE 3.
Atlantic surfclam specific constant mortality rate (yr−1) estimated from the age and length

observations using equation (3) for each survey location and each decade. The survey regions are
listed from south to north along the MAB shelf. The survey regions are shown in Figure 1.

Survey Region Decade Maximum Age (yr) Constant Mortality Rate (yr−1)
Southern Virginia 1980s 25 0.18

1990s 11 0.38
2000s 7 0.58
2010s 8 0.52

Delmarva Peninsula 1980s 36 0.12
1990s 23 0.19
2000s 28 0.16
2010s 23 0.19

New Jersey 1980s 37 0.12
1990s 27 0.16
2000s 30 0.15
2010s 36 0.12

Long Island 1980s 30 0.15
1990s 18 0.24
2000s 24 0.18
2010s 28 0.16

Southern New England 1980s 31 0.14
1990s 31 0.14
2000s 38 0.12
2010s 33 0.13

Georges Bank 1980s 30 0.15
1990s 27 0.16
2000s 24 0.18
2010s 28 0.16
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Mortality Rate – Age-Dependent Rate

Inspection of the Atlantic surfclam age-frequency distributions suggested that the population mor-

tality rate is not linear across ages. For example, the age-frequency distribution shown for the New

Jersey survey region (Fig. 4) shows a decline in number for about the first 10 years, a plateau in

number at the ages of about 10 to 20 years old, and a decrease in the number of older ages. This

pattern suggests that Atlantic surfclam populations experience large recruitment events with high

mortality for young ages, a stable population at mid-age, and rapid mortality in old age (senes-

cence). Therefore, a relationship that is based on the change in the number of animals per age,

N(a), of the form

N(a) = N0 + ( N1 − N0 ) tanh(
a
a1

)− ( N1 − dN1 ∗amax )

0.5 ( 1 + tanh(
a−am

ar
) )+ aMbase

(4)

was fit to the age-frequency observations. The change relative to an initial number, N0, is estimated

by fitting two hyperbolic tangents, tanh, that represent the change in the number of animals per

age, tanh( a
a1
) and tanh(a−am

ar
) where a is the animal age (yr), a1 is the range that determines the

transition from high mortality to a plateau, N1 is the number at the beginning of the plateau, dN1

is a small decline in number, amax is maximum age, am is the age at which mortality rate is half

of the maximum mortality rate, ar is the range that determines if mortality is closer to zero or its

maximum value, and Mbase is the average base linear mortality.

Equation (4) was fit to the Atlantic surfclam age-frequency observations for each survey region

for each decade, except for the Southern Virginia survey region, using a nonlinear curve fitting

routine (nlin f it, MATLAB, Seber & Wild. 2003) to obtain an age-dependent estimate of specific
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mortality rate. The Atlantic surfclams in the Southern Virginia survey region were smaller and, as a

result, were younger ages (Appendices, Fig. C.1). As a result, the plateau and increase in mortality

at an older age were not represented in the age and length observations. This combination did

not allow the successful application of Equation (5) to the age and length observations from the

Southern Virginia region.

The fit of equation (4) using the observations from the New Jersey survey region for the 1980s,

1990s, 2000s, and 2010s are shown in Figure 4. The age-dependent mortality relationships for the

other five survey regions are shown in the Supplemental materials (Fig. C.2 – C.5). The coefficient

values obtained from the curve fits for each of the five survey regions where Equation (4) was

applied and the four decades, together with statistics values, are given in the Appendices (Table

D.1).

Thus, age-dependent mortality, Mage−dependent , is estimated by differentiation of the equation

(4) for each age, giving

Mage−dependent =− 1
N

((N1 −N0) sech2 (
a
a1

)
1
a1

0.5 (N1 −dN1amax)

sech2 (
a−am

ar
)

1
ar

−Mbase)

(5)

in which the parameters used correspond to the previously estimated from fitting equation (4) to

the observations. Mortality was normalized based on the number of individuals present at each

age, − 1
N . A summary of the calculated age-dependent specific mortality rates is found in Table 4.



20

Figure 4. Age (yr) versus number of Atlantic surfclam observations in each age category (circles)
obtained from the stock surveys in the New Jersey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D)
2010s. The mortality curve (solid line) obtained from the fit of equation (4) is shown. All curve fits are
significant (p < 0.001) with r2 values of 0.93 for the 1980s, 0.95 for the 1990s, 0.87 for the 2000s and
0.85 for the 2010s.
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TABLE 4.
Average age-dependent mortality rates (yr−1) estimated from the Atlantic surfclam age and length
observations using Equation (4) for each survey location and each decade. The age and length data
from the Southern Virginia region did not allow application of the Equation (4). The survey regions
are listed from south to north along the MAB shelf. The survey regions are shown in Figure 1. The

parameter values obtained for Equation (4) from the non-linear curve fits for the five survey regions
where Equation (4) was applied are given in Table D.1.

Survey Region Decade Average Age-Dependent Mortality
(yr−1 ±SD)

Southern Virginia 1980s –
1990s –
2000s –
2010s –

Delmarva Peninsula 1980s 0.15 ±0.02
1990s 0.17 ±0.06
2000s 0.14 ±0.07
2010s 0.16 ±0.06

New Jersey 1980s 0.18 ±0.04
1990s 0.18 ±0.06
2000s 0.15 ±0.04
2010s 0.14 ±0.06

Long Island 1980s 0.17 ±0.08
1990s 0.18 ±0.03
2000s 0.15 ±0.08
2010s 0.08 ±0.03

Southern New England 1980s 0.14 ±0.06
1990s 0.17 ±0.13
2000s 0.16 ±0.09
2010s 0.10 ±0.06

Georges Bank 1980s 0.20 ±0.06
1990s 0.12 ±0.09
2000s 0.17 ±0.08
2010s 0.12 ±0.09
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Atlantic Surfclam Population Model

Model Structure

The growth and mortality rates estimated from the Atlantic surfclam survey observations were

input to a numerical model that simulates Atlantic surfclam biomass on the MAB shelf (details

in Munroe et al. 2022). The population model simulates Atlantic surfclam biomass using 18

evenly distributed (10 mm intervals) size classes, with the smallest size class set at 20 mm and

the largest size class set at 200 mm (Fig. 5). Atlantic surfclam gains and losses from a size class

are determined by the growth and mortality rates, respectively. New individuals, provided by the

reproductive portion of the population, recruit into the 20 mm size class (Fig. 5).

Small Atlantic
Surfclams

Reproductive
Atlantic

Surfclams

Largest Atlantic
Surfclams

m m m

g g

r

r

Figure 5. Conceptual diagram for the Atlantic surfclam population dynamics model. Gains and losses
from each size class are determined by the growth (g) and mortality rates (m). Recruitment into the
smallest size class is from the reproductive portion of the population (r).
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The change in Atlantic surfclam numbers in the first size class (N1) over time (t) is given by

dN1

dt
= r−g1N1 −m1N1 (6)

where the terms represent recruitment (r) of new individuals and loss from the size class by a size-

dependent growth rate (g1) to the next larger size class and mortality (m), respectively. The change

in Atlantic surfclam numbers in all other size classes, Ni, is given by

dNi

dt
= gi−1Ni−1 −giNi −miNi (7)

where the terms represent gains from growth from the smaller size class, Ni−1, and losses from

growth into the next largest size class, Ni, and mortality, respectively. Growth rate is size-dependent.

The recruitment rate, r, is calculated at the end of each simulation year, and follows Beverton

& Holt (1993) recruitment dynamics, given by

r =
RAB

RB +B
(8)

where r is the individuals that recruit into the first size class, B is the total biomass over the whole

biological area, RA and RB are parameters that follow the Beverton-Holt recruitment dynamics,

calculated as

RA =
4(steepness∗ targetBiomass)

5∗ steepness−1
(9)

and

RB =
(1− steepness)∗ targetBiomass

5∗ steepness−1
(10)
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where steepness was set as 0.8, following Myers et al. (1999) and O’Leary et al. (2011). The target

biomass (targetBiomass) was estimated by using a target density of 0.1 clams m−2, calculated from

the survey observations, and multiplied by the total biological area.

The size-dependent growth rate, gi, was determined from equation (1) using the length at the

boundary of the discrete size classes and the instantaneous specific growth rate (k) obtained from

the fits to the von Bertalanffy equation. Simulations were implemented using a constant mortality

rate and an age-dependent mortality rate to assess the effect of different mortality stresses on

Atlantic surfclam distribution.

Model Implementation

The Atlantic surfclam population model given by Equations (6) and (7) was solved numer-

ically using a positive-definite advection transport algorithm (MPDATA, Smolarkiewicz & Mar-

golin 1998), which is a flux corrective scheme that allows movement between size classes using

estimates of rates at the center of the distribution of each size class. Simulations used time steps

of 0.05 years and were run for 100 years to allow the model to reach a stable population. Growth

and mortality are calculated at each time step for each size class, whereas recruitment is calculated

once per year.

The Atlantic surfclam population model was implemented in a model domain that extends

from Georges Bank to Chesapeake Bay and consists of 10′ latitude by 10′ longitude squares (ten-

minute squares). The model grid is consistent with the survey region used for the Atlantic surfclam

stock assessment along the MAB (NEFSC 2017). The region of the MAB that supports Atlantic

surfclams, the biological habitat, was defined using bathymetric ranges that are known to constrain

the population (10 m – 50 m, Ropes 1968, Abbott 1974) and was imposed on the model domain.
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Recruits were distributed throughout the biological habitat using a normal random distribution

(mean = 1, std = 0.3), which is generated when recruitment is calculated.

Model Accuracy and Precision

The model performance was evaluated by comparing simulated Atlantic surfclam densities

with densities estimated from the individual counts obtained from the survey. The metrics used to

assess model performance were the Root Mean Square Error (RMSE) and Bias in simulated and

observed densities, and precision of the simulated and observed densities.

The RMSE, which is the standard deviation of the residuals, is calculated as

RMSE =

√
1
N

n

∑
i=1

(Xmodel −Xobs)2 (11)

where N is the number of ten-minute squares per survey region, Xmodel is the simulated Atlantic

surfclam density (number m−2) for a specific ten-minute square, and Xobs is the density estimated

from observations (number m −2) for the same ten-minute square. This RMSE assesses the overall

closeness of the simulated and observed Atlantic surfclam densities.

However, RMSE does not give information about overestimation (or underestimation). The

bias of the simulated densities relative to observed densities indicates if differences are from a

mismatch over the entire model domain or the result of a few individual ten-minute squares, i.e.,

outliers.

Thus, the model bias was calculated as

Bias =
1
N

n

∑
i=1

(Xmodel −Xobs) (12)
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A near-zero bias value indicates that the centroid (or arithmetic mean) of the simulated values

matches the centroid of the observations. The RMSE and Bias have the same units as the simulated

and observed densities.

The precision of the simulated value was determined using the ratio of the standard deviation

of the model, σmodel , to the standard deviation of the observations, σobs, as:

Pσ ,ratio =
σmodel

σobs
(13)

A near-one Pσ ,ratio value indicates similarity in the standard deviations of the simulated and

observed values.
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RESULTS

Demographic Parameter Analysis

Specific Growth Rate

The specific growth rates estimated from the Atlantic surfclam age and length observations

vary within and across survey regions (Table 2, Fig. 6A). The largest growth rates occurred in the

Southern Virginia survey region, with a particularly high rate (0.68 yr−1) found in the 2010s. The

lowest rate (0.23 yr−1) occurred in the Delmarva Peninsula survey region in the 1980s. Growth

rates variability did not show a consistent pattern or trend, with the exception of the Delmarva

Peninsula survey region, which had increasing growth rates over the four decades (Table 2, Fig.

6A). Growth rates from the Southern New England and New Jersey survey regions were the least

variable over the four decades, with only about a 20% change between the largest and smallest

rates. The specific growth rate from the Southern Virginia survey region showed the largest vari-

ability over the four decades (Table 5, Fig. 6).

Asymptotic length estimated from the Atlantic surfclam age and length observations also

showed within and across survey regions variability (Table 2, Fig. 6B). In Southern Virginia,

asymptotic length decreased by about 35% over the four decades. In contrast, asymptotic length

in the New Jersey, Long Island, and Southern New England survey regions remained relatively

constant over the four decades (Table 2). The average asymptotic length for Atlantic surfclams

increased from Southern Virginia to New Jersey over the four decades (Fig. 6B). From New Jersey

to Southern New England, asymptotic length was relatively constant at about 160 mm and showed

little variability over the four decades (Table 2, Fig. 6B). The asymptotic length associated with



28

Atlantic surfclams in the Georges Bank survey region was about 145 mm, with an average popu-

lation length of about 110 mm, around 30% smaller than the populations in the mid and northern

MAB survey regions. The asymptotic length estimated for the Southern Virginia survey region

showed the most variability (Table 5, Fig. 6B).

Figure 6. Range of Atlantic surfclam (A) specific growth rate (yr−1), (B) asymptotic length (mm), and
(C) average length obtained from the age and length observations for each survey region for the four
decades. The decadal median (solid line), maximum and minimum (vertical lines) for each survey
region, and the overall average of the MAB (dotted line) are shown. The survey regions are ordered
from south to north along the MAB (see Fig. 1) and defined as: Southern Virginia (SVA), Delmarva
Peninsula (DMV), New Jersey (NJ), Long Island (LI), Southern New England (SNE), and Georges
Bank (GBK).
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TABLE 5.
Summary of the maximum, minimum, and median specific growth rate (yr−1), asymptotic length
(mm), and average length (mm) estimated from the Atlantic surfclam age and length observations

for each survey region and each decade. The difference between the 0.25 and 0.75 quantiles indicates
the variability of the data.

Survey Region Maximum Minimum Median Quantiles (0.25 — 0.75)
Specific Growth SVA 0.68 0.34 0.38 0.35—0.53

Rate DMV 0.32 0.23 0.28 0.25—0.30
(yr−1) NJ 0.28 0.24 0.26 0.25—0.27

LI 0.34 0.26 0.31 0.27—0.34
SNE 0.28 0.24 0.25 0.24—0.27
GBK 0.29 0.24 0.27 0.25—0.28

Asymptotic Length SVA 153 105 137 118—148
(mm) DMV 168 126 142 134—155

NJ 165 149 157 152—162
LI 163 153 157 154—161

SNE 167 164 166 165—167
GBK 149 144 147 145—149

Average Length SVA 124 71 88 79—106
(mm) DMV 127 103 114 108—120

NJ 131 123 127 124—129
LI 140 124 128 126—134

SNE 146 115 141 128—144
GBK 131 102 110 104—122

Specific Mortality Rate

The estimated constant specific mortality rate varied within and across survey regions (Table

3). The highest specific mortality rate of 0.58 yr−1 occurred in the Southern Virginia survey region

in the 2000s (Table 3). This survey region also showed the largest range of specific mortality rates

(Table 6, Fig. 7). Specific mortality rates from the survey regions in the central MAB were similar

and showed little variability over the four decades (Table 3). In the Southern New England survey

region, the constant specific mortality rates were the lowest, averaging 0.13 yr−1 over the four
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decades (Table 3). The constant specific mortality rate estimated for the Southern Virginia survey

region showed the largest range (Table 3, Fig. 7A).

The average age-dependent specific mortality rates are higher in southern regions than the con-

stant rates (Table 4). The largest average age-dependent mortality rate of 0.20 yr−1 was associated

with the Georges Bank survey region. The specific age-dependent mortality rates estimated for the

central MAB survey regions were the least variable, with maximum values that ranged between

0.17 and 0.20 yr−1 over the four decades (Table 4, Fig. 7B).

The overall averages for both specific constant and age-dependent mortality rates were similar

(about 0.20 yr−1). The age-dependent mortality rate regional median values were closer to the

overall average than the constant mortality rate. Although, the variability of the constant mortality

rate was driven mainly by values obtained for the Southern Virginia survey region, which was not

included in the age-dependent mortality rate analysis.
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Figure 7. Range of Atlantic surfclam (A) constant specific mortality rate (yr−1) calculated using
Equation (3), and (B) age-dependent specific mortality rate (yr−1) calculated using Equation (5). The
decadal median (solid line), maximum and minimum (vertical lines) for each survey region, and the
overall average for the MAB (dotted line) are shown. The age-dependent mortality was calculated for
five of the six survey regions; Southern Virginia (SVA) was excluded from the calculation (see section
Mortality Rate for details). The survey regions are ordered from south to north along the MAB (see
Fig. 1) and defined as: Southern Virginia (SVA), Delmarva Peninsula (DMV), New Jersey (NJ), Long
Island (LI), Southern New England (SNE), and Georges Bank (GBK).
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TABLE 6.
Summary of the maximum, minimum, and median specific mortality rate (yr−1) and age-dependent
specific mortality rate (yr−1) estimated from the Atlantic surfclam age and length observations for

each survey region and each decade. The difference between the 0.25 and 0.75 quantiles indicates the
variability of the data.

Survey Region Maximum Minimum Median Quantiles (0.25 — 0.75)
Constant Mortality SVA 0.58 0.18 0.45 0.28 — 0.22

(yr−1) DMV 0.19 0.12 0.17 0.14—0.19
NJ 0.16 0.12 0.14 0.12—0.16
LI 0.24 0.15 0.17 0.15—0.21

SNE 0.14 0.12 0.14 0.13—0.14
GBK 0.18 0.15 0.16 0.15—0.17

Age-Dependent Mortality SVA – – – —
(yr−1) DMV 0.17 0.15 0.16 0.15—0.17

NJ 0.18 0.15 0.16 0.15—0.18
LI 0.19 0.09 0.17 0.13—0.18

SNE 0.18 0.10 0.15 0.12—0.18
GBK 0.20 0.12 0.14 0.12—0.18

Atlantic Surfclam Population Model

Effect of Specific Growth and Mortality Rates

The effect of specific growth and mortality rates on the Atlantic surfclam density was assessed

by implementing the population dynamics model for a single representative ten-minute square,

using the range of specific growth and mortality rates that encompass values estimated from age

and length observations (Table 2, Table 3). The simulations were run for 100 years. The resulting

simulations were then used to assess the relative importance of specific growth and mortality rates

in controlling Atlantic surfclam population density. The density of the reproductive portion of

the population and the density of recruits are indicators of the stability of the Atlantic surfclam

population over time. The simulated reproductive density showed that the population specific
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mortality rate was more effective than the specific growth rate in controlling the number of Atlantic

surfclams per meter square (Fig. 8B).

Figure 8. Simulated Atlantic surfclam (A) reproductive density (number m−2) and (B) recruit density
(number m −2) for a range of constant specific mortality and growth rates. The average paired con-
stant specific growth rate and specific mortality rate per survey region are shown (colors).
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Simulation Characteristics

The specific growth and mortality rates estimated from the age and length observations (Table

3, Table 4) were input to the population model to simulate the time trajectory of the Atlantic

surfclam population. Two sets of simulations that used a constant specific mortality rate (Equation

3) and an age-dependent mortality rate (Equation 5), respectively, were run for 100 years. The

simulated Atlantic surfclam densities were averaged over the biological area included in the model

to assess the effect of the different specific mortality rates for each decade.

The constant specific mortality rate resulted in an equilibrium density for the average Atlantic

surfclam population of 1.2 Atlantic surfclam m−2 after 20 years (Fig. 9A). In contrast, the average

Atlantic surfclam population using age-dependent mortality rates reached an equilibrium density of

0.9 Atlantic surfclams m−2 after 30 years (Fig. 9A). The average densities obtained for the 1990s

and 2000s simulations did not show significant differences resulting from the different forms. Av-

erage densities during the 1990s were about 0.65 Atlantic surfclams m−2, while during the 2000s,

average densities were about 0.75 Atlantic surfclams m−2. For both forms of specific mortality

rate, the simulated Atlantic surfclam population begins to reproduce after one year (Fig. 9B, Fig.

E.1B – E.2B), which maintains stable recruitment throughout the simulation. Small variations in

recruitment resulted from the random process used to distribute recruits.
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Figure 9. Simulated time evolution for Atlantic surfclam (A) reproductive clam density and (B) recruit
density for the 2010s.

Effect of Mortality on Atlantic Surfclam Distribution

To assess the effect of mortality in controlling the Atlantic surfclam distribution, the population

dynamics model was implemented using the specific growth rates and asymptotic lengths (Table

2), constant specific mortality rates (Table 3), and age-dependent specific mortality rates (Table 4)

estimated for each survey region, and decade. Both mortality simulations were initialized with a

constant Atlantic surfclam density of 2 m−2 over the entire model domain (Fig. 10A, Fig. 11A)
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and run for 100 years. The density distribution of the reproductive-sized Atlantic surfclams from

the last year of the simulations was used for the analysis. The observed Atlantic surfclam density

in each survey region for each decade provided a comparison for the simulated densities.

Figure 10. (A) Initial density distribution of reproductive-sized Atlantic surfclams used to obtain the
simulated density distributions in each survey region for the (B) 1990s, (C) 2000s, and (D) 2010s. The
simulations used the constant specific mortality rates (Table 3), specific growth rates, and asymptotic
lengths (Table 2) estimated from the survey age and length observations.
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A constant specific mortality rate produced heterogeneity in Atlantic surfclam density across

the survey regions (Fig. 10). In the 1990s, simulated Atlantic surfclam density was high in the

southern-most and northernmost survey regions, and densities of 0.5 to 0.7 Atlantic surfclam m−2

occurred in the other survey regions (Fig. 10B). In the 2000s, Atlantic surfclam densities increased

in the northern survey regions and decreased to 0.1 to 0.4 Atlantic surfclams m−2 in the two

southern survey regions (Fig. 10C). By 2010s, the simulated Atlantic surfclam density decreased

in all but the northernmost survey region (Fig. 10D). Throughout the three decades, the northern-

most region sustained high densities, >0.9 Atlantic surfclams m−2, while regions in the middle

(New Jersey and Long Island) remained above 0.7 Atlantic surfclam m−2.

The simulated Atlantic surfclam density distribution produced using age-dependent specific

mortality rates showed lower densities in the 1990s relative to the densities obtained with a constant

specific mortality rate (Fig. 11B versus Fig. 10B). In the 2000s, simulated densities were highest

in the central survey regions (Fig. 11C). The lowest densities, 0.3 to 0.4 Atlantic surfclams m−2,

were located in the southernmost and northernmost survey regions (Fig. 11C), in contrast to the

densities obtained with a constant specific mortality rate (Fig. 10C). The simulated densities for the

2010s in the central survey regions remained constant in relation with the previous decade, while

the highest (0.9 to 1.0 Atlantic surfclams m−2) were located in the northernmost survey region

(Fig. 11D); a density distribution much different from that obtained for the 2010s with a constant

specific mortality rate (Fig. 10D).
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Figure 11. (A) Initial density distribution of reproductive-sized Atlantic surfclams used to obtain the
simulated density distributions in each survey region for the (B) 1990s, (C) 2000s, and (D) 2010s. The
simulations used the age-dependent specific mortality rates (Table 4), and specific growth rates and
asymptotic lengths (Table 2) estimated from the survey age and length observations.

The RMSE between the observed and simulated densities in each survey region (Fig. 12) gives

the relative effect of constant versus age-dependent specific mortality rates on Atlantic surfclam

density distribution. The lowest and highest RMSEs for the constant specific mortality simulations

were associated with the Southern Virginia and Southern New England survey regions, respectively
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(Fig. 12A, Table 7). These survey regions also had the widest range in RMSE. The median values

for the central survey regions ranged between 0.31 and 0.38 Atlantic surfclams m−2 (Table 7),

with the RMSE associated with the Delmarva Peninsula region showing the smallest range (Fig.

12A). The RMSE associated with the simulated Atlantic surfclam densities from the age-dependent

specific mortality rates simulations were overall smaller with a reduced range relative to those from

the constant mortality simulations (Fig. 12B versus 12A).

Figure 12. Root Mean Square Error (RMSE, Equation 11) for each survey region calculated using
observed Atlantic surfclam densities and densities from simulations that used (A) constant specific
mortality rates, and (B) age-dependent specific mortality rates. Survey regions are defined in Figure
1.
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TABLE 7.
Summary of the maximum, minimum, and median Root Mean Square Error (RMSE) calculated for

each survey region between observed Atlantic surfclam densities and densities obtained from
simulations that used a constant specific mortality rate and age-dependent specific mortality rate.
The difference between the 0.25 and 0.75 quantiles indicates the variability of the data. The survey

regions are defined in Figure 1.

Survey Region Maximum Minimum Median Quantiles (0.25 — 0.75)
RMSE SVA 0.05 0.02 0.02 0.02—0.04

Constant Specific DMV 0.35 0.17 0.26 0.20—0.33
Mortality Rate NJ 0.39 0.23 0.32 0.25—0.37
(number m−2) LI 0.31 0.07 0.20 0.11—0.28

SNE 0.97 0.19 0.28 0.21—0.79
RMSE SVA 0.14 0.12 0.12 0.12—0.14

Age-Dependent DMV 0.39 0.26 0.37 0.29—0.42
Specific Mortality Rate NJ 0.39 0.22 0.38 0.26—0.39

(number m−2) LI 0.45 0.14 0.23 0.16—0.40
SNE 0.32 0.10 0.16 0.12—0.29

The bias between the simulated and observed Atlantic surfclam densities was lowest in the

Southern Virginia survey region for the constant and age-dependent specific mortality rates (Fig.

13A, B). Overall, the bias was largest for the constant specific mortality rate simulations in all sur-

vey regions (Fig. 13A, Table 8). The age-dependent specific mortality rate resulted in a reduction

in the bias in all survey regions (Fig. 13B), with the largest reduction of about 40% associated with

the New Jersey survey region (Table 8).
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Figure 13. Bias, calculated using Equation (12), for each survey region between observed Atlantic
surfclam densities and densities from simulations that used (A) constant specific mortality rates, and
(B) age-dependent specific mortality rates. Survey regions are defined in Figure 1.
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TABLE 8.
Summary of the maximum, minimum, and median Bias calculated for each survey region between
observed Atlantic surfclam densities and densities obtained from simulations that used a constant
specific mortality rate and age-dependent specific mortality rate. The difference between the 0.25
and 0.75 quantiles indicates the variability of the data. The survey regions are defined in Figure 1.

Survey Region Maximum Minimum Median Quantiles (0.25 — 0.75)
SVA 0.17 0.01 0.02 0.02—0.13

Bias DMV 0.27 0.13 0.27 0.16—0.27
Constant Specific NJ 0.67 0.15 0.29 0.18—0.58

Mortality Rate LI 0.35 0.11 0.17 0.12—0.31
(number m−2) SNE 0.77 0.43 0.72 0.50—0.76

SVA 0.07 0.04 0.04 0.04—0.06
Bias DMV 0.36 0.17 0.17 0.17—0.31

Age-Dependent NJ 0.35 0.16 0.17 0.16—0.30
Specific Mortality Rate LI 0.29 0.06 0.14 0.08—0.26

(number m−2) SNE 0.14 0.05 0.08 0.06—0.13

The age-dependent specific mortality rate significantly reduced the precision ratio between the

simulated and observed Atlantic surfclam densities (Fig. 14A, B). The reduction in the precision

ratio was most pronounced for the New Jersey, Long Island, and Southern New England survey

regions, with reductions of the median precision ratio of 40%, 35%, and 62%, respectively (Table

14). Although the magnitude was larger, the north-to-south trend in the precision ratio associated

with the simulations that used a constant specific mortality rate was similar to that obtained from

the age-dependent mortality rate simulations (Fig. 14).
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Figure 14. Precision ratio, Pσσσ ,,,rrraaatttiiiooo, calculated using equation (13) for each survey region using the
standard deviations of observed Atlantic surfclam densities and densities from simulations that used
(A) constant specific mortality rates and (B) age-dependent specific mortality rates. Survey regions
are defined in Figure 1.
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TABLE 9.
Summary of the maximum, minimum, and median Precision, Pσσσ ,,,rrraaatttiiiooo, calculated for each survey
region between observed Atlantic surfclam densities and densities obtained from simulations that
used a constant specific mortality rate and age-dependent specific mortality rate. The difference
between the 0.25 and 0.75 quantiles indicates the variability of the data. The survey regions are

defined in Figure 1.

Survey Region Maximum Minimum Median Quantiles (0.25 — 0.75)
SVA 6.34 0.33 0.54 0.38—4.89

Pσ ,ratio DMV 0.24 0.07 0.19 0.10—0.23
Constant Specific NJ 0.93 0.10 0.30 0.15—0.77

Mortality Rate LI 1.73 0.18 1.02 0.39—1.55
SNE 2.60 0.44 1.16 0.62—2.24
SVA 2.57 0.54 0.64 0.56—2.08

Pσ ,ratio DMV 0.32 0.08 0.17 0.10—0.28
Age-Dependent NJ 0.59 0.10 0.18 0.12—0.49

Specific Mortality Rate LI 0.80 0.18 0.66 0.30—0.77
SNE 0.50 0.15 0.44 0.22—0.48
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DISCUSSION

Population Growth Rate and Asymptotic Length

Weinberg & Helser (1996) applied a von Bertalanffy growth model to age and length data

measured for Atlantic surfclam populations between Georges Bank and the Delmarva Peninsula

in 1980 and from 1989 to 1992 to estimate specific growth rate and asymptotic length. Their

analysis showed that the estimated specific growth rates and asymptotic length decreased off the

Delmarva Peninsula and New Jersey between the two time periods. The parameter estimated

for Long Island and Southern New England Atlantic surfclams showed no statistical difference.

Weinberg & Helser (1996) attributed the decrease in growth parameters at the southern sites to an

intense hypoxic event off New Jersey in the late 1970s and size-selective mortality imposed by

commercial fishing. Subsequent studies (Weinberg 1998, 2005) confirmed that asymptotic lengths

for Atlantic surfclam populations off the Delmarva Peninsula were smaller than in other areas of

the MAB. The smaller length was attributed to density-dependent effects (Weinberg 1998) and

poor condition due to warming bottom temperature (Weinberg 2005).

The asymptotic length estimates obtained in this study from the von Bertalanffy growth model

using the age-length observations from the six survey regions showed a decreasing trend over the

four decades for the Southern Virginia, Delmarva Peninsula, New Jersey, and Long Island survey

regions.

The largest length decrease of 30% was associated with the Southern Virginia survey region.

Asymptotic length showed no significant change in the Southern New England and Georges Bank

survey region.
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The previous analyses provided a progression of causes to explain changes in the growth char-

acteristics of Atlantic surfclams, but none were definitive. The hypoxic event in the 1970s was a

one-time extreme event and is unlikely to have a long-term effect across the range occupied by

Atlantic surfclams. Atlantic surfclams have historically been lightly fished, and quota regulations

have been set to maintain a stable catch (Hennen et al. 2018). The implication is that changes in

Atlantic surfclam growth are the result of a forcing that is consistent and persistent over the range

occupied by Atlantic surfclams.

Atlantic surfclams have a limited thermal tolerance, and since growth and maximum length

are strongly dependent on temperature, bottom water temperatures that exceed the upper thermal

range for Atlantic surfclams can result in physiological stress that reduces filtration and scope for

growth, producing starvation and eventually mortality (Hornstein et al. 2018). Friedland et al.

(2020) showed that water temperatures on the northeast U.S. continental shelf have warmed at an

average rate of 0.24°C per decade from 1968 to 2018 and at 0.95°C per decade between 2004 and

2018. Warming of bottom waters was most pronounced in the fall at about 0.3°C per decade, with

the most warming occurring in the southern portion of the northeast continental shelf. The change

in the trend of asymptotic length, south-to-north, estimated for the survey regions for the 1980s to

2010s, is consistent with warming trends of MAB bottom temperatures that have occurred over the

past four decades. The implication is that habitat alteration by warming bottom temperatures and

subsequent reduction in the Cold Pool has affected the Atlantic surfclam population demograph-

ics over the MAB. This is consistent with the conclusion by Weinberg (2005) that the growth of

Atlantic surfclam in the southern parts of the MAB was negatively impacted by warming bottom

temperatures. Also, the empirical observations of poor conditions associated with Atlantic surf-

clams in the southern regions of the MAB, which was attributed to starvation (Marzec et al. 2010),
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are consistent with accumulated stress from exposure to warm temperatures (Munroe et al. 2013).

Historical estimates for MAB Atlantic surfclam specific growth rates range from 0.17 yr−1

to 0.25 yr−1 (Weinberg & Helser 1996, Weinberg 1999), with the smaller rates associated with

southern MAB populations (Weinberg & Helser 1996). The specific growth rates estimated from

the Southern Virginia stock surveys were the highest of all survey regions, with values that were

more than double the estimates given by (Weinberg 1999). The high growth rates estimated for

this survey region were associated with asymptotic lengths less than 150 mm. This combination of

parameters is characteristic of small animals in the early phases of growth and is, therefore, not a

good indicator of population viability because a significant fraction of the reproductive population

is not present. The Delmarva Peninsula survey region also showed an increasing growth rate and

decreasing asymptotic length over the four decades. The implication is that Atlantic surfclam

populations in these regions are either in the early stages of being established or are in the latter

stages of decline.

Munroe (2016) used an Atlantic surfclam growth model with a 50-years hindcast (1958-2007)

of bottom water temperature on the MAB to investigate warming temperature versus commercial

fishing effects on asymptotic length. This analysis showed a decrease in Atlantic surfclam asymp-

totic length of about 15 mm to 20 mm in the survey region off New Jersey and suggested that

sustained bottom water temperatures that are 2°C warmer than average conditions can cause this

decrease. The estimated asymptotic lengths for the New Jersey survey region show a decrease of

about 15 mm over the four decades but with specific growth rates that are consistent with historical

values. The implication is that the New Jersey Atlantic surfclam population is stable but may be in

the early stages of decline.
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Population Specific Mortality Rate

The first estimate of the natural specific mortality rate for Atlantic surfclams of 0.22 yr−1

was based on surveys made in the 1980s and 1990s for the population of the Delmarva Penin-

sula (Weinberg 2005). The decadal-average constant specific mortality rate estimated in this study

of 0.2 yr−1 is similar to this rate. However, the individual constant specific mortality rates esti-

mated for each decade for the Delmarva Peninsula region are lower by 13% to 45% relative to the

value reported by Weinberg (2005). The age-dependent specific mortality rates estimated for the

Delmarva Peninsula region were also lower.

The Atlantic surfclam population in the Delmarva Peninsula region was characterized by small

asymptotic lengths, which resulted in the von Bertalanffy equation yielding high growth rates (a

steeper slope to the growth curve). The high growth rate indicates the rate at which the small ani-

mals reach a maximum size. This is not an indicator of population viability since it only accounts

for a fraction of the reproductive biomass. The survey region with high specific growth rates and

small asymptotic length also had higher constant specific mortality rates.

The Hoenig (1983) relationship used to estimate the mortality rate is based on the oldest indi-

vidual in the sample rather than the age distribution of the entire population. As a result, a shrinking

population, one that is getting smaller, overestimates mortality. This may explain the higher mor-

tality rate estimated by Weinberg (2005) because the Delmarva Peninsula population was declining

in the late 1990s and early 2000s. Also, the correspondence between the decadal averaged constant

mortality estimated from this study, and the Weinberg (2005) value may be because the decadal

average included mostly shrinking populations in the southern survey regions.

The age-dependent specific mortality rate allows the age frequency distribution of the Atlantic
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surfclam population to influence the mortality rate. The age-length observations showed that the

mortality rate is high at small sizes, levels out at intermediate ages, and increases at older ages.

This pattern reflects the high predation mortality suffered by small post-settlement animals and the

lessening of mortality rate as animals reach a size that allows escaping from predation mortality.

Increased mortality at older aged Atlantic surfclams is likely from senescence, which has been

observed in other bivalve species (e.g., Hofmann et al. 2006). The decadal averaged constant, and

age-dependent specific mortality rates were similar. However, the distribution of mortality over the

population is different, with the age-dependent mortality supporting higher survival of the older

reproductive animals.

Atlantic Surfclam Density Distribution

Atlantic surfclams extend along the MAB continental shelf from intertidal regions to about

60 m (Jacobson & Weinberg 2006). Commercially viable densities of Atlantic surfclam occur off

New York and New Jersey, southward to off the Delmarva Peninsula, along Southern New Eng-

land, and north on Georges Bank (McCay et al. 2011). This general distribution is maintained by

the dispersal of the Atlantic surfclam planktonic larvae and subsequent recruitment to the popula-

tion (Zhang et al. 2015, 2016). However, Atlantic surfclam densities vary throughout the habitat

(Timbs et al. 2019). This variability can arise from local processes that affect recruitment success

(Weinberg 1999, Chintala & Grassle 2001) and/or conditions that affect the survival of the post-

settlement population, such as food resources (Munroe et al. 2013) and bottom water temperature

(Timbs et al. 2018).

This analysis showed that the form of local mortality pressure is an important factor controlling

the observed gradient in Atlantic surfclam density along the MAB. The simulated spatial distribu-
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tion densities obtained with a constant specific mortality rate not just overestimated densities in

the survey regions relative to observed densities but also accentuated density heterogeneity along

the MAB. Age-dependent specific mortality rates yielded simulated density gradients that closely

matched observed densities, especially in the survey regions along the central portion of the MAB.

The age-dependent mortality rate reduced the discrepancy in simulated and observed densities

in the Southern New England survey region by almost a factor of 10, smoothing out the hetero-

geneity in distribution. The exception was the Southern Virginia survey region, where the Atlantic

surfclam age frequency distribution lacked sufficient representation of older animals to support the

development of an age-based specific mortality rate.

The Atlantic surfclam populations in the central MAB and Southern New England survey re-

gions are sufficiently stable to develop a robust age frequency distribution that supports an age-

dependent mortality parameterization. The population structure in the Southern Virginia survey

region was similar to that reported for Atlantic surfclams off New Jersey and the Delmarva Penin-

sula in the 1970s and 1980s (Weinberg 1999). For these populations, Weinberg (1999) estimated

a mean specific adult mortality rate of 0.26 yr−1, which included the effect of fishing. Fishing

mortality for Atlantic surfclams is estimated as 0.12 yr−1 (Hennen et al. 2018), which makes the

estimate by Weinberg (1999) similar to the decadal average constant specific mortality rate, 0.17

yr−1, applied to the Southern Virginia survey region for the spatial simulations. The implication is

that this specific mortality rate is representative of mortality rates for Atlantic surfclam populations

with an age frequency dominated by early-age animals.
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CONCLUSION

Warming ocean temperatures are known to generate important changes in local fisheries and

ecosystems (Friedland & Hare 2007), resulting in range shifts in the distribution of many species

(e.g., Beaugrand et al. 2002, Lucey & Nye 2010). Bottom water temperatures along the MAB

continental shelf have warmed over the past few decades (Friedland et al. 2020, 2022), with effects

on benthic species, especially those that depend on the Cold Pool.

Since the 1990s, decreases in the biomass of Atlantic surfclams have been observed at the

southernmost locations of the species’ range on the MAB continental shelf (NEFSC 2017, 2022).

Warming bottom water temperatures and changing atmospheric and hydrographic conditions have

been suggested as the cause for increased mortality (2 – 9%) that produced this biomass decrease

(e.g., Weinberg et al. 2002, Weinberg 2005, Munroe et al. 2013, Narváez et al. 2015). The biomass

decrease is most pronounced for Atlantic surfclam populations in the inner MAB shelf displacing

the population center towards the outer shelf in southern locations (Weinberg 2005, Narváez et al.

2015, Timbs et al. 2019). Transport of Atlantic surfclam larvae to the southern MAB locations that

could enhance biomass is limited because of increased surface and bottom temperatures, which

limit the range of the reproductive population (O’Connor et al. 2007, Zhang et al. 2016). However,

the lack of recovery of the southern MAB Atlantic surfclam populations may not result from an

insufficient larval supply (Zhang et al. 2015) but rather from the trend towards smaller animals that

have occurred over the past four decades.

The largest (older) individuals in a population are usually targeted by commercial fisheries

(Hornstein et al. 2018). The southern MAB Atlantic surfclam populations have not been subjected

to fishing pressure for at least a decade (Munroe et al. 2013, Munroe 2016) but have not recovered.
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The reduction in length seen for these populations can be an important indicator of the longevity

of the population (Ridgway et al. 2011). Changes in body size can change local responses to

the effects of environmental variability, which in turn determines the tendency to become locally

extinct (Smith et al. 1995, Chiba 1998, Hadly et al. 1998). The smaller size of the southern MAB

Atlantic surfclams may predispose these populations to extinction as bottom temperatures warm.

Thus, body size and life history need to be incorporated in predictions to responses to climate

change, fishery pressure, and conservation attempts (Kaustuv et al. 2001).

Understanding the potential effects of climate change on the commercially important species

that inhabit the continental shelf of the United States North Atlantic coast is even more important

now that this region has been designated for offshore development of clean and economically

viable energy. There are at least six approved leases for the installation of offshore wind energy

arrays along the MAB continental shelf. The impact of the proposed wind energy arrays on the

Atlantic surfclam fishery is of particular concern because some of the approved lease sites overlap

with areas where the Atlantic surfclam fishery operates (NEFSC 2022) and, as a result, have the

potential to cause negative economic impacts for the fishery (Scheld et al. 2022).

Most analyses of the impact of offshore wind energy development have focused on the effects

on pelagic animals due to the difficulty of sampling close to the wind turbine structures (Linde-

boom et al. 2011, Franco et al. 2015, Raoux et al. 2017). However, some studies have shown

that the benthic communities in the near vicinity of the wind turbine structures show little change

(Coates et al. 2016) and that limited access to wind farm areas can act as a protected area for some

organisms (Inger et al. 2009, Lindeboom et al. 2011, Bergström et al. 2013, Ashley et al. 2014,

Coates et al. 2016). However, a full understanding of the response of the entire ecosystem remains

to be determined (Boehlert & Gill 2010).
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Projections of responses to the combined stress imposed by climate change and offshore wind

energy development provide an approach for assessing ecosystems’ future states. The understand-

ing and quantification of past and ongoing changes in Atlantic surfclam populations provided in

this study form a basis for developing these types of projections.
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APPENDICES

VON BERTALANFFY FIGURES

Figure A.1. Atlantic surfclam age (yr) versus length (mm) observations (grey dots) obtained from the
Southern Virginia survey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s. The growth curve
(heavy line) and standard deviation (2σ , thin line) obtained from the von Bertalanffy equation fit to
the observations for each decade is shown. All curve fits are significant (p < 0.001) with r2 values of
0.66 for the 1980s, 0.84 for the 1990s, 0.84 for the 2000s and 0.56 for the 2010s.
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Figure A.2. Atlantic surfclam age (yr) versus length (mm) observations (grey dots) obtained from the
Delmarva Peninsula survey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s. The growth
curve (heavy line) and standard deviation (2σ , thin line) obtained from the von Bertalanffy equation
fit to the observations for each decade is shown. All curve fits are significant (p < 0.001) with r2 values
of 0.71 for the 1980s, 0.62 for the 1990s, 0.72 for the 2000s and 0.61 for the 2010s.
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Figure A.3. Atlantic surfclam age (yr) versus length (mm) observations (grey dots) obtained from
the Long Island survey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s. The growth curve
(heavy line) and standard deviation (2σ , thin line) obtained from the von Bertalanffy equation fit to
the observations for each decade is shown. All curve fits are significant (p < 0.001) with r2 values of
0.87 for the 1980s, 0.90 for the 1990s, 0.69 for the 2000s and 0.50 for the 2010s.



71

Figure A.4. Atlantic surfclam age (yr) versus length (mm) observations (grey dots) obtained from the
Southern New England survey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s. The growth
curve (heavy line) and standard deviation (2σ , thin line) obtained from the von Bertalanffy equation
fit to the observations for each decade is shown. All curve fits are significant (p < 0.001) with r2 values
of 0.70 for the 1980s, 0.87 for the 1990s, 0.77 for the 2000s and 0.51 for the 2010s.
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Figure A.5. Atlantic surfclam age (yr) versus length (mm) observations (grey dots) obtained from the
Georges Bank survey region for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s. The growth curve
(heavy line) and standard deviation (2σ , thin line) obtained from the von Bertalanffy equation fit to
the observations for each decade is shown. All curve fits are significant (p < 0.001) with r2 values of
0.72 for the 1980s, 0.71 for the 1990s, 0.74 for the 2000s and 0.59 for the 2010s.
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VON BERTALANFFY PARAMETERS

TABLE B.1.
Summary statistics for fitting of the von Bertalanffy equation (Equation 1) to the Atlantic surfclam
age and length observations from each survey region for each decade. The resulting specific growth

rate (k, yr−1) and asymptotic length (L∞, mm) are shown. The explained variance of the fit of
Equation (1) to the observation is indicated by the regression coefficient, r2. The F-value, F, and

degree of freedom, df, are shown for each regression. Survey regions are defined as: SVA-Southern
Virginia, DMV-Delmarva Peninsula, NJ-New Jersey, LI-Long Island, SNE-Southern New England,

GBK-Georges Bank.

Survey Region Decade k L∞ r2 F d f
1980s 0.34 152.13 0.66 4880 183

SVA 1990s 0.38 143.38 0.84 216 6
2000s 0.38 131.45 0.84 494 27
2010s 0.67 104.93 0.56 1750 68
1980s 0.22 167.87 0.71 59500 2087

DMV 1990s 0.26 141.94 0.62 30400 1558
2000s 0.29 141.42 0.72 24100 984
2010s 0.32 126.16 0.61 8130 383
1980s 0.27 165.02 0.74 128000 3724

NJ 1990s 0.26 158.82 0.75 54300 1466
2000s 0.26 155.28 0.62 37300 1863
2010s 0.26 149.30 0.65 31900 1149
1980s 0.26 162.89 0.87 9860 124

LI 1990s 0.34 158.63 0.90 6850 67
2000s 0.34 154.66 0.69 6180 269
2010s 0.28 152.62 0.50 7450 371
1980s 0.28 164.81 0.70 23100 620

SNE 1990s 0.24 164.44 0.87 3190 102
2000s 0.25 167.09 0.77 3900 96
2010s 0.25 166.35 0.51 2440 97
1980s 0.24 148.33 0.72 18200 1109

GBK 1990s 0.27 146.41 0.71 10600 537
2000s 0.28 143.67 0.74 6870 262
2010s 0.29 148.96 0.59 21300 640
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AGE-DEPENDENT MORTALITY FIGURES

Figure C.1. Age (yr) versus number of Atlantic surfclam observations in each age category (circles)
obtained from the stock surveys in the Southern Virginia region for (A) 1980s, (B) 1990s, (C) 2000s,
and (D) 2010s. The mortality curve (solid line) obtained from the fit of equation (4) is shown.
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Figure C.2. Age (yr) versus number of Atlantic surfclam observations in each age category (circles)
obtained from the stock surveys in the Delmarva Peninsula region for (A) 1980s, (B) 1990s, (C) 2000s,
and (D) 2010s. The mortality curve (solid line) obtained from the fit of equation (4) is shown. All
curve fits are significant (p < 0.001) with r2 values of 0.81 for the 1980s, 0.78 for the 1990s, 0.91 for the
2000s and 0.85 for the 2010s.
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Figure C.3. Age (yr) versus number of Atlantic surfclam observations in each age category (circles)
obtained from the stock surveys in the Long Island for (A) 1980s, (B) 1990s, (C) 2000s, and (D) 2010s.
The mortality curve (solid line) obtained from the fit of equation (4) is shown. All curve fits are
significant (p < 0.001) with r2 values of 0.58 for the 1980s, 0.65 for the 1990s, 0.86 for the 2000s and
0.96 for the 2010s.



77

Figure C.4. Age (yr) versus number of Atlantic surfclam observations in each age category (circles)
obtained from the stock surveys in the Southern New England for (A) 1980s, (B) 1990s, (C) 2000s, and
(D) 2010s. The mortality curve (solid line) obtained from the fit of equation (4) is shown. All curve fits
are significant (p < 0.001) with r2 values of 0.58 for the 1980s, 0.72 for the 1990s, 0.77 for the 2000s
and 0.28 for the 2010s.
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Figure C.5. Age (yr) versus number of Atlantic surfclam observations in each age category (circles)
obtained from the stock surveys in the Georges Bank for (A) 1980s, (B) 1990s, (C) 2000s, and (D)
2010s. The mortality curve (solid line) obtained from the fit of equation (4) is shown. All curve fits are
significant (p < 0.001) with r2 values of 0.88 for the 1980s, 0.94 for the 1990s, 0.79 for the 2000s and
0.16 for the 2010s.
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AGE-DEPENDENT MORTALITY PARAMETERS

TABLE D.1.
Summary statistics from fitting of Equation (4) to the Atlantic surfclam age and length observations
from each survey region for each decade. The coefficient values shown in columns 3 to 10 are defined

in section Mortality Rate. The explained variance of the fit of Equation (4) to the observations is
indicated by the regression coefficient, r2. Summary statistics for fitting of the von Bertalanffy

equation (Equation 1) to the Atlantic surfclam age and length observations from each survey region
for each decade. The resulting specific growth rate (k, yr−1) and asymptotic length (L∞, mm) are

shown. The explained variance of the fit of Equation (1) to the observation is indicated by the
regression coefficient, r2. The F-value, F, and degree of freedom, d f , are shown for each regression.
Survey regions are defined as: SVA-Southern Virginia, DMV-Delmarva Peninsula, NJ-New Jersey,

LI-Long Island, SNE-Southern New England, GBK-Georges Bank.

Survey Region Decade N0 N1 a1 dN1 amax am ar Mbase r2 F d f
1980s – – – – – – – – – – –

SVA 1990s – – – – – – – – – – –
2000s – – – – – – – – – – –
2010s – – – – – – – – – – –
1980s 397.99 37.99 10.30 0.00 0.09 0.05 0.10 0.03 0.81 41.8 26

DMV 1990s 365.23 35.20 6.62 0.00 0.01 20.66 2.10 0.32 0.78 28.3 14
2000s 246.77 50.95 2.82 -0.12 -20.51 16.01 2.86 0.08 0.91 98.3 18
2010s 168.44 10.77 4.34 0.00 -0.05 17.48 2.66 0.14 0.85 33.7 13
1980s 982.10 36.86 9.20 0.36 43.85 18.46 1.84 -0.38 0.93 83.8 27

NJ 1990s 550.85 81.85 3.44 0.55 92.04 20.96 1.76 -1.89 0.95 147 18
2000s 428.06 30.71 6.49 0.00 0.00 25.43 2.11 0.38 0.87 53.9 22
2010s 197.81 20.83 8.18 0.00 0.03 25.92 2.26 0.07 0.85 55.6 24
1980s 44.95 4.75 3.15 0.01 0.64 93.83 2.21 -0.04 0.58 11.4 19

LI 1990s 26.97 1.89 5.09 0.00 0.01 12.98 3.23 0.12 0.65 12.7 3
2000s 144.74 3.93 4.22 0.00 0.05 34.47 8.12 0.16 0.86 30.6 12
2010s 66.35 6.09 9.80 0.25 23.93 19.52 -0.05 -0.15 0.96 264 21
1980s 131.80 23.40 5.10 0.00 0.01 19.60 2.79 0.11 0.58 15.5 19

SNE 1990s 147.87 0.40 2.60 2.78 459.23 49.30 0.69 0.08 0.72 15.2 13
2000s 321.00 6.22 1.40 0.13 34.39 6.52 0.026 -0.06 0.77 19 18
2010s 21.67 3.81 5.26 0.00 0.01 55.86 13.56 -0.03 0.28 11.6 15
1980s 760.15 34.50 3.80 0.00 0.00 13.19 1.88 0.40 0.88 31 12

GBK 1990s 302.45 21.45 4.40 0.45 44.78 19.97 0.09 -0.93 0.94 88.7 13
2000s 128.40 5.71 4.06 0.00 0.00 18.33 0.39 0.18 0.79 23.2 14
2010s 237.422 26.95 2.19 0.00 0.00 20.05 4.67 0.26 0.16 8.6 19
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SIMULATED ATLANTIC SURFCLAM POPULATION TIME EVOLUTION

Figure E.1. Simulated time evolution for Atlantic surfclam (A) reproductive clam density and (B)
recruit density for the 1990s.
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Figure E.2. Simulated time evolution for Atlantic surfclam (A) reproductive clam density and (B)
recruit density for the 2000s.
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