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College of William and Mary, 1370 Greate Rd, Gloucester Point, VA 23062

ABSTRACT The ocean quahog, Aretica islandica (Linnaeus 1767), is a commercially important species along the western Atlantic
continental shelf. It is a long-lived species, frequently reaching ages over 200 y. Uniquely, it is one of the few bivalves to display sexual
dimorphism, in that females grow to sizes larger than those of males. This phenomenon is believed to occur because males reach sexual
maturity. before females and, thus, have slower growth rates earlier. The growth rates of A. islandica from four sites across the Mid-
Atlantic Bight, Georges Bank, Long Island (LI), and north and south of. the Hudson Canyon, were measured to. determine patterns.
in growth between males and females. Females begin to outgrow males between the ages of 5 and 15 y at sizes 50-55 mm, though this
varies amongst the sites and between decades. Each of the sites is unique in some way, but three sex-dependent growth dynamics are
observed. Most commonly, the two sexes diverge in size with females outpacing males in growth rates after the first 5-15 y of life. This
outcome occurs at all sites and is generally the most common outcome across decades. In a few cases, female growth rates outpace the
males very early in ontogeny. Such cases occur at two sites north of Hudson Canyon, both on the LI continental shelf. Most rarely, the.
two.sexes maintain similar growth rates. This is observed for a few decades at the most southern site. In the population as a whole, these
rare outcomes have limited influence on the population so that female-to-male ratio consistently increases with increasing size. This.
sexually dimorphic growth is not caused by protandry, nor is it compensation for a differential mortality rate between the sexes. Cases
where males grow as fast as females may be just as easily indicative of a constraint on female growth as a facilitation on male growth.
Egg sizes in A. islandica are larger than those of most other bivalves with planktotrophic larvae. Accordingly, another viable hypothesis
is that differential growth is an adaptation to support the large egg sizes in females, where larger female size is essential to. counterweigh
the consequent reduced fecundity due to larger egg volume.

KEY WORDS: ocean quahog, Arctica islandica, sexual dimorphism, Mid-Atlantic Bight, growth rate

INTRODUCTION 1979) with cases of protandry and sequential hermaphroditism
being most common [e.g., some oysters (Orton 1927, Coe 1934,
Dinamani 1974); pearl oysters (Chavez-Villalba et al. 2011);
and arc shells (Peharda et al. 2006)]. Cases of dwarf males
are rarer still (teredinids, Turner & Yakovlev 1983); however,
evidence of size-based sexual dimorphism has been found in
A. islandica (Ropes et al. 1984a, Fritz 1991, Steingrimsson &
Thoérarinsdottir 1995, Thorarinsdéttir & Steingrimsson 2000,
Hemeon et al. 2021).

Generally, Arctica islandica grow very rapidly in their youngest
years of life, sometimes as much as 10 mm or more in a single
year. After they reach 20-30 y of age, their growth rate drastically
decreases—this is theorized to coincide with the onset of sexual
maturity (Begum et al. 2010, Morton 2011). Steingrimsson and
Thérarinsdéttir (1995) found in an Icelandic population that most
clams reach maturity at 55 mm but at different ages. Age and size
at maturity is not consistent across this species, however. In a 1984
study, Ropes et al. (1984a) found in a population off Long Island
(LI) that gonadal development (and, thus, sexual maturity) can
begin when animals are as young as 3-5 y old, between sizes 33 and
38 mm, with complete differentiation occurring between 5 and 18 y,
at sizes 47-55 mm. At each stage in differentiation, males were
both younger and smaller than females (Ropes et al. 1984a). These
observations have been supported by Thompson et al. (1980b) and
Rowell et al. (1990).

"Corresponding Author. E-mail: jillian.sower@usm.edu . As Arc.ti?’a fst'a..?rcf‘fca_ age,..males. and .fema.les consistently
#Current Affiliation: Abernathy Fish Technology Center, U.S. Fish and display distinct differences in overall size: females tend to
Wildlife Service, 1440 Abernathy Creck Rd, Longview, WA 98632, USA ~ dominate size classes larger than those of males (Ropes et al.
DOI: 10.2983/035.041.0304 1984a, Hemeon et al. 2021, Hemeon et al. unpublished). Based on

The ocean quahog (Arctica islandica) is an infaunal, non-
colonial species that ranges from Newfoundland, Canada, to
Cape Hatteras, NC, USA, and from the Bay of Cadiz in Spain
to Iceland and Norway (Cargnelli et al. 1999a, Dahlgren et al.
2000, Ballesta-Artero et al. 2017). This species supports a
commercially important fishery along the western Atlantic
continental shelf, valued at $9.1 million and producing more than
11.3 million pounds of meat in 2019 (MAFMC 2021). Despite
the economic importance of this species, many of its life his-
tory traits remain poorly known, such as the degree of sexual
dimorphism in this species (Hemeon et al. 2021, Hemeon et al.
unpublished) and the biological origin. Sexual dimorphism can
present itself as differences in size, coloration, or some other
morphological characteristic and is frequently encountered in
many marine species, such as flatfish (Morse 1981, Shuozeng
1995, Nichol 1998), sharks (Henderson et al. 2002), shrimps,
and other decapods (Brusher et al. 1972, Garcia-Rodriguez
et al. 2000, Colloca 2002). Sexual dimorphism is reported in
some gastropods (Fotheringham 1971, Soong & Chen 2003,
Gonzalez-Vallejo 2008), but among gastropods, protandry. is
more common (Robertson 1981, Collin 2006). In comparison
to gastropods, sexual dimorphism in bivalves is rare (Sastry
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these same studies, some have hypothesized that the difference
in overall size between males and females is that males mature
at a younger age (Thoérarinsdottir & Steingrimsson 2000).
To. explore this hypothesis further, the growth increments of
four populations of A. islandica from the Mid-Atlantic Bight
(MAB) and Georges Bank (GB) were examined to define sta-
tistically when during ontogeny sex-based differences begin to
occur. Environmental factors were also analyzed to determine
potential causes for these observed differences in growth by site.

MATERIALS AND METHODS

Sample Collection

In 2017 and 2019, Arctica islandica were collected from four
different sites along the MAB for age-frequency analysis and
the creation of age-length keys. These sites are located on GB,
off LI, and north (NJ1) and south (NJ2) of Hudson Canyon
off New Jersey (see Table 1, Fig. 1). Each clam was shucked,
sex was determined, processed for aging (for methods, see Pace
et al. 2017a, Hemeon et al. 2021), and analyzed to determine
age frequencies and growth rates.

Aging and Growth Measurements

This species deposits growth lines in their umbo each year
(Jones 1980, Thompson et al. 1980a), termed annuli. Murawski
et al. (1982) and Ropes et al. (1984b) confirmed these lines as
yearly increments, permitting Arctica islandica age determina-
tion. Images of the umbo region of each animal were taken
using a combination microscope and camera (example image in
Fig. 2). These images were then uploaded into the opensource
software ImageJ with the Object] plugin (see Pace et al. 2017a,
2017b for more information). Each annulus was marked using
this software to determine age, and the distance between
markers was calculated in pixels. Pixel distance was first con-
verted to a proportion of growth per year, then translated to
total length in mm to. get total growth per year using the overall
length of each clam.

Dataser Organization and Environmental Mitigation

Maturity and sexual differentiation in Arctica islandica can
occur at 5 y old or younger (Thompson et al. 1980b, Ropes et al.
1984a, Rowell et al. 1990, Thorarinsdottir & Steingrimsson
2000, Morton 2011). Analysis of the present dataset is premised
on the hypothesis that growth rates should be similar between

TABLE 1.

Locations of each of the four study sites in decimal degrees.

Date .

Site Collected Latitude Longitude Depth (m)
GB 2017 40.72767 N —67.79850 W 72.5
LI 2017 40.09658 N —73.01057T W 47.5
NI 2019 39.840556 N —72.821667 W 60.0
NJ2 2019 39.33N —73.122778 W 62.5

GB, Georges Bank; LI, Long Island; NJ1, Northern New Jersey; NJ2,
Southern New Jersey.
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Figure 1. Sample locations. From north to. south, sites are Georges
Bank (GB), Long Island (LI), New Jersey north (NJ1), and New Jersey

south (NJ2).

sexes prior to sexual differentiation, with possible divergence
following the onset of maturity. Hemeon et al. (2021) demon-
strated that growth dynamics in 4. islandica are a function of
integrated conditions but highly dependent on birth year within
the same population so that size at age varies by birth year. For
example, animals born in the 1920s were potentially subject to
different bottom water temperatures compared with those born
during the 1990s, substantively impacting growth rates at an
early age when growth rates were high. Consequently, analy-
sis. was further refined to evaluate variations of growth at age
between sexes by decade of birth.

The age range of Arctica islandica in these datasets spans
13-310 y, and each dataset contains over 600 aged animals
(Hemeon et al. 2021, Hemeon et al. unpublished, Sower et al.
unpublished). To facilitate analysis, each animal was assigned
to its respective birth decade. Although year-to-year differences
may be important, assigning animals into. their respective birth
decades and analyzing them within these groups increased sta-
tistical strength and permitted multidecadal comparisons to
mitigate growth differences imposed by birth year and subse-
quent lifetime-integrated environmental conditions. Decades
assigned with fewer than 10 males and 10 females born were
discarded to prevent error in statistical analysis due to low
sample size, as were cases where the same decade was not
represented by all four collection sites. As a result, four decades
were identified with sufficient males and females born across all
four sites, 1910-1940, and five decades were identified in three
of the four sites, 1910-1950. Only GB was lacking sufficient
animals in the 1950s.

Sample Analysis

Growth rates of males and females born each decade were
averaged across 5-y increments in mm (i.e., age classes) between
the ages of 5 and 50 y. The average growth rates were then com-
pared using Welch’s 7-test. Welch’s test is preferred over Student’s
test for smaller sample sizes and is more Type I error robust when
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Figure 2. Arctica islandica hinge plate with prominent annuli, indicated by arrows.

sample sizes differ (Welch 1938, 1947, Derrick et al. 2016). Welch’s
test also performs as well as the nonparametric Mann—Whitney
U test when variances are equal and better when variances are
unequal (Ruxton 2006). To check this, the outcomes from the two
tests for a subset of the data were compared.

The P value obtained from Welch’s test was used. as a met-
ric to track when the difference in growth became apparent
between males and females, with P < 0.05 set as the primary
threshold indicator. The growth increments at each age class
were also summed per animal and then averaged for each sex to
determine an average length at age. Each site was then analyzed
over time to determine whether any patterns unique to said site
became apparent.

Cold Pool Dynamics

The southern extension of the range of Arctica islandica into
the MAB is facilitated by the Cold Pool, an annual band of cooler
bottom water generated by thermal stratification that forms in the
spring and breaks down in the fall (Lentz 2017, Friedland et al.
2020). The southern and inshore portion of the Cold Pool varies
yearly in the MAB (Sha et al. 2015, Chen et al. 2018, Friedland
et al. 2022). The Cold Pool generates strong onshore—offshore
gradients in summer bottom water temperature and also varies
downcoast year to year (Houghton et al. 1982, Ou & Houghton
1982, Lentz 2017, Chen et al. 2018, Chen & Curchitser 2020),
potentially causing important differences in local bottom water
temperatures at each site and over time. Consequently, to deter-
mine what aspects of the Cold Pool may have impacted growth
in these four populations, monthly averaged bottom water
temperature data estimated from the Doppio hydrodynamic
model (Lopez et al. 2020) were accessed for 2016-2019.

RESULTS

Statistical Tests

Welch’s t-test was used in lieu of Student’s test and per-
formance compared with the alternative nonparametric
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Mann-Whitney U test using a subset of the sites and decades.
Though results were not exactly the same, patterns were consis-
tent (Table 2).

Site-Specific Trends

Georges Bank

A total of 233 animals born in the decades 1910-1940 were
analyzed from GB. Early in ontogeny, the growth rates of males
and females did not differ significantly for any decade. A
significant difference in growth between males and females
was reached by age 10 for the 1910s, by age 15 for decades
1920-1930, and. at age 30 for the 1940s (Fig. 3). Mean lengths
at the significant age reached for males and females for these
decades, respectively, were: 1910, 48 mm, 52 mm; 1920, 55 mm,
59 mm; 1930, 56 mm, 61 mm; and 1940, 68 mm, 72 mm.
Differences in lengths at these thresholds were 3-5 mm, with
the difference continuing to increase as the clams grew older
(Fig. 4). By age 50, these differences were magnified. For exam-
ple, females were at least 4 mm larger at 83 mm compared with
79 mm in males for animals born in the 1940s (Table 3), and
females were 9 mm larger, at 84 mm compared with 75 mm in
males, for animals born in the 1910s.

TABLE 2.

Welch'’s r-test results compared with Mann—Whitney U (MWU)
test results per birth decade at two sites with the highest number
of animals born.

Welch’s r-test MWU test
Decade Site Age (P value) (P value)
1940 NJ1 5 0.5028 0.5704
- - 10 0.2111 0.1523
- - 15 0.003235 0.003372
1990 NJ2 5 0.0747 0.0951
- - 10 0.003029 0.002392

NIJ1, Northern New Jersey; NJ2, Southern New. Jersey.
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Figure 3. Trends in P value per decade obtained using Welch’s r-test for
animals from Georges Bank. The horizontal gray line indicates an alpha
value of 0.05. Values falling below this line were considered statistically.
significant.

Long Island

A total of 377 animals across five decades were analyzed
from LI. Early in ontogeny, the growth rates of males and
females did not differ significantly for three of five decades and
four of five discounting the first few years of life for the 1910s
(Fig. 5). The 1950s diverged from this pattern in that male and
female sizes were significantly different throughout ontogeny.
For the remainder, male and female sizes in three of the decades
diverged significantly or nearly so at ages 25-35: 1910, 1920,
and 1940. For the 1930s, significance was reached at age 15.
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Figure 4. Growth ditferentials for female and male Arctica islandica at

Georges Bank for animals born during the decades 1910-1940. Dashed

line = females, solid line = males.
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In contrast, male and female sizes were significantly different
in the 1950s at all ages (Fig. 5). Sizes reached at the age when
males and females diverged. significantly, however, were often
consistent.. In. 1910, and 1940, females were 70. mm and males
65-67 mm (ages 35 and 30 y, respectively, Table 4, Fig. 6). In
1920, the P value was nearly significant at age 30 when again
females were 70 mm and males 67 mm. In 1930, significance
was reached at age 15 when females were 57 mm and males 53
mm (Fig. 6). Overall, females consistently began to outgrow
males by at least age 25 and were larger than males by 3-7 mm
by age 50.

Northern New Jersey (NJ1)

A total of 438 animals were analyzed from NJI1. Early in
ontogeny, the growth rates of males and females did not differ
significantly for three of the five decades, 1920-1940, though
1920 was nearly significant at age 5. For 1930 and 1940, females
diverged significantly by ages 12 and 14, respectively (Fig. 7).
In the remaining two decades, 1910 and 1950, females out-
grew males significantly in the first few years of life. In all five
decades, females and males displayed significantly different
growth by age 15. In 1910, females initially were much larger
at 30 mm than males at 22 mm (Fig. 8, Table 5). This differ-
ence became as large as 11 mm by age 40. In the 1950s, females
were only 4 mm larger than males at age 5 at 29 mm, and only
reached a maximum difference of 6 mm at age 30. In the 1920s,
females were 4 mm larger at 46 mm than males at age 10, with
a maximum difference of 6 mm reached at age 30 (Fig. 8). In
the 1930s, females were 5 mm larger than males at 57 mm at age
15, and differences between the two reached 6 mm by age 50,
when females were 80 mm. In the 1940s, females were only 3
mm larger than males at age 15, with an average size of 56 mm.
By age 50, this difference grew to 5 mm, with females reaching
an average size of 81 mm (Fig. 8).

Southern New Jersey (NJ2)

A total of 172 animals were analyzed from the NJ2. This
site has the broadest age distribution in the population age
frequency (our unpubl. data), with high numbers of animals
born in decades that did not contain 10 each of males and
females at other sites. The differential in growth dynamics
between males and females is vastly different at this site in
comparison with the other three sites. Males and. females
diverged significantly in size in three decades, two at age
35 and one at age 40 (Fig. 9). For the other two decades,
males and female sizes remained similar throughout ontog-
eny and did not display significant differences in size at any
age. These are the only two such cases in the entire analyzed
dataset across all four sites.

For cases where males and females did diverge in size, this site
had the smallest size differences between males and females when
significance was reached. Consistently, females only reached sizes
3 mm larger than those of males by age 35 (Fig. 10, Table 6).
As was observed at the other three sites, females continued. to
grow larger relative to males as time passed, reaching up to 5 mm
maximum difference in the 1920s decadal group by age 50. In the
1930s and 1940s, however, males and females remained similar
in size throughout the 50-y timeline. Interestingly, in the 1930s,
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TABLE 3.

Average lengths (mm) of males (M) and females (F) at Georges Bank at each age and decade.

Age (year)
Decade Sex 5 10 15 20 25 30 35 40 45 50
1910 M 33.98 47.98* 54.69 59.66 63.87 66.95 69.39 71.68 73.60 75.29
F 36.38 51.94% 60.33 66.23 70.75 74.41 77.62 80.08 82.17 84.02
1920 M 36.24 51.97 55.79% 60.50 64.09 66.85 68.87 70.63 72.38 74.05
F 36.65 49.42 59.20% 65.05 69.11 72.09 74.33 76.54 78.60 80.37
1930 M 37.07 50.73 56.90*% 61.35 64.84 66.82 69.54 71.30 73.16 74.96
F 38.33 53.14 61.15% 67.02 71.26 74.26 76.48 78.82 80.84 82.61
1940 M 37.13 52.31 58.99 64.69% 68.58 71.32 73.42 75.54 77.83 79.75
F 37.90 52.98 60.74 67.25% 71.82 74.93 77.29 79.52 81.71 83.86

* Denotes at which age and corresponding length statistical significance (P. < 0.05). was reached.

1.000 females were noticeably larger than males at age 5, but these dif-
Decade ferences diminished over time. In 1940, though significance was
5 .
i we: SoD never reached, females were consistently 2 mm larger than males
w1920 at 72 mm average length by age 35.
- -- 1930
H E == A0 Ci on trends
’,\ .-+ 1050 ~ommaon 1ren

At all sites and for nearly all decadal groups, females were
larger than males at each year class after early ontogeny. Only
in a few instances in the earliest age classes (5-10) were males
sometimes the same size as females, or 1-2 mm larger. In these
decadal groups, however, females almost always grew to larger
sizes than males, even if by only 1-2 mm, by age 50. Females
typically began to outgrow males by age 15, even if differences
were not statistically significant. At this age, across decadal
groups, the lengths of both males and females ranged from 47
to 61 mm, with an average of 56.3 mm and a SD of 2.92 mm.
Only one group displayed an average length below 50 mm, the
males aged 15 in 1910 at NJ1. The only three groups to reach
or exceed 60 mm average growth were all females at GB, in the
Figure 5. Trends in P values obtained using Welch’s r-test for animals decadalgroupts 1910, 1930,and1940..T.'he averagesize of malesat
from Long Island. The horizontal gray line indicates an alpha value of ~ age 15 acrosssites and decadal groupsis 53.87 mm, SD 2.75 mm,
0.05. Values falling below this line were considered statistically significant. ~ and the average size of females is 56.70 mm, SD 2.42 mm.

0.25

0.00;

TABLE 4.

Average lengths (mm) of males (M) and females (F) from Long Island at all ages and decades.

Age (year)
Decade Sex 5 10 15 20 25 30 35 40 45 50
1910 M 25.78 46.06 53.83 59.13 62.20 65.02 67.74% 70.36 72.71 74.86
F 31.77 43.39 54.61 60.33 64.59 67.90 70.76* 73.32 75.59 71.82
1920 M 29.59 45.95 56.26 61.11 64.27 67.09* 69.93 72.29 74.29 75.88
F 30.67 47.57 56.43 62.98 67.07 70.26* 72.86 74.79 76.72 78.62
1930 M 30.18 46.08 53.99* 59.53 63.28 66.08 68.46 70.40 72.18 73.96
F 32.55 48.90 57.09* 62.59 66.63 69.81 72.26 74.16 76.13 717.94
1940 M 35.53 50.96 57.42 62.03 65.08 67.39* 70.63 70.91 72.69 74.74
F 34.22 50.05 57.84 63.36 67.01 69.63* 71.75 73.72 76.06 78.43
1950 M 33.30* 47.52 54.65 59.54 62.54 64.85 66.79 69.28 71.74 73.69
F 36.74* 51.47 59.01 63.90 67.28 70.13 72.52 75.10 77.87 80.22

* Denotes at which age and corresponding length statistical significance ( P. < 0.05) was reached.
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Figure 6. Growth differentials for male and female Arctica islandica for Long Island for animals born during the decades 1910-1950. Dashed line = females,

solid line = males.
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Figure 7. Trends in P values obtained using Welch's r-test for animals from
Northern New Jersey. (NJ1). The horizontal gray line indicates an alpha value
of 0.05. Values falling below this line were considered statistically significant.
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DISCUSSION

Sexual Dimorphism

Hemeon et al. (2021, unpublished) detailed the differ-
ential in sizes between male and female Arctica islandica
over their life span, confirming and extending earlier
reports by Ropes et al. (1984a), Fritz (1991), Steingrimsson
and Thoérarinsdottir (1995), and Thérarinsdottir and
Steingrimsson (2000). For the majority of sites and decadal
groups analyzed in the current study, males and females dis-
played significant growth differences by year 15, and in some
cases, even earlier. Ropes et al. (1984a) found that the young-
est animals to reach maturity at LI were 6 y old, with an
average of 9.8 y in males and 13.2 y in females. The 6-y-old
mature animals were 36-60 mm long, whereas males were
47 mm on average, and females 55 mm on average. Similar
results were seen by Rowell et al. (1990) off Nova Scotia.
These data fit well with the results presented in this study—
females begin to grow larger than males very early in life, and
this is likely due to males maturing at an earlier age, with the
length differential reaching significance most frequently at
sizes 50-60 mm.
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Figure 8. Growth differentials for male and female Arctica islandica for Northern New. Jersey. (NJ1) for animals born during the decades 1910-1950.

Dashed. line = females, solid line = males.

Spatial Heterogeneity and Cold Pool Influences on Growth

The metabolic energetics of Arctica islandica are notably
sensitive to temperature with a Q, as high as four recorded
for respiration (Begum et al. 2009) and demonstrate notewor-
thy responses to variations in food supply and temperature
(Ballesta-Artero et al. 2017). This species has a strict upper ther-
mal tolerance limit of 15°C (Merrill et al. 1969, Cargnelli et al.
1999a). An increase of 1°C can cause a mass mortality event
(Merrill et al. 1969). Correspondingly, in the MAB, significant
numbers of A. islandica are rarely found where mean summer
bottom water temperatures exceed 13.5°C (Sower et al. unpub-
lished). The decades considered herein cover a range of tempera-
ture regimes. The 1920s were relatively cold, the 1930s and 1940s
relatively warm, and temperatures began to decline again in the
1950s leading into the 1960s cold period (Nixon et al. 2004). To
what extent these estuarine trends provide inferences on bottom
water temperature trends on the middle to outer continental
shelf is unknown. Neither is it known to what extent relative
differences in bottom water temperatures in recent years might
be representative of differentials in past decades. Nonetheless,
results by Pace et al. (2017a, 2017b, 2018) and Hemeon et al.
(2021) show that growth rates vary substantively between sites
within the MAB—animals from New Jersey can grow faster
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than animals from GB presumably due to the warmer bottom
water temperatures experienced there, for example.

Growth rates vary with birth dates as warmer temperatures
generate faster growth and presumably a shorter time to matu-
rity early in ontogeny. Thus, temperature likely also plays an
important role in the growth differentials observed in males and
females. Although bottom water temperatures are not avail-
able for 1910-1950, comparison of the temperature dynamics
among the four sites in more recent years may provide some
inferences by analogy. For this purpose, results of the recently
developed Doppio model (Lopez et al. 2020) were accessed for
the time period 2016-2019.

Georges Bank

Georges Bank is the northernmost and deepest site in this
dataset (Table 1). Georges Bank is also along the northern edge
of the Cold Pool and generally experiences the coldest tempera-
tures during the onset of the Cold Pool’s annual cycle in spring
(Lentz 2017).

Georges Bank had the second-lowest range of variability
in growth patterns over time. Three out of the four decadal
groups displayed statistically significant differences between
males and females by age 15. The fourth decadal group
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TABLE 5.
Average lengths (mm) of males (M) and females (F). from northern New Jersey (NJ1) at each age and decade.
Age (year)
Decade Sex 5 10 15 20 25 30 35 40 45 50
1910 M 22.40% 40.08 47.61 52.96 56.36 59.51 62.34 64.50 66.78 68.83
F 30.01% 46.71 56.46 62.59 66.69 69.68 72.39 75.21 77.50 79.59
1920 M 24.78 42.49*% 51.79 57.74 60.87 63.79 66.08 68.23 70.06 72.08
F 28.58 46.15% 55.22 61.08 65.74 69.25 72.09 74.40 76.54 78.62
1930 M 27.54 44.60 52.97* 58.22 62.02 65.77 68.66 71.24 73.03 74.96
F 29.43 47.29 57.09% 63.48 67.95 71.15 73.63 75.97 78.21 80.32
1940 M 27.90 45.17 53.74% 59.19 63.60 66.87 69.50 71.79 74.04 76.40
F 28.56 46.36 56.14% 62.80 67.66 71.17 73.86 76.26 78.69 81.13
1950 M 25.74% 43.40 53.64 60.32 64.39 66.87 69.48 72.39 75.09 71.56
F 29.77* 48.17 58.67 65.69 69.98 72.75 75.13 77.84 80.16 82.50

* Denotes at which age and corresponding length when statistical significance (P < 0.05) was reached.

reached significance at age 25. Temperatures at this site are
more moderate than at the other three sites, with a distinctly
lower chance of an extreme warm event in the fall when strat-
ification breaks down. Based on Doppio model reconstruc-
tions of bottom water temperatures for the collection site
for 20162019 (Lopez et al. 2020), mean temperatures varied
from 6.86°C in the spring to 10.78°C in the fall with sum-
mer and fall temperatures nearly identical, as were winter and
spring (Table 7). A distinct seasonal cycle is present with win-
ter-spring temperatures rising by about 3°C into. summer/fall.
Maximum summer and fall temperatures did not exceed the
13.5°C mean summer temperature standard for the distribu-
tion of Arctica islandica in the MAB. Pace et al. (2018) and
Hemeon et al. (2021) documented increasing growth rates at
this site over century-long time periods so that 2016-2019

1.00
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0.00; 0 15 20 25 30 3?40
45 5a
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Figure 9. ‘I'rends in P values obtained using Welch’s r-test for animals
from Southern New Jersey (NJ2). The horizontal gray line indicates
an alpha value of 0.05. Values falling below this line were considered
statistically significant.

Downloaded From. hitps /bivone. orgfjournals/Joumal-of-Shelifish-Research on 06 Jan 2023
Terms of Use. https_//bioone.org/terms-of-use Access provided by National Shellfisheries Association

temperatures probably exceed the century-long conditions
experienced by A. islandica.

Long Island

The LI site is located at a depth of 47.5 m and is the most
inshore site of the four (Fig. 1). This site had the second highest
amount of variability in growth patterns over the five decades.
This is likely due to the fact that warming rates are higher in
this inshore area in the fall as the stratification maintaining the
Cold Pool breaks down (Lentz 2017, Chen et al. 2018). The
location of this site is also inshore of the center of the Cold
Pool, which lies between the 50 and 80 m isobaths (Houghton
et al. 1982), which may account for the higher fall tempera-
tures (Table 7). Data from recent years also suggest that LI
occasionally experiences near-lethal temperatures (Table 7).
Maximum temperatures for the 2016-2019 period reached
16.30°C. in the fall. Warmer temperatures might allow for
males to grow to a larger size before reaching maturity, which
might explain why growth rates between males and females do
not diverge significantly until year 30 for all decades.

Northern New Jersey (NJ1)

Even though NIJ1 is slightly south of LI, it is farther offshore
at 60 m depth. One might expect that Arctica islandica from this
site experience cooler temperatures during the summer. In fact,
the temperature regime is similar to that of the LI site with the
exception that the extreme temperatures are lower. Doppio data
for 2016-2019 show consistent low temperatures during winter
through summer with a distinct warm-up in the fall as stratifi-
cation breaks down. At this time, like LI, temperatures reach
near-lethal maximums. At this site, two. decades showed statis-
tically significant growth differences by age 5, and all five do
so by age 15. Similar to the LI site, females consistently grew
faster than males throughout ontogeny, though females begin
to diverge earlier than in LI.

Southern New Jersey (NJ2)

The southern New Jersey site, NJ2 diverges strongly. from
the other sites in the relative growth rates of males and females
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Figure 10. Growth differentials for male and female Arctica islandica for Southern New Jersey (NJ2) for animals born during the decades 1910-1950.

Dashed. line = females, solid line = males.

over the studied decades. Unlike the other sites, in two. of five
cases, male and female growth rates do not diverge significantly.
The NIJ2 site is located at 62.5 m depth, south of the Hudson
Canyon, but relatively far north of the southern limit of the
Cold Pool (Friedland et al. 2022) and near the cross-shelf cen-
ter of the Cold Pool. Doppio renderings suggest very limited
temperature change during the winter—spring-summer sea-
sonal progression, the lowest temperature change of all 4 sites.
Doppio estimates suggest high variability during the stratifica-
tion breakdown, relative to the other sites, with some tempera-
tures approaching 16°C. At NJ2, two decades did not contain
animals that displayed statistically significant differences in
growth between sexes, indicating that males and females were.
growing at the same rate over the first 50 y of life. When decades
did reach statistical significance, it was not until the animals were
35 y of age consistently. Potentially, the limited seasonal signal
outside of fall warm-up could allow for males to obtain similar
growth rates to females, in contrast to the other three sites.

Site similarities and differences

Each of the sites is unique in some way, but three general
sex-dependent growth dynamics can be observed. Most com-
monly, the two sexes diverge in size with females outpacing
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males in growth rates after the first 5-15 y of life. This out-
come occurs at all sites for some decades and is generally the
most common outcome. across decades. In a few cases, female
growth rates diverge very early in ontogeny. Such cases occur
at two sites north of the Hudson Canyon, both on the LI con-
tinental shelf (LI, NJ1). Most rarely, the two sexes maintain
similar growth rates. This is observed for a few decades only
at NJ2. Coincidentally, NJ2 is the most southern site.

Temperature data for the decades of interest are not available.
For some guidance, reliance is based on Doppio reconstructions
of bottom water temperatures for 2016-2019, a time frame
of limited applicability. Overall, the temperatures are not
greatly dissimilar among sites, limiting interpretation of vari-
able growth outcomes as a function of temperatures, but the
sensitivity of Arctica islandica to temperature may well mag-
nify small changes in temperature into large changes in growth
rate. The fact that the one site where males and females do not
diverge in growth rate for some decades is also the site with the
most variable fall temperatures based on the Doppio model is
potentially noteworthy.

In bivalves, maturity is often reached when shell length is
approximately 44%—51% of maximum length, although consid-
erable variability exists among species (Powell & Stanton 1985).
Hemeon et al. (2021, unpublished) found strong evidence for
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TABLE 6.

Average lengths (mm) of males (M) and females (F) of southern New Jersey (N.J2) at each age and decade.

Age (year)
Decade Sex 5 10 15 20 25 30 35 40 45 50
1910 M 25.78 40.79 51.62 52.54 56.31 59.35 62.11% 64.70 67.31 69.77
F 25.76 41.42 52.83 54.20 58.22 62.16 65.24% 68.21 71.38 74.27
1920 M 25.66 41.57 50.19 54.99 58.99 62.86 65.80% 68.39 70.80 72.97
F 25.70 42.41 52.09 57.04 61.91 66.06 69.72% 72.92 75.53 78.01
1930 M 26.71 43.69 52.38 57.18 61.98 65.83 68.89 71.69 73.96 76.76
F 30.22 47.44 54.20 59.01 62.80 65.91 69.16 71.97 74.55 71.06
1940 M 28.97 47.98 55.26 60.61 64.10 67.68 70.65 73.60 76.03 78.16
F 30.38 48.21 56.51 61.06 64.57 68.51 72.26 75.74 71.95 80.07
1950 M 30.24 48.23 56.76 61.77 65.94 70.01 73.13 75.28% 71.32 79.52
F 31.07 49.51 58.58 63.73 67.70 71.60 75.34 78.36* 80.98 83.46

* Denotes at which age and corresponding length if statistical significance (P < 0.05) was reached.

this expectation, suggesting a 52-mm size at maturity at GB
and LI for populations with approximately 120-mm maximum
shell length. In this study, maturity is determined based on the
presumption that a divergence in size at age between males
and females is an indicator of such; that divergence routinely
occurred at sizes in the range 45-60 mm (Tables 3-5). Southern
New Jersey (NJ2) animals do not display differences in growth
between sexes, until year. 35 and at sizes 65 mm and greater,
and never in some decades, but overall, Arctica islandica are
observed to reach maturity at a size consistent with most
bivalves at about 50% of maximum size, while unusually main-
taining a different size between sexes for animals born in most
decades at all sites.

Why might the sex-specific size difference in Arctica islandica
exist?

Protandry

One hypothesis for smaller males and larger females is that
Aretica islandica exhibits protandry, a form of hermaphroditism
in which males change sex to become females. Protandry, though
common in some bivalve orders, is not reported in Venerida. Two
instances of hermaphroditism in 4. islandica were found by Mann
(1982). Such occurrences are often found in protandric species
when animals are sampled during the sex change (Harding et al.
2013, Powell et al. 2013). Protandry results in an age-dependent

TABLE7.

Metrics of bottom water temperature for the four sampled sites for winter (Jan—Mar), spring (Apr—Jun), summer (Jul-Sep), and fall
(Oct—Dec) averaged over 2016—2019 from a simulation produced by the Doppio model (Lopez et al. 2020).

Standard Lower Upper
Variable Mean Deviation Quartile Quartile Minimum Maximum Median

Long Island - - - - - - -

Summer 10.21 1.51 9.10 10.77 7.94 13.08 10.27
Winter 7.65 1.37 6.75 8.76 5.90 10.22 7.19
Spring 6.98 1.13 6.14 7.89 4.47 8.01 7.36
Fall 13.62 1.58 12.44 14.82 10.89 16.39 13.53
Georges Bank - - - - - - -

Summer 10.55 1.78 9.28 12.03 7.72 13.20 10.42
Winter 7.22 1.08 6.70 8.11 5.43 9.07 6.93
Spring 6.86 1.13 6.04 7.78 5.03 8.60 6.69
Fall 10.78 1.18 9.88 11.81 8.77 12.55 10.74
New Jersey 1 - - - - - - -

Summer 9.58 1.55 8.40 10.29 7.26 12.48 9.66
Winter 8.37 1.18 7.86 9.51 6.36 10.33 8.01
Spring 7.23 1.17 6.26 8.18 5.40 8.98 7.42
Fall 13.42 1.34 12.61 14.62 11.09 15.59 13.24
New Jersey 2 - - - - - - -

Summer 9.57 1.00 8.55 10.09 8.18 11.32 9.83
Winter 9.42 1.05 8.73 10.10 7.23 11.18 9.57
Spring 7.90 1.14 7.30 8.69 5.49 9.54 8.06
Fall 12.31 2.23 10.64 13.26 8.67 16.10 12.43
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divergence in sex ratio, however, which was clearly shown not to
be present by Hemeon et al. (2021) and strongly suggested not
to be present by others (e.g., Ropes et al. 1984a, Steingrimsson
& Thérarinsdéttir 1995, Thérarinsdéttir & Steingrimsson 2000).
Given these findings, protandry is not a probable cause for the
size difference between sexes in A. islandica.

Ditference in lifespan/mortality

A second hypothesis posed is that male Arctica islandica
may have higher rates of mortality and, thus, live shorter lives
compared with their female counterparts (Ropes et al. 1984a,
Steingrimsson & Thoérarinsdottir 1995). If this were the case,
males might mature earlier to increase their overall fitness,
as they would have less time than females to reproduce. In
contrast to this hypothesis, Hemeon et al. (2021) and Sower
et al. (unpublished) observed that males can live as long as, or
longer than, females. At GB, the oldest animals observed were
male, as the oldest male was 261 y, whereas the oldest female
was 224 y. At LI, males again were older, with the oldest
male aged at 310 y, whereas the oldest female was only 272 y
(Hemeon et al. unpublished). In NJ1, the oldest female was
aged at 286 y, whereas the oldest male was aged at 279 y. In
NI2, the oldest female was 270, whereas the oldest male was
278. Thus, in A. islandica, males and females do not display
strong differences in estimated longevity.

More Reproductive Chances for Males

A third option is movement to facilitate fertilization effi-
ciency. Fertilization efficiency is a serious constraint for
free-spawning species (Levitan 2006, Luttikhuizen et al. 2011).
Recently, Tettelbach et al. (2017) found evidence for horizontal
movement, dubbed “hard clam walking,” in Mercenaria mer-
cenaria, in which both hard clam sexes were equally as likely
to “walk” toward a member of the opposite sex. This behav-
ior. has not been documented. in Arctica islandica, but it has in
other clams, such as Spisula solidissima (Tettelbach et al. 2017).
Observations of A. islandica movement have been limited to
burrowing behavior (Taylor 1976, Strahl et al. 2011), and the
degree to which horizontal movement is common within the
order Venerida is unknown. If this behavior is displayed in
A. islandica, smaller sizes in males would allow them to move
toward females with less energy expenditure, and, thus, have
increased chances for successful reproduction.

Better Reproductive Condition for Females

Larger females may be able to produce more and/or larger
eggs and, thus, be more reproductively fit. In many species, the
female gamete (the ovum) is more energetically expensive to gen-
erate than the male gamete (sperm) as it is larger (Hayward &
Gillooly 2011). Egg quality, often estimated as lipid content,
clearly is an important effector of larval success (Gallager &
Mann 1986, Powell et al. 2002). Egg size is an important ener-
getic tradeoff relative to larval survival (Gallager & Mann
1986, Levitan 2000, Powell et al. 2011b). Cost of reproduction
as measured by mortality rate is also higher in females; thus,
increased size might be advantageous in improving overall fit-
ness for females. For a species such as Arctica islandica, it might
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be energetically beneficial for a female to focus on growth for
a longer period of time, and then switch to. producing gametes
once an adequate size is reached. Males, on the other hand, can
generate many more gametes for the same energy expenditure
overall (Charnov et al. 2007; see also Powell et al. 2011a). Larger
females may produce more and/or higher quality eggs. Larger
males could produce larger and/or more sperm, but this would
come with a tradeoff of being unable to start producing sperm
at a younger age or smaller size at maturity. More research on
A. islandica sperm size compared with similar species would
provide clearer reasoning on smaller male sizes.

Consequently, the uniqueness of sexual dimorphism in
Aretica islandica within the Venerida coupled with their long
life span would suggest that differential growth rates between
sexes provide increased. fitness for both sexes in terms of life-
time reproductive output. How this advantage manifests itself
remains unknown, but the eggs of A. islandica are relatively
large for Venerida, at about 85-90 um in diameter (Lutz et al.
1982, Cargnelli et al. 1999a) compared with the northern qua-
hog (hard clams, Mercenaria mercenaria), surf clams (Spisula
solidissima), Manila clams (Lajonkairia lajonkairii), and other
clams (Gallager & Mann 1986, Toba & Miyama 1994, Cargnelli
et al. 1999b, Jagadis 2011). Mann (unpublished) records a
smaller, but still large, size of 66 um for A. islandica, which may
have arisen due to the difference in egg data collection across
studies; however, this size is still considered large compared
with. these other species. For a given gamete fraction, the
number of eggs produced per female would be one-quarter
to one-half of that produced by these other species. Thus,
the necessity of producing larger eggs would place a pre-
mium on faster growth in females permitting an increase
in lifetime reproductive output (an important measure of
fitness; Charnov et al. 2007) to counterweigh the loss of
per-spawn egg production.

Why produce larger eggs? If sperm limitation is an issue,
then larger eggs could increase the chance of fertilization suc-
cess (Neuheimer et al. 2015). Fertilization success would appear
to. be equally constrained for other continental shelf bivalves,
such as surf clams, however, which arguably live in a more ener-
getic environment. Conversely, larval life spans are relatively
long in Arctica islandica, due likely to the colder temperatures
restricting developmental rates (Lutz et al. 1982, Mann 1986)
and this might require a larger egg carrying a greater energy
store. The veliger stage is reached in 3-4 days, during which
provisions from the egg would be necessary (Mann & Wolf
1983). Major spawning in the MAB coincides with fall turn-
over, so food should be plentiful. This does not apply. to A.
islandica outside of the MAB, however, such as those residing
in shallower, northern waters, or in much deeper offshore water,
where greater energy stores would be beneficial. For example,
the oldest-known A. islandica was collected off Iceland from
depths of 81-83 m (Butler et al. 2013). Larger eggs also might
be a response to more restricted food availability in these areas
(McEdward & Miner 2003). Regardless of purpose, the large
eggs in A. islandica are noteworthy and would seem to be a pre-
dictable stimulus for more rapid female growth to enhance egg
production by providing for the presence of larger females with
more reproductive years in the population.

It is unclear why this life history trait, if true for Arctica
islandica, is not more commonly encountered in bivalves. This
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species is the only known extant member of the family Arcticidae
(Lutz et al. 1982); perhaps these traits were unique to this family
of bivalves. Unfortunately, the lack of living conspecific species
prevents direct comparisons of shell length and gamete size. These
traits may have developed due to A. islandica residing in boreal
waters, so close inspection of sex-based lengths and gamete sizes
of other boreal species is recommended to provide clarity.

CONCLUSION

The ocean quahog, Arctica islandica, is greatly influenced
by the temperature in its environment. Temperature clearly.
impacts growth rates, causing variations from location to loca-
tion and birth year to birth year. It is still unclear whether matu-
rity is a function of growth or age in A. islandica; many studies
(Ropes et al. 1984a, Rowell et al. 1990, Steingrimsson &
Thoérarinsdottir 1995, Hemeon et al. 2021), including the results
seen here, suggest that maturity is size-dependent: A. islandica
reach maturity at about 40%—-50% of maximum size, around 55
mm in length. As growth rates vary by location, ascertaining a
given age at these sizes and, thus, age at maturity, is uncertain
without local information on age at length.

Females typically begin growing faster than males between
the ages of 10 and 15 y and at size 56 mm, which is an average
of 3 mm larger than males. In some sites and decadal groups,
females outgrow males by age 5, though this is rare. Rarer still are
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the cases, in which males grow at the same rate as females, which
only occurred in the most southern site, NJ2, and in only two of
the five decadal groups. The differences are most likely related to
temperature conditions as they. differ over time, but in the pop-
ulation as a whole, these rarer outcomes have limited import. In
these studied populations, considering all cohorts present, female
growth rates always exceed that of males so that the female-to-
male ratio increases with increasing size. The reason behind this
growth divergence is neither protandry, nor is it differential mor-
tality, but perhaps an adaptation to support the large egg sizes in
females where larger size is essential to support fecundity. Cases
where males grow as fast as females may be just as easily indic-
ative of a constraint on female growth as a facilitation on male
growth. Perhaps these cases mark particularly limited food sup-
plies or temperatures restricting female growth rates.
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