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Abstract

A dominant theme explaining intraspecific latitudinal size gradients is the temperature-size rule which states that growth
rates decline but maximum sizes increase with declining temperatures over a species’ range. Herein, the demographics of
the Atlantic surfclam Spisula solidissima are evaluated relative to the temperature-size rule, followed by contemplations on
the impact of climate change on its management. Analysis of latitudinal trends in size-frequency identifies the anticipated
trend of increasing maximum size with decreasing temperature. A metabolic energetics model shows that variations in size
accrue from the physiological impact of geographic variations in temperature modulated by variations in food supply. Lifetime
fecundity declines with increasing temperature. Implications include the decline in maximum size towards the south limiting
the southern stock as a larval source. As temperature increases, the more rapid early growth rate does not counterweigh the cap
on size imposed by temperature. Thus, higher temperatures rob the species of reproductive potential. Management measures
based on the size frequency are discussed, and specifically regulatory size limits on landings are identified as incompatible
with the temperature-size rule.

Impact statement:

The contribution directly addresses the influence of climate change on the fisheries management of the Atlantic surfclam,
with specific reference to size-limit regulations. This paper, more broadly, examines the influence of rising temperatures on
the growth of Atlantic surfclams and, by extension, most of the Bivalvia.

Key words: temperature-size rule, Atlantic surfclam, maximum size, von Bertalanffy growth model, size-limit, fisheries man-
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Introduction o oo
general relationship between temperature and size in ec-

totherms has received considerable attention as it applies
within species, with the general outcome that higher tem-
peratures invoke as a morphological response smaller maxi-
mum size (Atkinson 1994). Thus, taking the latitudinal gra-
dient as a prime example, larger individuals of a species
will be found most likely at higher latitudes (DuBose et al.

A continuing theme in rationalizing observed changes
in size and morphology over geographically significant dis-
tances is the influence of temperature on morphological
characteristics expressing some measure of size. Classic
morphological-biogeographic rules, including Bergmann’s
rule which states that within a taxonomic clade, species of

larger size are found in colder environments (e.g., Bergmann
1847; John 1933; Ray 1960; James 1970; McQueen et al. 2022),
and Allen’s rule, which states that animals adapted to colder
climes have shorter and thicker limbs (Allen 1877; Ray 1960;
McQueen et al. 2022), invoke temperature as the primary
environmental effector influencing important morphologi-
cal characteristics of species over latitudinal extents. A more

2022; Ménner et al. 2022). The relationship is well-described
for a wide range of ectotherms, terrestrial, freshwater, and
marine (e.g., Atkinson 1994; Forster et al. 2012; Irie et al.
2013; Pauly et al. 2022; Zang et al. 2023; Queiros et al. 2024).
Whereas a range of specific explanatory hypotheses has been
proffered (Atkinson 1994), the majority involve the conflu-
ence of physiological determinants allometrically scaling dif-
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ferentially with a measure of size, most often as a product of
one process scaling with surface area and another with vol-
ume (Forster and Hirst 2012; Zuo et al. 2012; Verberk et al.
2021; Audzijonyte et al. 2022; Pauly et al. 2022). Gray (1928),
in comparing salmon embryo size relative to egg size at dif-
ferent temperatures, documents possibly the earliest marine
example that nonetheless exemplifies the widespread influ-
ence of temperature as it influences development and physi-
ology through the surface area-to-volume ratio.

Although bivalve molluscs do not appear to follow
Bergmann’s rule (Nicol 1978; Berke et al. 2013; see Nowrot et
al. 2017 for a regional exception), they are an interesting sub-
set of the many taxa expressing predictable trends between
size and temperature (Nicol 1964; Bauer 1992; Hochwald
2001; Mdnner et al. 2022), and indeed even over evolution-
ary time (Moss et al. 2016), as they demonstrate a classic re-
lationship between the differential scaling of the processes
determining growth and tissue maintenance. This relation-
ship is primarily determined by the differential scaling of in-
gestion and respiration, reminiscent of arguments originally
trumpeted by von Bertalanffy (1938), though clearly presaged
by Piitter (1920), and expanded upon by many others (e.g.,
Jensen 1997; Ohnishi et al. 2012; Montalto et al. 2015). Not
surprisingly, a growth model developed therefrom can be ap-
plied successfully to nearly every bivalve species, only the
ocean quahog Arctica islandica being clearly divergent (Klinck
et al. 2023). The scaling relationship of import is the clas-
sic surface area-to-volume relationship (Martinez del Rio and
Karasov 2010), which, in the case of bivalves, is defined by the
difference between the surface area of the food collection or-
gan, the gill, an allometric scaling factor relative to length
of ~2, and the volume of the body tissue supporting respi-
ration, an allometric relationship scaling with length of ~3
(van der Veer et al. 2006). Even in species diverging from this
generality, the higher scaling exponent for respiration per-
sists (Le et al. 2017). This differential underpins nearly every
metabolically based population dynamics model for bivalves
(e.g., Powell et al. 1992; Ren and Ross 2005; Hofmann et al.
2006; van der Veer et al. 2006; Flye-Sainte-Marie et al. 2007;
Freitas et al. 2009; Munroe et al. 2013a; Mangano et al. 2020;
Zang et al. 2022) and undergirds most growth curves deter-
mined for bivalves, the majority of which approximate the
von Bertalanffy relationship (e.g., Vakily 1992; Mancera and
Mendo 1996; Smith et al. 1997; Hart and Chute 2009; Kilada
et al. 2009; Selin 2010; Serna-Gallo et al. 2014; Mugabe et al.
2019).

The Atlantic surfclam, Spisula solidissima, is among the
largest nonsymbiont-containing bivalves and notable as to
the extensiveness of its geographic range, its biomass dom-
inance, and its sensitivity to warming temperatures. Spisula
solidissima is a cool temperate species, characteristic of the
Virginian province (Hale 2010), and ranges from near Cape
Hatteras along the U.S. east coast to Georges Bank and in-
shore into the southern portion of the Gulf of Maine, resid-
ing in regions with summer bottom-water temperatures that
range between approximately 11 and 20 °C (Hofmann et al.
2018). Consequently, the species resides between the warmer
inshore waters along the southern Mid-Atlantic Bight and the
inshore boundary of the Cold Pool, a body of cold water oc-

cupying the central to outer continental shelf from Georges
Bank, along the southern New England and Long Island coast,
and downcoast from New Jersey to Virginia (Chen et al. 2018;
Friedland et al. 2022), the inshore boundary of which par-
titions the cool temperate and boreal faunas (Powell et al.
2020a; Stromp et al. 2023). Within this region, S. solidissima is
an archetypical benthic biomass dominant. One consequence
is that this species supports one of the largest shellfish fish-
eries in the U.S. (McCay et al. 2011; Hofmann et al. 2018;
Scheld et al. 2022).

Notably, the geographic domain in which this species re-
sides has developed some notoriety due to the rapid warm-
ing of the Northwestern Atlantic relative to other parts of
the world’s oceans (Pershing et al. 2015; Saba et al. 2016;
Friedland et al. 2020; Kessler et al. 2022; du Pontavice et al.
2023). The narrow upper thermal limit well-described for this
species (Narvdez et al. 2015; Spencer et al. in press) results
in rapid physiological stress leading to starvation and death
with persistent temperatures above ~21 °C (e.g., Kim and
Powell 2004; Narvdez et al. 2015). The narrow upper thermal
limit conspires with these warming temperatures to produce
a species recognized as a bellwether of climate change in this
region, with well-documented and surprisingly rapid, for a
sedentary species, shifts in range offshore and north follow-
ing the cool temperate water (Weinberg 2005; Hofmann et
al. 2018; Timbs et al. 2019; Powell et al. 2020b; Stromp et al.
2023).

Spisula solidissima is noteworthy for the wide range of maxi-
mum sizes (typically estimated by the von Bertalanffy param-
eter L. ); size varies latitudinally (Chute et al. 2016; Munroe et
al. 2016; Diaz et al. 2024) and onshore-offshore (Powell et al.
2020b; Stromp et al. 2023). Onshore-offshore trends in size
may, in part, be due to recent settlement leading to a dom-
inance of young animals offshore as ocean warming contin-
ues (e.g., Powell et al. 2020b), although an offshore limitation
in food supply cannot be discounted as an abetting process
(Marzec et al. 2010). The latitudinal effect, however, is not so
easily explained. An alternative, the expression in this species
of the temperature-size rule, is investigated herein as a likely
explanation. The temperature-size relationship has not been
modeled overtly and not well documented in bivalves, al-
though much evidence suggests that such a relationship ex-
ists and may be a primary determinant of geographic trends
in size. The physiology of S. solidissima, as modeled by Munroe
et al. (2013a), Narvdez et al. (2015), and Pousse et al. (2021),
would be consistent with the invocation of the temperature-
size rule as an explanation of the latitudinal trend in size,
based on the variable scaling of ingestion and respiration in
the species’ metabolic energetics. Chintala and Grassle (2001)
convey the potential for a temperature effect on size for S. so-
lidissima (see also Savage 1976).

In this contribution, S. solidissima is first posed as a proto-
typical bivalve permitting evaluation of the degree to which
the temperature-size rule is applicable to bivalves. Subse-
quently, again using S. solidissima as a prototypical case, a
question is raised as to the implications of this physiolog-
ical constraint on bivalve population dynamics across geo-
graphic regions from the standpoint of such important as-
pects of population dynamics as growth rate and fecundity
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relative to location within the temperature range conducing
habitation in the benthic community. In doing so, the study
builds upon a substantial literature within the Bivalvia relat-
ing growth rate and maximum size to other individual and
population-level metrics such as growth efficiency (e.g., Allen
1971; Ohnishi et al. 2012), mortality rate (Brey and Gage 1997;
Andrews and Mangel 2012; Then et al. 2015), and geographic
distribution (Roy et al. 2001; Chute et al. 2016).

The Spisula solidissima temperature-size
model

The model utilized to evaluate an expected relationship of
maximum size, as typically defined by the von Bertalanffy
parameter L., with temperature is based on the population
dynamics models for S. solidissima specified by Munroe et al.
(2013a) and Narvdez et al. (2015) and specifically the equa-
tions listed in table 1 in Munroe et al. (2013a) and Narvdez et
al. (2015), which will not be represented here. Specifications
leading to the estimation of assimilated energy and the pro-
portion expended as respiration are each temperature depen-
dent. The length-weight relationship is taken from Marzec
et al. (2010), who report a number of parameter values also
from Fay et al. (1983), Weinberg (2005), and NEFSC (2007),
all of which are very similar. Temperature-dependent respi-
ration rate is specified using a Q;o relationship with the base
respiration rate adapted from Powell and Stanton (1985). Base
filtration rate is obtained from Powell et al. (1992) with the
temperature dependency adapted from Hofmann et al. (2006)
and further specified to fit observations for S. solidissima as de-
scribed in Munroe et al. (2013a). Of importance, the final in-
fluence of temperature on filtration rate follows a left-skewed
parabola, typical of a physiology with a transient event mar-
gin characterized by temperatures above optimum produc-
ing physiological processes that persistently slow as temper-
ature rises (Woodin et al. 2013; see also Talevi et al. 2023;
Wagner et al. 2023), something Getz (2011) termed deficit
stress. The result of the temperature dependency on filtration
rate is for filtration rate to decline rapidly above 20 °C, lead-
ing, if not soon relieved, to starvation and death (Kim and
Powell 2004). Size-dependent assimilation efficiency is also
adapted from Hofmann et al. (2006) with a maximum consis-
tent with Powell and Stanton (1985).

For this study, the primary uncertainties in relating max-
imum size to temperature involve food supply, filtration
rate which effectively provides the equivalent uncertainty,
and the allocation of assimilated energy to reproduction. A
density-dependent stunting of growth consequent of local
food limitation might offer an additional explanation for
variations in size. Though clearly possible as demonstrated in
modeling of high-density populations of bivalves and shown
under conditions of husbandry (e.g., Hallam 1965; Powell et
al. 1995; Honkoop and Bayne 2002), and although top-down
constraints on phytoplankton imposed by bivalve filtering
are well-described (e.g., Frechette and Lefaivre 1990; Phelps
1994; Powell et al. 2012), observations of conditions in which
bivalve density would be sufficiently high to stunt growth are
rarely observed. In the case of S. solidissima, densities rarely
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exceed 1 clam m~2 (Stromp et al. 2023). The one possible ex-
ception pertinent to S. solidissima, in this case for offshore Del-
marva as described by Weinberg (1998) who proposed smaller
size at the time to be an example of stunting, was likely
an unrecognized-at-the-time symptom of warming tempera-
tures. This subsequent conclusion is based on a widespread
mortality event in the region shortly thereafter (Kim and
Powell 2004; Weinberg et al. 2005) consequent of the 2000
regime shift (Lucey and Nye 2010; Perretti et al. 2017) and
a reconsideration of shifting range since the late 1960s by
Hofmann et al. (2018).

With respect to the primary uncertainties earlier listed,
Hofmann et al. (2006) introduced a two-tiered length-to-
weight relationship defining a standard length-weight rela-
tionship and a maximal length-weight relationship at peak
spawning potential to permit use of condition index to limit
the effect of growth at size introduced by an increase in
weight due to gametogenesis. Here, the standard length-
weight relationship is used, effectively removing the game-
togenic effect as it relates to the relationship of assimilation
with growth potential. The challenge of food supply and fil-
tration rate is of greater concern. Munroe et al. (2013a) clearly
showed that estimates of regional primary production, plank-
tonic chlorophyll-content based, do not provide an adequate
estimate of food supply for S. solidissima (see Holland and Dean
1977; Cognie et al. 2001; Watanabe et al. 2009; Beukema and
Dekker 2019 for similar observations); thus, food supply is a
critical unknown. Powell et al. (1992) summarized the mea-
sured bivalve filtration rates of the time and showed that they
fell into two groups, termed by Powell et al. (1992) “high gear”
for the faster group and “low gear” for the slower group. Fur-
ther specification has received considerable attention subse-
quently, sometimes with controversy (Bayne 2001; Riisgdrd
2001a, 2001b; Ehrich and Harris 2015; Keohane et al. 2019),
and remains relatively uncertain. This uncertainty, however,
is inconsequential in the face of an unknown food supply.
As the two competing filtration rates achieve the same out-
put given an appropriate differential in food supply, the high-
gear relationship is used in this model.

Thus, in the model employed, differential growth is deter-
mined by the temperature dependencies of respiration and
ingestion, the latter being the conflation of uncertain filtra-
tion rate, but with known temperature dependency, and food
supply, with food supply being the primary metric used for
model tuning, as filtration rate is assumed invariant across
the stock and the temperature dependency is well described.
The primary data inputs are bottom water temperature and
size-frequency data, from which L., can be estimated, as dis-
cussed in the following section.

Model calibration

Model calibration requires a known dataset relating max-
imum size to temperature to determine if the physiology
as understood in the afore-referenced model is sufficient to
specify temperature-maximum size trends. To do so, the
model was specified to identify the size at which the respira-
tory demand just exceeded the assimilated energy provided
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under a specified temperature, given a specified food supply.
Search increments were 0.1 °C and 1 mm length.

Data resources were obtained as follows. The National
Marine Fisheries Service Northeast Fisheries Science Center
(NEFSC) conducts a stratified random survey to evaluate the
status of the S. solidissima stock in the region from Virginia
to Georges Bank on a schedule with regional sampling in
2 of every 6 years (Jacobson and Hennen 2019). Further de-
tails are in NEFSC (2017). Data on the size frequency of cap-
ture for each tow are compiled in 5mm increments. Data
for survey years of 2015-2022 were obtained from NEFSC
(2022). The choice of years, besides data availability, was de-
termined by the counterbalance of the rate of warming of the
Northwestern Atlantic limiting the viability of data prior to
2015 for application in more recent years and the lifespan
of S. solidissima, approximately 30 years, as the largest ani-
mals will have integrated a time span that covers much of
the last two decades of warming temperatures. The NEFSC
survey has limited coverage for regions off southern Del-
marva. Consequently, additional data, for 2021 and 2023,
were obtained from Munroe and Borsetti (unpubl. data; see
also Rudders et al. 2024), extending the timeline for analysis
to 2023. For each year, tows were assigned to a 10-minute
square (TMS = 10min latitude x 10min longitude) from
37°N, —76°W eastward and northward to 42.5°N, —67°W,
a TMS grid of 54 x 33, with 37°N, —76°W defined as grid
[1, 1].

The largest size collected is a poor measure of L., as Ly
represents a relatively central value of animals all of which,
theoretically, have reached their maximum size, the variabil-
ity being a function of genotype (e.g., Hofmann et al. 2006;
Hughes et al. 2019) and environmental determinants affect-
ing phenotype (e.g., Evans and Langdon 2006b; Hughes et al.
2019). Thus, the largest animal collected in a TMS is a poor
estimate of the desired metric. Consequently, the need is to
obtain an estimate of the size distribution of the largest clams
in as small a geographic space as possible. Given the survey
density of the Atlantic surfclam survey and associated infor-
mation obtained elsewhere, the TMS (10-minute square) is
just about as small an area as one can analyze. The analy-
sis is also constrained by the coarseness of the length data
available. The NMEFS survey data are recorded in 5cm inter-
vals; consequently, their precision varies across the spectrum
of maximum size. A 5 cm difference for a clam of 1770 mm isa
much smaller proportion than for a clam of 120 mm. Because
of the rapidity of warming of the Mid-Atlantic region, and the
sensitivity of surfclams to warming temperatures, the dataset
is further limited by (a) the need to exclude regions recently
colonized and (b) survey data collected prior to 2016. These
constraints reduce the number of TMSs that can be evaluated
to a small subset of the entirety of the surfclam’s range. As
the L, is not a measure of the size of the largest clam, but
rather, a value representative of the range of larger clams in
the population, the need is to obtain a subset of all measured
clams in a TMS that are representative of the suite of largest
clams caught. The fundamental assumption is that this sub-
set represents a range of sizes encompassing the local L., for
that TMS. The primary uncertainty is to determine how big
the subset should be. Expanding the subset offers a tradeoff

between the potential of obtaining an improved representa-
tion of the size distribution of the largest clams and the po-
tential of including clams that clearly have not reached their
maximum growth size.

Consequently, the total number of measurements were
enumerated and TMSs with fewer than 25 or 50 measure-
ments in a given year were discarded. The remaining TMSs
for the period 2015-2023, totaling 562 containing >50 mea-
surements and 687 containing >25 measurements for a given
year were compiled, and the largest 5 or 10 measurements
were averaged across years for each TMS. The average value
for each TMS was then declared a reasonable estimate of
Lo, for that TMS during the time period from which the
data were drawn. The result of this analysis was to assign
a known L., to each TMS where sufficient data were avail-
able over the specified time period. The choice of 25 or 50
total measurements per year per TMS and the choice of av-
eraging the largest 5 or 10 were evaluated using a sensitivity
analysis.

Bottom water temperatures were obtained from a ROMS-
adapted hydrodynamic model described by Wilkin et al
(2022) and used for S. solidissima by Spencer et al. (in press).
To agree with previous studies (Munroe et al. 2022; Scheld
et al. 2022), bottom temperatures for each TMS were aver-
aged for years 2016-2019. To be pertinent to the time of year
providing the most stressful temperatures in the southern
part of the range of S. solidissima, temperatures obtained for
2016-2019 for each TMS were averaged for the months of Au-
gust, September, and October. For each TMS where a compar-
ison could be made, an estimated L., was obtained from the
model based on the average bottom water temperature and
compared to the known L., derived from data provided by
NEFSC (2022), augmented as earlier described. Comparisons
were made using several error metrics, including RMSE, the
sum of the differences between the observed and expected
L, and an average percent error obtained as

Z (observed—expected)
observed

n

where observed is the L., estimate from field data, and ex-
pected is the L., estimate from the model; thus, a negative
value identifies a model estimate that exceeds the field data.
This convention is maintained in all comparisons through-
out this study. Note that in evaluating the average percent
error, the sensitivity of the comparison is not uniformly dis-
tributed across all L., estimates, as the original data are in
5mm size classes: accordingly, a 5mm error for an L, of
170 mm is much smaller than a 5mm error for a 120 mm
L. Thus, sensitivity increases as L, decreases. In addition,
the number of overestimates and underestimates from this
last analysis was also compiled with an expectation that the
probabilities would approximate a 50:50 split.

Beginning in the mid-2010s, warming of the Northwestern
Atlantic began to produce a range expansion offshore more
rapid than the rate of recession of the inshore range of the
ocean quahog, Arctica islandica, likely due to the ability of
ocean quahogs to estivate during the warmer summer and

4 Can. J. Fish. Aquat. Sci. 82: 1-23 (2025) | dx.doi.org/10.1139/cjfas-2024-0392




Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 131.95.212.31 on 11/10/25

* Canadian Science Publishing

Fig. 1. Assimilated energy and metabolic respiration requirement (g day~!) at three selected temperatures as a function of
length (mm) for a food supply of 0.19 mgL~1. Arrows identify the points where the curves for assimilated energy (dashed line)
and metabolic respiration requirement (solid line) cross, establishing maximum size (L.).
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fall months. LeClaire et al. (2024) considered the recessional
dynamics of A. islandica, including the multi-decadal rate of
recession, many times slower than the expansion rate of S.
solidissima. The resulting rapidly expanding overlap of these
two species is well-described (Stromp et al. 2023; Spencer et
al. in press). An important consequence is to enable identifi-
cation of some TMSs where the newly recruited population
of S. solidissima is unlikely to have reached maximum size as
recorded in the NEFSC (2022) dataset, as augmented, whereas
the model would estimate maximum size at population equi-
librium. Consequently, these TMSs were removed from the
dataset.

Besides the potential of offshore bias produced by the rate
of S. solidissima range expansion, additional geographic biases
may be present but not evaluated by the afore-described er-
ror metrics. One likely origin would be a nonuniform distri-
bution of available food, a happenstance that might be an-
ticipated given the complex hydrodynamics in the region be-
tween Cape Hatteras and Georges Bank (Neuman 1996; Yoder
et al. 2002; Mouw and Yoder 2005; Xu et al. 2020; Zang et al.
2021). Accordingly, maps of percent error were examined to
identify other sources of geographic bias.

Results

Origin of temperature-size relationship, Spisula

solidissima
Both ingestion and respiration rates vary with tempera-
ture, both nonlinearly, such that growth efficiency slowly de-

clines over time as size increases. Examples of trends of as-
similated energy, using specified food supplies of 0.19 and
0.26 mgL~! as examples, and energy expended in respiration
as a function of length are shown in Figs. 1 and 2. Where
the two curves cross defines Ly, for a given food supply and
temperature. Examples of the variability of L., thereby iden-
tified as a function of temperature given a specified food sup-
ply are provided in Fig. 3. The model utilizes such a relation-
ship and the average summer bottom water temperatures to
specify an L, for each TMS within the temperature range for
S. solidissima. That range is expanded from Spencer et al. (in
press), who included TMSs restricted to an average summer
temperature between 11.5 and 18.5 °C, to include TMSs with
temperatures as high as 21 °C to show the influence of tem-
perature and food supply on the interaction of L., and the
4.75 in (~120mm) regulatory size limit presently enforced
for Atlantic surfclams (Code of Federal Regulations: CFR 50,
§648.75 (b)(3)). This size limit is referred to hereafter as the
120 mm size limit.

Perusal of Fig. 3 shows that the rate at which L., de-
clines per degree of increasing temperature for S. solidis-
sima is expected to increase as temperatures rise. An expla-
nation for this nonlinearity accrues from the recognition
that the driving force behind increments in length is incre-
ments in biomass, and the required increment in biomass
per increase in length increases with increasing length fol-
lowing a standard allometric relationship with a scaling
factor of ~3, thereby reducing the sensitivity of a change
in length as a metric used to identify a physiological re-
sponse to temperature as length increments. Although over-
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Fig. 2. Assimilated energy and metabolic respiration requirement (gday~!) at three selected temperatures as a function of
length (mm) for a food supply of 0.26 mg L~1. Arrows identify the points where the curves for assimilated energy (dashed line)
and metabolic respiration requirement (solid line) cross, establishing maximum size (L).
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Fig. 3. Length (mm) as a function of temperature given the following food supplies: 0.15 (box), 0.19 (star), 0.26 (circle), and
0.30mgL~! (diamond). The present-day 120 mm size limit is shown as the black horizontal line.
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all length-weight relationships for S. solidissima are well de- Development of best-fit model estimate of L.,

scribed (e.g., Marzec et al. 2010), weights for each measured
animal in the NEFSC (2022) dataset, as augmented, are not
available; accordingly, length rather than biomass has been
used.

Percent error between the observed and model-estimated
Ly, for each TMS for which data were available from field ob-
servations for 2015-2023 is shown in Fig. 4. Error metrics for
this and subsequent model estimates are compiled in Table 1.
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Fig. 4. Geographic distributions of the average percent error (pDiff) between the observed L., and the model-estimated L., for
the best-case food supply specified as 0.26 mgL~! at the extreme northeast and 0.19mgL~! at the extreme southwest, with
values in between prorated as described in the text. White squares depict the model domain wherein either surfclams are not
found or where inadequate data were available for the comparison. Black dots along the shoreline identify primary landing
ports for the Atlantic surfclam fishery, from south to north: Ocean City, Maryland; Atlantic City, New Jersey; Pt. Pleasant, New
Jersey; New Bedford Massachusetts. Base map obtained from epsg.io; coordinates based on WGS84; map projection based on

geocentric translation.
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Table 1. Error metrics for selected model estimates for TMSs not including TMSs where ocean quahogs were also found.

Case N food (mg L) S food (mg L) Average percent error Sum of differences RMSE Plus Minus Figure
25.5 0.19 0.26 0.086 12.561 15.754 62 50 4
25.5 0.19 0.19 0.149 23.495 27.598 92 20 5
25.5 0.26 0.26 0.145 20.029 26.342 39 73 6
25.5 0.15 0.26 0.097 15.345 19.211 87 25 7
25.5 0.19 0.30 0.094 13.573 17.526 27 85 8
25.10 0.19 0.26 0.088 12.319 15.961 54 58 NA
50.5 0.19 0.26 0.086 12.845 15.918 61 38 NA
50.10 0.19 0.26 0.086 12.195 15.656 53 46 NA

Note: Simulations figured are identified by figure number. Definitions of errors are provided in the Methods section. Columns labeled plus and minus tally the number
of TMSs in which the L., obtained from the NEFSC (2022), as augmented, database exceeded (plus) or fell below (minus) estimates from the model simulation. All food
values are in mg L~!. Case identifies the amount of data used for comparisons, as described in the text, with TMSs qualifying if 25 or 50 measurements were made in a
tow and using the average of the 5 or 10 largest measurements over all tows in a TMS to obtain an estimate of L.

Primary emphasis was placed on the average percent error
and on the proportion of positive and negative comparisons
(Table 1). The model estimate depicted in Fig. 4 was obtained
in the following steps. An isolated set of 6-10 TMSs for which
data were available from field observations for 2015-2023
was identified near the southern inshore edge of the range
off Delmarva and near the northern edge of the range on

Georges Bank. These were presumed to be characteristic of
S. solidissima living in regions typified by above average and
below average bottom-water temperatures for the stock as a
whole. For each of these, a series of food supplies was tested
using the defined August-October bottom temperatures for
each TMS, and the food supply providing the best L., compar-
ison was identified independently for each region.
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Fig. 5. Geographic distributions of the average percent error (pDiff) between the observed L., and the model-estimated L,
for a case where food supply was 0.19 mgL~! over the entire domain. White squares depict the model domain wherein either
surfclams are not found or where inadequate data were available for the comparison. Black dots along the shoreline identify
primary landing ports for the Atlantic surfclam fishery, from south to north: Ocean City, Maryland; Atlantic City, New Jersey;
Pt. Pleasant, New Jersey; New Bedford Massachusetts. Base map obtained from epsg.io; coordinates based on WGS84; map

projection based on geocentric translation.
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Consistently, the food supply yielding the best fit in the
south was lower than the food supply yielding the best fit in
the north, an unsurprising outcome as a north-south gradi-
ent in planktonic food (inferred from chlorophyll measure-
ments) in this region of the Northwest Atlantic is well de-
scribed (Neuman 1996; Yoder et al. 2002; Mouw and Yoder
2005). An example model output using the food supply pro-
viding the best L, estimates for the south, 0.19 mgL~?, shows
that the estimate providing the best L, estimates for the
north is consistently underestimated relative to observations
(Fig. 5). The converse, using the food supply for the north of
0.26 mgL~!, shows an overestimate for L, in the south (Fig.
6). Accordingly, the L., for each TMS for the best case depicted
in Fig. 4 was established using a proportional weighting be-
tween the northern and southern L., values by establishing
the angle for each TMS from the horizontal (longitudinal di-
rection), calculating the sine of that angle, and then weight-
ing the northern and southern L, values for that TMS by the
sine of the angle:

= — 0 + (x — x0)°
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sin 6 = (y — yo) /h
Loo = (SN 6 x Loon) + ((1 — sin @) x Loos)

where yo = 1, the most southern grid position in the y = 33,
X = 54 grid, and x, = 54, the most offshore grid position
(grid [54, 1]). This weighting scheme provides a continuous
angular gradient from the northeast corner (grid [54, 33])
(sin(90) = 1) to the southwest corner (grid [1,1]) (sin(0) = 0)
not well specified by latitude or longitude, as the angular ge-
ographic boundary of the Mid-Atlantic implicitly integrates
the two and provides the additional benefit of avoiding the
variation in linear measure implicit in longitude as latitude
increases.

The differential in food supply necessitated by Fig. 4 sug-
gests that the food supply in the south is about 73% of that in
the north. Unfortunately, as the food supply for Atlantic sur-
fclams is unknown and not directly relatable to surface pri-
mary production (Shumway et al. 1994; Reimers et al. 2009;
Munroe et al. 2013a), as benthic primary production may be
the primary food source, the estimated differential cannot be
compared to empirical data from the two regions.
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Fig. 6. Geographic distributions of the average percent error (pDiff) between the observed L., and the model-estimated L.,
for a case where food supply was 0.26 mgL~! over the entire domain. White squares depict the model domain wherein either
surfclams are not found or where inadequate data were available for the comparison. Black dots along the shoreline identify
primary landing ports for the Atlantic surfclam fishery, from south to north: Ocean City, Maryland; Atlantic City, New Jersey;
Pt. Pleasant, New Jersey; New Bedford Massachusetts. Base map obtained from epsg.io; coordinates based on WGS84; map

projection based on geocentric translation.
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Biases and the influence of sample size on the

estimate of L,

Final choice of the best model, using food supplies of
0.19mgL™! in the south and 0.26 mgL~! in the north (Fig.
4), relied on minimizing the error metrics earlier described,
particularly the average percent error (Table 1), obtaining a
relatively equivalent number of TMSs where the observed L,
fell above or below the estimated value (Table 1), and map-
ping of limited regional biases in error distribution (Fig. 4).
An evaluation of sample size as a determining factor was ac-
complished by comparing outcomes of the best-fit estimate
obtained after restricting TMSs to those with at least one
year with 25 or 50 measured sizes and using the largest 5
or 10 sizes to estimate L.,. The total number of TMSs eval-
uated ranged from 99 to 112, depending on the 50- or 25-
measurement limit, respectively. Average percent errors var-
ied little, ranging from 8.0% to 9.0% amongst the four compar-
isons (50/10, 50/5, 25/10, 25/5) (using as an example, food val-
ues 0f 0.19 and 0.26 mg L~! as shown in Table 1). Thus, model
estimates were not substantively influenced over a range of
sample sizes.
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The influence of modest changes in food supply is shown
in Figs. 7 and 8. TMSs with error estimates exceeding 15% in-
crease in both cases. Overall, error metrics degrade (Table 1).
A modest increase in food supply at the northern end of the
range results in increased errors at both ends of the range
(Fig. 8). A modest decrease in food supply at the southern end
of the range results in increased error in the central portion
of the range (Fig. 7). Results are sensitive to variations in food
supply, unsurprising given the influence of food supply on
bivalve growth routinely being shown to be at least as impor-
tant as temperature (e.g., Schone et al. 2005; Montalto et al.
2015; Beukema et al. 2017).

The analysis provided implicitly subsumes the influence of
acclimatization to differential temperature regimes on phys-
iological processes (e.g., Rao 1953; Dye 1979; Buxton et al.
1981; Ulrich and Marsh 2008); however, the analysis assumes
the absence of genetic selection ameliorating the negative
influence of higher temperature on maximum size and fe-
cundity. Bivalves are known to have genotypes offering selec-
tive advantage to salinity extremes (Eierman and Hare 2016;
McCarty et al. 2020), disease (Yu and Guo 2006; Munroe et
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Fig. 7. Geographic distributions of the average percent error (pDiff) between the observed L,, and the model-estimated L., for
a case where food supply was specified as 0.26 mgL~! at the extreme northeast and 0.15 mgL~! at the extreme southwest, with
values in between prorated as described in the text. White squares depict the model domain wherein either surfclams are not
found or where inadequate data were available for the comparison. Black dots along the shoreline identify primary landing
ports for the Atlantic surfclam fishery, from south to north: Ocean City, Maryland; Atlantic City, New Jersey; Pt. Pleasant, New
Jersey; New Bedford Massachusetts. Base map obtained from epsg.io; coordinates based on WGS84; map projection based on

geocentric translation.
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al. 2015), and improved growth (Langdon et al. 2003; Evans
and Langdon 2006a), and at least inferred for the influence of
temperature on spawning (Stauber 1950; Barber et al. 1991;
Rio-Portilla and Beaumont 2001). However, apparently little
consideration has been given to the potential adaptation of
growth rate and maximum size as influenced by temperature.
Regardless, genetic adaptation is not included in the present
model.

The preferred model (Fig. 4) shows a series of modest bi-
ases likely related to the following. (1) Atlantic surfclams are
changing their range at a rate much faster than their life span
of about 30 years, with the largest animals routinely being
20-25 years old (e.g., Powell et al. 2020b), which means that
maximum sizes are in part the product of temperatures from
years past rather than the time frame used for the model.
Overestimates inshore off New Jersey, for example, are consis-
tent with known regions of mortality post-2012 consequent
of rising temperatures and associated heatwaves (Pershing
et al. 2021; Amaya et al. 2023), suggesting that the surviv-
ing animals of large size record earlier cooler periods. Lower
condition indices observed by Marzec et al. (2010) also are
consistent with this expectation, as the effect of higher tem-
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peratures on large animals is to restrict ingestion and thus
to lower condition index. (2) Underestimates offshore and in
the south are likely due in part to recent recruitment to new
habitat (e.g., Stromp et al. 2023; Wisner et al. 2024), the off-
shore portion of which is likely consequent of the range shift
that has happened since 2012. The offshore movement doc-
umented by Stromp et al. (2023) is presaged by Weinberg et
al. (2005): Wisner et al. (2024) document recent recruitment
at the southern end of the range. As a consequence, in some
cases, the largest animals measured have yet to achieve max-
imum size. (3) Higher errors at the southern boundary of the
range also are influenced by the small L., estimates which ex-
aggerate the difference between the observed and expected
values when the original values are known only to within
5mm. That is, the apparently greater error at the southern
extreme of the range is strongly influenced by the allocation
of survey observations into 5 mm size classes, enhancing sen-
sitivity of the percent-error metric in this region.

The size-temperature rule: field observations
Figure 9 shows the estimated values of L., across the do-
main occupied by the Atlantic surfclam. Values vary from
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Fig. 8. Geographic distributions of the average percent error (pDiff) between the observed L., and the model-estimated L., for
a case where food supply was specified as 0.30 mgL~! at the extreme northeast and 0.19 mgL~! at the extreme southwest, with
values in between prorated as described in the text. White squares depict the model domain wherein either surfclams are not
found or where inadequate data were available for the comparison. Black dots along the shoreline identify primary landing
ports for the Atlantic surfclam fishery, from south to north: Ocean City, Maryland; Atlantic City, New Jersey; Pt. Pleasant, New
Jersey; New Bedford Massachusetts. Base map obtained from epsg.io; coordinates based on WGS84; map projection based on

geocentric translation.
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about 100 mm in the extreme inshore at the southern extent
of the range, rising to about 150 mm offshore. Values off New
Jersey vary from about 125 mm inshore to 160 mm offshore.
Sizes exceeding 170 mm are not seen west of central Long Is-
land and only reach or exceed 180 mm near the Great South
Channel and on the deeper regions of Georges Bank.

The model identifies two critical determinants of Atlantic
surfclam maximum size in any TMS, setting aside the trun-
cated demographics imposed by recent recruitment into new
habitat: temperature and food supply. These results are un-
surprising given the necessity of their inclusion into any
forward-projecting population dynamics model and the com-
mon observation of clinal size variation with latitude in bi-
valves (Nicol 1964; Lomovasky et al. 2011), including Atlantic
surfclams (Chute et al. 2016; Munroe et al. 2016). The lim-
ited number of observed cases in the literature documenting
a temperature-size rule in Bivalvia empirically suggests that
factors such as food supply often limit detection of tempera-
ture effects on maximum size.

Figure 10 provides empirical support for the effect of tem-
perature on S. solidissima using the NEFSC (2022), as aug-
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mented, database supporting model simulations reported
herein and bottom water temperatures obtained as described
by Spencer et al. (in press). To obtain this figure, data for the
eastern half of the domain, Block Island to Georges Bank,
were excluded. This removes from the dataset data for the
region of southern New England and Georges Bank, where
larger sizes are encountered in routinely cooler waters, well
documented by Munroe et al. (2016), Diaz et al. (2024), and
Powell et al. (2020b), and predicted herein (Fig. 9), where little
size variation occurs, where length becomes a less sensitive
metric to track responses to temperature due to the larger
sizes, and likely, as shown herein, where large size is par-
tially due to enhanced food supply. The remaining data pro-
vided in Fig. 10 include all TMSs outside of the known ecotone
with ocean quahogs, wherein recent recruitment likely influ-
ences maximum size (Stromp et al. 2023). Figure 10 records
84 size-temperature pairs and demonstrates a modest corre-
lation with size declining with increasing summer tempera-
tures (R?> = 0.183).

To further evaluate the data supporting Fig. 10, the disper-
sion of points was split into octamerous units by the quar-
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Fig. 9. Projections of L., for the period 2016-2019 based on the model specified in Fig. 4. White squares depict the model
domain wherein either surfclams are not found or where inadequate data were available for the comparison. Black dots along
the shoreline identify primary landing ports for the Atlantic surfclam fishery, from south to north: Ocean City, Maryland;
Atlantic City, New Jersey; Pt. Pleasant, New Jersey; New Bedford Massachusetts. Base map obtained from epsg.io; coordinates
based on WGS84; map projection based on geocentric translation.

ANl
=N
42°N ‘YEE
L
il
41°N = am
1 | ]
I
- ==Y
Z /
o
< 40°N
[0}
o A
- 5 i
s A
39°N
38°N
37°N
76 74 72 70 68

Longitude (°W)

D Model Domain . 100 < Linf < 120 D 140 < Linf < 160 - 180 < Linf < 200

. Linf <= 100

tiles of maximum size and August-October bottom tempera-
ture, yielding 16 octiles each with an expected occupation by
data points of 0.0625. The number of points falling into each
octile was evaluated relative to the expectation of a random
dispersion of points amongst the 16 octiles using a binomial
test. Occupation in three octiles differed from expectation.
Setting octile [x, y] to [1, 1] at the lower left in Fig. 10, oc-
tiles [1, 1] and [4, 2] had fewer TMSs than expected by chance
(P < 0.05). Octile [4, 1] had significantly more TMSs than ex-
pected by chance (0.001 < P < 0.005). Thus, smaller maximum
sizes are more likely to occur at higher temperatures and less
likely to occur at lower temperatures in the region of west-
ern Long Island to southern Delmarva, in agreement with the
expectation from the temperature-size rule, and model es-
timates (Fig. 10). The absence of a significant dispersion at
temperatures of <15 °C, commonly yielding maximum sizes
of 150+ mm, is in part explained by Fig. 3 which shows that
the variation in linear size with temperature is strongest at
temperatures above 15 °C. This is a consequence of the in-
creasing poverty of length as a useful metric for metabolic
processes as size increases, an outcome required by the al-
lometric relationship between length and biomass. That is,
at sizes of 150+ mm, larger increments in biomass are re-
quired to produce small increments in linear size (Marzec et
al. 2010), resulting in a decreased temperature signal using a

D 120 < Linf < 140 D 160 < Linf < 180

length-based metric at lower temperatures. The temperature
signal, at lower temperatures, is consequently more readily
obfuscated by other factors affecting maximum size, particu-
larly food supply.

An additional examination of size-temperature trends can
be accessed by identifying TMSs with sufficient measure-
ments in the NEFSC (2022), as augmented, database for 1997-
1999 compared to 2016-2023. The trend in increased tem-
perature over this score of years in this region is well doc-
umented (Lucey and Nye 2010; Friedland et al. 2020, 2022). A
comparison between estimates of L, using the NEFSC (2022),
as augmented, database for these two time segments shows
that maximum size in these collections has declined in 16
of 24, an incidence higher than expected by chance (bino-
mial test; P = 0.04) (Fig. 11). Amongst the southernmost half,
essentially the region of the Mid-Atlantic Bight off New Jer-
sey and Delmarva, 11 of 12 TMSs are characterized by a
decline in Atlantic surfclam size, an unlikely event given
an expectation of a 50:50 split (binomial test: P = 0.003)
(Fig. 11). Of these, the least size differential is 15 mm, itself
a substantial shift in maximum size. In the northernmost
half, approximating extreme northern New Jersey, Long Is-
land, and southern New England shelf, more than half of the
TMSs are characterized by increased size, and an even higher
percentage (4 of 5) are so characterized on Georges Bank
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Fig. 10. Ordinary least squares regression of length (L., estimates in mm) versus bottom water temperature for TMSs west
of Georges Bank, including western Long Island, New Jersey, and Delmarva, but not including TMSs in which ocean quahogs
were found. Lengths are extracted from the NEFSC (2022), as augmented, database as described in the Methods section. Bottom
temperatures are obtained as described by Spencer et al. (in press). The orange lines represent the 25% percentile, green lines
represent the median, and purple lines represent the 75% percentile of the data distribution relative to length and temperature.
The regression line is L., (mm) = —4.93 T(°C) + 222.62 (R*> = 0.183).
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(Fig. 12). As the Mid-Atlantic Bight has warmed, Atlantic sur-
fclam sizes have fallen in the south consistent with the ex-
pectations from Figs. 1, 2, and 10 and consistent with model
estimates shown in Fig. 9. The tendency for increased size
in the north is more difficult to explain as cooler waters
should have already supported a larger size. One option is
that these TMSs mark locations earlier too cold for Atlantic
surfclams, but where range expansion in the near past as pro-
vided cohorts that have increased in size over the interven-
ing decades. Timbs et al. (2019) document a shift of Atlantic
surfclams into deeper water in this region, and Powell et al.
(2020b) provide a pertinent example for the region east of
Nantucket.

Discussion

The temperature-size rule, von Bertalanffy
growth, and fecundity

Of concern is the degree to which the temperature-size
rule, as modified by variations in food supply, is a primary de-
terminant of the size—frequency distribution relative to com-
peting factors such as size- or age-dependent natural mortal-
ity rates and size truncation by fishing. Since at least the time
of Piitter (1920) and von Bertalanffy (1938), the influence of

the differential allometric scalings of surface-area-dependent
and volume-dependent processes has received scrutiny as
an explanation for a range of phenomena dependent upon
measures of size. The widespread presence of a relationship
between maximum size and temperature is well-described
for a vast host of gill-bearing species with a range of po-
tential explanations, commonly including the limitation of
gill surface area in the uptake of oxygen (Mills et al. 2024;
Sampognaro and Segura 2024; Lavin et al. 2022; Pauly et al.
2022). Although the same limitation might be anticipated
in bivalves, the dominance of the gill as a feeding organ
in comparison to a ventilatory organ (Jergensen et al. 1986)
places a more profound physiological limit on metabolic en-
ergetics. As a consequence, temperature and food supply
exert a primary control and together determine maximum
size, expressed normally for bivalves by the von Bertalanffy
parameter L.

Jensen (1997) identified an inverse relationship between
the growth rate as expressed by the von Bertalanffy pa-
rameter K (Brody’s K! ) and L.,. This inverse relationship
is anticipated by the influence of temperature accelerating
growth at small size and disproportionately capping growth

1The origin of the moniker precedes Brody (1945). Weymouth et al.
(1931) use the identifier and recognized Brody et al. (1923) as the
basis for the eponymy.
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Fig. 11. The differential in length (mm) between the L, obtained for the years 1997-1999 from the NEFSC (2022), as augmented,
database and the L, obtained for the years 2016-2023 from the same database for the region west of Georges Bank, including
Long Island, New Jersey, and Delmarva. Comparisons are based exclusively on observation data. Positive numbers indicate a
larger length for the 1997-1999 period. Thus, a value of 15 indicates that the L, for years 1997-1999 was 15 mm larger than
the L, for years 2016-2023. Partitions identify the medians. Grid cell numbers on the axes as defined in the text are in 10 min
intervals with cell [1, 1} located at latitude 37°N and longitude —76°W. Note that latitude increments with increasing grid
number on the y-axis from 37°N to 39.5°N, and longitude increments with increasing grid number on the x-axis from —76°W

to —74°W.
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at large size and is both anticipated theoretically (e.g., Klinck
et al. 2023) and observed (Weymouth et al. 1931; Bauer 1992;
Borsetti et al. 2021; Queiros et al. 2024). Information gath-
ered from datasets summarized by Munroe et al. (2016) and
NEFSC (2022) yielded an analogous relationship (Spencer et
al. in press) reproduced here

K =0.8144 — 0.0035 x Lo

Although considerable variability exists (see also Weinberg
1998; Chintala and Grassle 2001; Diaz et al. 2024), the rela-
tionship is clearly inverse. Taking the derivative of the von
Bertalanfty equation specifies the growth rate as

G(A) = KLe ™

where G is the growth rate and A is age. The growth rate at
birth (settlement) is

G(A=0) =KLy

which is the largest growth rate (see also Calow 1977). Assum-
ing the von Bertalanffy growth model adequately describes
bivalve growth, any process supporting an increase in L.,
should be accompanied by a decrease in ontogenetic growth
rate, which is observed. The inverse relationship in the case of
the Atlantic surfclam is determined by the differential tem-
perature dependencies of assimilation and respiration (Fig.
3). In essence, at higher temperatures, juvenile growth effi-
ciency is higher relative to respiration than at cooler tem-
peratures, but respiration rate rises more rapidly due to the

higher temperatures, thereby more quickly capping maxi-
mum size.

The inverse relationship of growth rate and L, has consid-
erable impact on lifetime fecundity, an important parameter
related to fitness (Bell 1980; Baskett et al. 2005; Charnov et al.
2007). Based on the relationships expressed in Figs. 1, 2, and 3
relating size to temperature, a relationship between lifetime
fecundity and temperature can be expressed, given a few as-
sumptions. Besides the recurring caution related to food sup-
ply and filtration rate, for any temperature-size relationship
defined under a specified assimilation rate, the principal un-
certainty is the allocation of energy to gametogenesis. Typ-
ically, that allocation can be expressed in terms of the ga-
mete fraction of body weight upon spawning; however, this
fraction is notoriously variable within the bivalves (Powell
and Stanton 1985), with Crassostrea gigas probably holding the
record with a gamete fraction near 50% (Kang et al. 2003;
Cardoso et al. 2013). More commonly, the gamete fraction
falls near 20%-25% (Powell and Stanton 1985). The gamete
fraction for S. solidissima is unknown; for convenience, a value
of 20% is used here. Several bivalve modeling efforts have
incorporated explicitly or implicitly the possibility that the
largest animals may have a reduced rate of egg production
per gram either due to a direct constraint on gamete fraction
at large size or to a restriction in the frequency of spawn-
ing (e.g., Choi et al. 1994; Hofmann et al. 2006). Although
assumed by Munroe et al. (2013a), the relationship has not
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Fig. 12. The differential in length (mm) between the L,, ob-
tained for the years 1997-1999 from the NEFSC (2022), as aug-
mented, database and the L., obtained for the years 2016-
2023 from the same database for Georges Bank. Comparisons
are based exclusively on observation data. Positive numbers
indicate a larger length for the 1997-1999 period. Thus, a
value of —19 indicates that the L., for years 1997-1999 was
19mm smaller than the L, for years 2016-2023. Partitions
identify the medians. Grid cell numbers on the axes as de-
fined in the text are in 10 min intervals with cell [1, 1} located
at latitude 37°N and longitude —76°W. Note that latitude in-
crements with increasing grid number on the y-axis from
39.7°N to 40.1°N, and longitude increments with increasing
grid number on the x-axis from —71.2°W to —50.2°W.
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been shown for S. solidissima and a declining gamete fraction
at larger size is not included in estimates provided here. For
convenience, calculations assume a cohort of 100 individu-
als, a natural mortality rate of 0.15 year™! as specified by
NEFSC (2022), assuming 1% of the cohort remains at the lifes-
pan of 30 years (Hoenig 1983), and a fishing mortality rate of
0.015 year~! (see NEFSC 2017) assuming a fully selected size
of 100 mm. Spawning for Atlantic surfclams often includes a
late spring/early summer spawn and a fall spawn (Ropes 1968;
Jones 1981). The degree to which temperature influences the
timing and number of spawns per year is poorly known. Cal-
culations assume one spawn per year. Relationships specifi-
cally used include:

Lo=Le (1 - e’k")

W, = aLg
N, = Noe~(m+/a
G, = N;W,E
A=0max
Lifetime Fecundity = Z Ga
a=mat or sl

where L is length (mm), L, is the maximum size based on a
stipulated temperature (mm), a is age (years), k is Brody’s K
(vear~!), W is flesh weight (gm), « and B are allometric pa-
rameters, Ny is the number of females born into the cohort,
m is the natural mortality rate (year—!), fis the fishing mor-
tality rate (year!), E is the gamete fraction, mat is the age at

* Canadian Science Publishing

maturity (years), sl is the age at the size limit (years), dmax 1S
the maximum age (years), and G is the egg production (gm).

Figure 13 shows that lifetime fecundity declines with in-
creasing temperature. Lifetime fecundity is determined pri-
marily by the number of years at large size which is influ-
enced by the size at L., and the rapidity of growth to that size
as specified by Brody’s K. As temperature increases, the more
rapid early growth rate (higher Brody’s K) does not counter-
weigh the cap on size imposed by the temperature effect on
L. Variations in food supply scale the effect. The pattern is
retained regardless of the inclusion of fishing; in this case a
representative fishing mortality rate of 0.015 year—! is used in
comparison to the no-fishing case (NEFSC 2022). Thus, higher
temperatures rob the species of reproductive potential, as-
suming, of course, the appropriateness of the conditions for
calculation as specified.

Management implications and the
temperature-size rule: catch size-limits in

bivalves

Size limits have been used for fisheries management to re-
strain total catch and to limit recruitment overfishing (e.g.,
Williams and Blood 2003; Henderson 2009; Powell et al.
2010), in turn often accompanied by increased discard mor-
tality (e.g., Borges et al. 2006; Coggins et al. 2007; Powell et
al. 2011). Although some have examined size limits as they
influence population dynamics (van Wynsberge et al. 2013;
McIntyre et al. 2015; Moore et al. 2016; LeDoux et al. 2023),
size limits in shellfisheries are often imposed to maintain size
consistency in the marketplace (Berrigan et al. 1991; Powell
et al. 2005; Bald et al. 2009), and market forces may impose
size limits de facto (Powell et al. 2005). Overall, rigorous eval-
uation of the use of size limits in managing shellfisheries has
been rare (e.g., Kraeuter et al. 2008; Moore et al. 2016). The
challenge in using size limits to restrict harvest for the pur-
poses of supporting sustainable management is the common-
place maturity at sizes well below maximum size and well be-
low marketable size (e.g., Powell and Stanton 1985), permit-
ting spawning to begin months to years prior to recruitment
into the fishery, and the absence of a relationship between
broodstock and recruitment (Hancock 1973), except in a few
unusual circumstances (e.g., for oysters—Hemeon et al. 2020;
for abalone—Harford et al. 2019; for scallops—Munroe et al.
2018; for whelk—Borsetti et al. 2018: but see examples of se-
vere overfishing imposing a broodstock limitation; Peterson
and Summerson 1992; Peterson 2002; Kraeuter et al. 2005).

A consideration of the influence of the temperature-size
rule with respect to the usability of a size limit to benefit
population dynamics and sustainable management has not
occurred. Spisula solidissima is a prototypical bivalve in sev-
eral respects relative to the conundrum of the potential use
of size limits in management exclusive of regulating size
in the marketplace. Bivalves mature at size, not age (Powell
and Stanton 1985). Spisula solidissima matures in its first year
(Chintala and Grassle 1995) at a size much smaller than an-
ticipated from bivalves as a whole (Powell and Stanton 1985)
and well below the size typically fully selected by the gear
(100-120 mm; NEFSC 2017). A broodstock-recruitment rela-
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Fig. 13. Lifetime fecundity for cohorts living at designated temperatures under the proviso that the natural mortality rate
is 0.15 year~!, under stipulated food supplies of 0.15mgL~! (purple), 0.19 mgL~! (dark blue), 0.26 mgL~! (dark green), and
0.30 mg L~! (light blue), with and without fishing. Fishing mortality rate is set at 0.015 year~! for the comparisons to F = 0.
Maturity is set at 35 mm. In each case, von Bertalanffy parameter L., increases and k decreases as temperature declines as
modulated by food supply (see earlier figures). Steps in each line originate from the interaction of an assumed 1-spawn per

year time step with the growth rate.
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tionship does not exist (Timbs et al. 2018; NEFSC 2022); steep-
ness is estimated at 0.95 (NEFSC 2022; Hennen et al. 2018).
Recruitment is shown to be influenced by larval supply (Ma
et al. 2006; Czaja et al. 2023) but early post-settlement sur-
vival is a primary determinant (Quijén et al. 2007; Timbs
et al. 2018), as is often the case for bivalves (Powell et al.
1994; Olafsson et al. 1994; Beukema and Dekker 2019). Con-
sequently, population fecundity is unlikely to directly influ-
ence recruitment, and particularly recruitment into the fish-
ery.

For Atlantic surfclams, a regulatory size limit is set at 4.75
in (120.65 mm). Figure 14 shows a comparison of lifetime fe-
cundity focused on the fraction of lifetime fecundity retained
by avoiding capture in the size range of 100-120 mm, assum-
ing a fishing mortality rate of 0.015 year~!, consistent with
observations (NEFSC 2022), and imposing a 100 mm Kknife-
edge dredge selectivity. For most hydraulic dredges, selectiv-
ity drops precipitously at sizes less than 100 mm. The estima-
tion of the impact of the 120 mm size limit on lifetime fecun-
dity assumes that smaller animals are not boarded or that
discards have high survival. Discard mortality is unmeasured
for Atlantic surfclams and is likely highly variable depending
on the design of sorting machinery on the fishing vessel (e.g.,

\
\
\
17.5 19.5 21.5 23.5
Temperature (°C)

--0.15 (g/L) With Fishing
--0.19 (g/L) With Fishing
--0.26 (g/L) With Fishing
--0.30 (g/L) With Fishing

roller table vs. shaker table). Here, 100% survival of discards
is assumed.

The influence of a size limit increases rapidly once the
maximum size permitted physiologically drops close to the
size limit. The total contribution to fecundity by a cohort of
100 individuals, however, also declines substantively (Fig. 13).
Over much of the temperature range, the Atlantic surfclam
fishery reduces lifetime fecundity by about 10%-20%. This sta-
bility accrues from the primary loss being contributed by the
larger animals targeted by the fishery: some of these animals
otherwise would live for many additional years and provide
substantive egg production during that portion of their life-
time. In comparison, the largest proportional benefit of a
size limit accrues in regions where the temperature-size rule
restricts lifetime fecundity. In the case of the Atlantic surf-
clam, that region of greatest influence is the region where
temperatures rise to 18-20 °C, temperatures very near the
high-temperature limit of the species’ range (Spencer et al. in
press), leaving little leeway for the size limit to influence the
sustainability of the stock. In other words, lifetime fecundity
is limited when maximum size is limited and, although a size
limit increases potential egg production, that increase is also
limited. In addition, as food supply increases, the importance
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Fig. 14. The fraction of lifetime fecundity retained in the fished population by a 120 mm size limit, based on a natural mortality
rate of 0.15 year~!, a fishing mortality rate of 0.015 year—!, and a knife edge selectivity for the fishery at 100 mm, assuming
food supplies 0f 0.18, 0.19, and 0.20 mg L~!. If the 120 mm size limit was completely ineffective, a value of 0 would be obtained.
See Fig. 13 for further specifications. Note that the jaggedness of the plot originates from the assumption of one spawn per
year, which imposes steps of varying dimensions depending on the precise timing of the increments in age within and between

size classes.
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of the size limit, already constrained to a narrow range of
temperatures, gradually becomes restricted to temperatures
well above optimal, thus becoming inconsequential in deter-
mining the fecundity of the stock (Fig. 14). Thus, a size limit
has primary influence under temperatures where physiolog-
ical constraints already severely limit the contribution of the
local population to the fecundity of the stock, minimizing
any influence on stock population dynamics.

Spisula solidissima also lives in a region primarily character-
ized by a downcoast larval drift (Zhang et al. 2015, 2016), and
hydrodynamics can influence regional recruitment (Czaja et
al. 2023). Thus, for this species, a size limit influenced by a
temperature restriction on maximum size also imposes its
primary effect in a region inferred to be a sink, not a source,
of larvae. Although not considered further here, details of
connectivity certainly will influence the usefulness of a size
limit imposed for purposes of sustainable management of
any bivalve stock (Baskett et al. 2005; Munroe et al. 2013b,
2014; Alzate and Onstein 2022).

«0.19 (mg/L)

+0.20 (mg/L)

Conclusions

A temperature-size rule resulting in larger size at lower
temperatures is well-described throughout the poikilotherm
taxa, terrestrial, freshwater, and marine. Bivalves vary from
the commonly accepted physiological basis in having size de-
termined by ingestion and respiration rather than the dy-
namics of oxygen uptake and use. This physiology is well de-
scribed, yet empirical support for a temperature-size rule is
remarkably poorly documented. Herein is considered a pro-
totypical large bivalve, S. solidissima, the size of which is large
enough and the range extensive enough that identification
of variations in size across geographic expanses should be
readily obtained. A temperature-size relationship is identi-
fied for this species, first anticipated based on models of the
species’ physiology and second empirically; however, the clar-
ity of the empirical evidence is strongly influenced by food
supply, particularly under conditions when temperature per-
mits a large maximum size. Likely, throughout the Bivalvia,
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food supply routinely imposes variations in size restricting
detection of the temperature effect.

Spisula solidissima, like most species in the northwestern
Atlantic, is shifting its range in response to rapidly warm-
ing temperatures. Considerations of the impact of this range
shift on the species, the community, and the fishery must in-
clude a recognition that declining size on the trailing edge of
the range is an expectation unless countered adventitiously
by an increase in food supply. Size-dependent management
measures will be impacted by this dynamic, with the physio-
logical constraint on size likely limiting the effectiveness of
any size limit expressed for biological purposes.

Models of range shift dynamics routinely examine changes
in geographic occupation over time, and many address range
boundary effects as a product of the dynamics of recruitment
and mortality (e.g., Hughes et al. 2007; Garnier and Lewis
2016; Fredston-Hermann et al. 2020; Sirén and Morelli 2020).
Herein is presented one more critical aspect of this popu-
lation dynamics, the influence of changing temperature on
the size-frequency distribution and regional productivity of
the stock. For bivalves, such as S. solidissima, including con-
sideration of the influence of temperature on demographics
is an important piece of the range shift dynamics that de-
serves increased attention in biological models of and man-
agement responses to warming temperatures (Woodin et al.
2013; Mangano et al. 2020). To the extent that the primary
influence on population dynamics most often will be concen-
trated at the trailing edge boundary, as is the case with S. so-
lidissima, the influence of the temperature-size rule is likely
to be primarily an issue of curtailment of landings by the fish-
ery rather than provision of any substantive opportunity to
develop regulatory options for sustainable management.
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