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Abstract

Size-assortative pairing is common across a wide range of taxa. In many cases, both sexes would benefit from pairing with
a mate larger than themselves. As males and females cannot simultaneously be larger than their pair mate, size differences
within pairs reflect which sex is able to obtain this benefit. Snapping shrimp can be found in pairs year-round, and both males
and females would benefit from pairing with larger individuals. Larger females are more fecund; males, then, are likely to
benefit from pairing with larger females primarily in the reproductive season. Larger individuals are more successful com-
petitors and females benefit more from shared burrow defense than males; for females, then, benefits of pairing with larger
males are likely to accrue year-round. In this study, we use field data to test whether within-pair size differences in snapping
shrimp correspond more to male or female interests, and whether this outcome differs between seasons. We find that size-
assortative pairing varies seasonally: although body sizes of paired males and females are highly correlated year-round, the
within-pair size difference is greater during the reproductive season than the nonreproductive season. Furthermore, within
pairs, females are larger than males during the reproductive season, while pairs are size-matched or male-biased during the
nonreproductive season. These changes in within-pair size relationships suggest seasonal differences in which sex has greater
control over pair formation, and highlight nonreproductive benefits associated with monogamous pairing. In addition, these
results underscore the importance of considering temporal variation in studies of size-assortative pairing.

Significance statement

In many taxa, it is advantageous for both males and females to mate with larger individuals. As both sexes cannot simulta-
neously mate with larger individuals, size relationships within pairs reflect the outcome of this sexual conflict. In snapping
shrimp, pairs cooperate in defending their burrows from invading conspecifics, and larger individuals are better competitors;
larger females are also more fecund. Thus, males obtain a reproductive advantage from mating with larger females, while for
females, mating with larger males provides social (territorial defense) benefits. Here, we find seasonal differences in within-
pair size relationships, such that females are larger than males during the reproductive season, but pairs in the nonreproductive
season are size-matched or male-biased. These results suggest seasonal variation in the outcome of conflict over body size
within pairs, and highlights the need to consider temporal variation in size-assortative pairing.
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social monogamy, however, monogamous pairing is not
the optimal outcome for both (or possibly either) males
and females (Parker 1983; Kvarnemo 2018; Reichard
2003). Similarly, in many socially monogamous systems,
pair mates are similar in size, ornaments, or other char-
acteristics (Jiang et al. 2013; Janicke et al. 2019; Moura
et al. 2021). Mutual preferences for similar individuals
(e.g., Borghezan et al. 2019) are one possible mechanism
leading to assortative pairing, but often assortative pair-
ing results from other mechanisms (Crespi 1989; Harari
et al. 1999; Hoefler 2007; Moura and Gonzaga 2017; Rid-
ley 1983) leading to potential conflicts both within and
between the sexes over access to preferred mates. For
example, if both sexes benefit from pairing with rela-
tively larger individuals, it is not possible for both sexes
to achieve this benefit: both sexes cannot simultaneously
pair with an individual larger than themselves (Baldauf
et al. 2009). Thus, size differences within pairs may also
reflect conflict between the sexes in terms of which sex
obtains the size of pair mate that provides the largest ben-
efit to them. Patterns of size-assortative pairing can differ
between populations or closely related species (Knowlton
1980; McLain and Boromisa 1987), as well as in the same
population at different times (Luddecke 2001, Murata and
Wada 2002, Moura and Gonzaga 2017; see also review in
Moura et al. 2021). Spatial or temporal variation in within-
pair size relationships, then, may provide insight into vari-
ation in the factors leading to size-assortative pairing. In
this study, we explore temporal variation in patterns of
size-assortative pairing in the snapping shrimp Alpheus
angulosus, McClure 2002, a species in which both sexes
are likely to benefit from pairing with larger individuals,
to determine whether size-assortative pairing better aligns
with male or female interests.

Not surprisingly, most hypotheses proposed to explain
the evolution of monogamy focus on reproductive benefits
(Wittenberger and Tilson 1980; Reichard 2003). However,
cooperative behavior between pair mates may lead to other
advantages of associating with a pair mate that are only
indirectly related to reproduction (“shared duties,” Wick-
ler and Seibt 1981), such as shared construction and/or
defense of shelters or territories necessary for both survival
and reproduction (e.g., Fishelson 1966; Linsenmair 2007;
Mathews 2002a; Diniz et al. 2020), advantages associated
with improved foraging success and/or defense of resources
(Fricke 1986), reducing risk from predators (Swenson
1993), or thermoregulation (Beauchamp 1999). As with
reproductive benefits, the degree to which both sexes ben-
efit from cooperative behavior in nonreproductive contexts
may vary. For example, cooperative territorial defense may
reduce the eviction likelihood of only one sex, suggesting
that this cooperative behavior benefits one sex more than the
other (Mathews 2002a). Species that remain paired during
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the nonreproductive season provide an opportunity to tease
apart reproductive and nonreproductive benefits of social
monogamy.

Snapping shrimp of the genus Alpheus are typically found
in pairs with correlated body sizes (Nolan and Salmon 1970,
Schein 1975, Knowlton 1980, Hughes 1996, Boltafia and
Thiel 2001, Mathews 2002b, Costa-Souza et al. 2014; but
see Barroso et al. 2019). These pairs are generally assumed
to be reproductively monogamous: as is typical of carid-
ean shrimp (Bauer 2004), females do not store sperm, and
copulation occurs soon after females molt (Rahman et al.
2003), limiting the opportunity for multiple mating within
a reproductive event. In A. angulosus, embryos develop
over the next 20-21 days, and are released shortly before
the female’s next molt (approximately once per month,
Tracey et al. 2013), at which time females can produce a
new clutch of eggs (pers. obs.). Most females collected dur-
ing the reproductive season (approximately May—October)
are carrying embryos (Heuring and Hughes 2019), suggest-
ing that females generally reproduce at each molt through
this period. A. angulosus males in field-collected pairs are
genetic fathers of most eggs currently brooded by his pair
mate, suggesting that pairs remain together through multi-
ple reproductive events (Mathews 2007). Pairs may persist
because males engage in long-term mate guarding, essen-
tially waiting for their pair mate’s next molt rather than
searching for another female closer to molt. Nonetheless,
pairs do not always persist between reproductive events, and
pair stability (i.e., how long particular pairs remain together)
may be influenced by environmental factors, including pre-
dation risk (Knowlton 1980) and sex ratio (A. angulosus:
Mathews 2002b). How frequently pairs typically change
partners remains unknown, but partner change is not limited
to the nonreproductive season (Mathews 2002b).

Larger female snapping shrimp are more fecund (Knowl-
ton 1980; Corey and Reid 1991; Pavanelli et al. 2008, 2010;
Costa-Souza et al. 2014); in A. angulosus, given the more
than two-fold difference in body size among reproductive
females and correlated increases in fecundity (Heuring
2016), males would likely benefit from pairing with the larg-
est available females. There are no known reproductive ben-
efits to females for mating with larger males. Larger males
are likely to be older, as growth appears indeterminate, but
it is not clear that females would gain any advantage from
reproducing with older males. The reproductive benefit to
males is likely to be greatest in the reproductive season,
although males could potentially benefit in the subsequent
reproductive season by guarding large females throughout
the 67 month nonreproductive season.

A. angulosus pairs will jointly defend burrows from
intruders of both sexes (Mathews 2002a), and larger indi-
viduals are better at winning aggressive interactions in
both sexes (A. angulosus: Heuring 2016; other Alpheus
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spp.: Nolan and Salmon 1970, Schein 1977, Hughes 1996,
Rahman et al. 2003). Both males and females, then, could
potentially benefit from pairing with larger mates for shared
territorial defense. However, in A. angulosus, females appear
to benefit more from shared territorial defense than males:
paired females are less likely to be evicted by a female
intruder than single females, but paired and single males
are equally likely to be evicted by a male intruder (Mathews
2002a). Therefore, females are more likely than males to
receive a territorial defense benefit when pairing with larger
individuals. As burrows are essential shelter and the primary
protection from predators year-round, benefits associated
with avoiding eviction are likely to accrue year-round.

While patterns of size-assortative pairing are often inter-
preted in terms of behavioral mechanisms such as choice and
competition, long-term pair fidelity and concomitant growth
may also result in strongly correlated pair sizes (Baeza 2008;
Baeza et al. 2013). In snapping shrimp, seasonal variation in
allometry allows for an indirect test of whether size-assor-
tative pairs result from long-term pair bonds with similar
growth. Both male and female snapping shrimp have one
greatly enlarged claw—the snapping claw—which produces
the snap for which they are named. Claw size is highly cor-
related with body size and is sexually dimorphic, with males
having larger claws for a given body size than females, and
this allometry also varies seasonally, most likely due to dif-
ferential investment in either growth of claw or overall body
at each molt (Heuring and Hughes 2019): males have larger
claws relative to their body size (i.e., steeper claw x body
allometry) in the reproductive season than in the nonrepro-
ductive season, while females show the opposite pattern. In
other words, males differentially invest in claw size during
the reproductive season, while females differentially invest
in claw size in the nonreproductive season, resulting in
decreased sexual dimorphism in claw size in the nonrepro-
ductive season. As a result, if shrimp remain with the same
pair mates year-round, pair mates would be predicted to be
more similar in claw size during the nonreproductive season
than in the reproductive season, as female claw size becomes
more similar to male claw size during the nonreproductive
season.

In this study, we first tested whether pairs are size-assor-
tative in the field by determining whether male and female
body sizes are correlated within pairs, and whether the
strength of this correlation differs between the reproductive
and nonreproductive seasons. Then, we evaluated whether
the difference between male and female size within pairs
corresponds to male or female interests. On the one hand, if
territorial defense benefits to females drive size-assortative
pairing, then within pair sizes will be male-biased (males
larger than females—that is, females pairing with males
that are larger than themselves, and thus better able to pro-
vide assistance in territorial defense). On the other hand,

if reproductive benefits to males drive assortative pairing,
then within-pair sizes will be female-biased (females larger
than males—that is, males pairing with larger, more fecund
females). These outcomes may differ seasonally: while ter-
ritorial defense benefits to females are likely to accrue year-
round, reproductive benefits to males are likely to be greater
in the reproductive season. Lastly, if pairs formed during the
reproductive season remain intact through the nonreproduc-
tive season, the difference in within-pair claw size would be
predicted to decrease in the nonreproductive season, given
reduced sexual dimorphism in claws during this season.

Methods

Shrimp (Alpheus angulosus) were collected and measured
as in Heuring and Hughes (2019). Briefly, shrimp were col-
lected by hand (May 2014-February 2016) from burrows
located among oyster rubble in the intertidal zone at low tide,
from three sites around the Charleston Harbor, Charleston
County, South Carolina, USA. The primary collection site
was at the College of Charleston Marine Lab, located on the
southwest side of the harbor (site A, 32.75 N, —79.90 W);
we also collected at a site approximately 1500 m west of
site A (site B: 32.75 N, —79.92 W), and another site across
the harbor from site A (site C: 32.77 N, —79.86 W). In this
habitat, A. angulosus constructs burrows in soft mud under
hard substrate (rocks, oyster rubble, etc.), primarily in the
lower intertidal zone, limiting collection to lower low tides
(i.e., those that fall below mean lower low water, typically
around new and/or full moon). Within the reproductive
season (approximately May—October; Heuring and Hughes
2019, see also below), A. angulosus females do not appear to
reproduce synchronously (Mathews 2002b; Heuring 2016),
and egg development at time of collection included recently
fertilized, mid-development, and near hatch (Heuring 2016).

Substrate suitable for snapping shrimp burrows is highly
abundant; on each collection date, only a small subset of
potential substrate can be sampled. We focused our collec-
tions in areas where small clumps of hard substrate (oyster
rubble, rocks, bricks, etc.) are separated by at least a few
centimeters of soft mud (where burrows cannot be con-
structed), to minimize the likelihood of mistakenly combin-
ing animals from different burrows. The small pool of water
under each clump of hard substrate was typically too small
(generally 30 cm diameter or less) to sustain more than one
individual of the same sex, given high levels of potentially
lethal same-sex aggression and spacing observed in the lab.
Focusing collections on a single habitat type also limits the
likelihood that patterns of size-assortative pairing are con-
founded by differences in habitat structure (see Moura et al.
2021).
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To collect shrimp, we gently removed the hard substrate
from the mud and sifted through the shallow muddy water
(generally less than 15 cm deep) in the depression under-
neath by hand and/or with a dip net. Shrimp were usually
seen before being captured, as they typically swim to the
surface and/or edges of the exposed water following the
removal of hard substrate. If only one shrimp could be found
after digging in the mud under the hard substrate, we con-
sidered that individual “single.” Some “single” shrimp may
have been part of pairs for which we did not find the pair
mate, but the frequency of missed individuals is likely to be
similar across locations and seasons. When two opposite-
sex shrimp were collected from the mud under the same
hard substrate, they were considered a pair. Same-sex pairs
were rare: of 720 cases in which more than 1 shrimp was
collected from under the same hard substrate, 13 were same-
sex pairs (11 female, 2 male); these individuals were treated
as single in our analyses. Even more rarely (5 of 720 cases
total), we would find more than 2 shrimp under the same
hard substrate: 2 cases of 3 shrimp, 2 cases of 4 shrimp
(both with 2 males and 2 females), and 1 case of 5 shrimp.
In these 5 cases, these shrimp were housed together over-
night in the lab in a large tank with multiple burrows, and
were considered to be paired with the individual they shared
a burrow with the next morning; in all cases, shrimp were
either alone or in male—female pairs at this time. We did
not perform this same overnight test with the few same-sex
pairs that were collected, to minimize the risk of same-sex
lethal aggression.

All collected shrimp were brought back to the lab for
behavioral studies (published elsewhere: Heuring 2016;
Heuring and Hughes 2019, 2020). Shrimp were housed indi-
vidually (if captured as a single) or with their field-captured
pair mate in small (15X 15X 5 cm) containers with filtered
seawater, gravel, and oyster shell or pvc tubing for shel-
ter, and fed flaked fish food every 3 days; containers were
cleaned prior to feeding. No animals collected as singles
were housed with any other shrimp, and all animals collected
in pairs were housed with only their field-captured pair mate.
Following behavioral experiments, all shrimp were released
at the site of capture in areas we do not typically collect (due
to more continuous hard substrate and therefore difficulty in
separating shrimp from adjacent burrows), to minimize the
likelihood of recapture.

Shrimp body size (body length measured from rostrum
to telson) and claw size (length of the claw measured from
base of propodus to tip of dactyl) were measured with a ruler
to the nearest millimeter within 2 days of capture. (We have
found that using a ruler minimizes handling time and autoto-
mization of the snapping claw; for comparison of different
measurement techniques, see Heuring and Hughes (2019).)
Shrimp with missing or regenerating claws (Pereira et al.
2014) were excluded from analyses of claw size.
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As in Heuring and Hughes (2019), the reproductive
season was defined as months in which > 50% of field-cap-
tured females (averaged across collection dates within each
month) were carrying eggs. The nonreproductive season is
the remaining months, in all of which 0-20% of captured
females were carrying eggs. This operational definition of
reproductive periods is thus defined by when the shrimp are
observed to be reproducing rather than by calendar months.
As has been found in other intertidal crustaceans (e.g., Popp
et al. 2020), the beginning and/or end of the reproductive
season may vary slightly from year to year, most likely due
to local environmental conditions.

In total, across the nearly 2-year study period, we col-
lected 1680 shrimp in 56 collections on 54 days (on 2 days
in the reproductive season, we collected at 2 of the sites;
in total, there were 42 collections across 11 months in the
reproductive season, and 14 collections across 6 months in
the nonreproductive season). Collection attempts with fewer
than 5 shrimps (typically on days when tides did not allow
access to appropriate habitat) were excluded from these
totals and subsequent analysis. Note that the apparently
higher collection effort for reproductive seasons is driven
by 2 months (June 2014 and July 2015; see Fig. 1A) when
more shrimp were needed for behavioral studies; excluding
these 2 months, the number of collections per month for both
reproductive and nonreproductive seasons ranged from 14,
and depended primarily on the number of days with suffi-
ciently low tides. Most of these collections occurred at our
primary site (site A: n=31 days in the reproductive season;
n=11 days in the nonreproductive season; site B: n=_8 days
in the reproductive season; n =2 in the nonreproductive sea-
son; site C: n=3 days in the reproductive season; n=1 day
in the nonreproductive season).

Seasonal variation in pairing

We tested for seasonal variation in pairing (expressed as
number of paired individuals collected per total individuals
at each collection) using a generalized linear mixed model
(Gaussian distribution and identity link function) with col-
lection date and site as random effects and season (repro-
ductive or nonreproductive) as a fixed effect. Because dif-
ferences in the likelihood of being paired could be driven
by seasonal variation in sex ratio, we also used binomial
generalized linear models to determine whether adult sex
ratio (expressed as number of males per total individuals;
Wilson and Hardy 2002) varies seasonally, in two compari-
sons: first, we compared adult sex ratio across seasons for all
shrimp collected (n=42 collections in reproductive season
and n= 14 collections in nonreproductive season); second,
we compared adult sex ratio only among shrimp that were
not collected in a pair (n=36 collections in reproductive
season and n= 14 in nonreproductive season) because a high
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Fig. 1 Seasonal variation in pairing in A. angulosus: percent shrimp
collected in pairs. A Percent shrimp in pairs across collection dates
(open circles =reproductive season, n=42; filled circles=nonrepro-
ductive season, n=14). Note that reproductive and nonreproductive
seasons are operationally defined by the percentage of shrimp repro-
ducing, and so the timing of these seasons may vary slightly between
years. B Percent shrimp collected in pairs is greater in the reproduc-
tive than nonreproductive season

percentage of paired shrimp in the first analysis may obscure
a sex ratio bias among unpaired shrimp.

Seasonal variation in size-assortative pairing:
correlated sizes

To determine whether body sizes of paired males and
females are correlated in both the reproductive and non-
reproductive seasons, and whether this relationship differs
seasonally, we first used Pearson partial correlations to con-
trol for collection date within season (reproductive season
n =485 pairs, nonreproductive season n =195 pairs). We
then compared the partial correlation coefficients from the
reproductive and nonreproductive seasons using Fisher’s z
test, which calculates significance based on Z-transformed
correlation coefficients (cocor; Diedenhofen and Musch
2015).

Body size and claw size are highly correlated and this
allometry varies seasonally (Heuring and Hughes 2019); for
this reason, we also tested whether the correlation between
paired male and female claw sizes also differs seasonally, as
would be predicted if shrimp remain with the same pair mate
year-round (reproductive season n =413 pairs, nonreproduc-
tive season n =164 pairs).

Seasonal variation in size-assortative pairing:
within-pair size relationships

To determine whether the size relationship within pairs (i.e.,
which sex is larger and to what degree) differs between sea-
sons, we first calculated within-pair relative body size (for
each pair: male size minus female size) and compared these
values between reproductive and nonreproductive seasons
using general linear mixed models with collection month
and site as random effects and season (reproductive and non-
reproductive) as a fixed effect. We opted to use the differ-
ence in size rather than the ratio of male/female size because
the analysis of ratios can be misleading if the relationship
between numerator and denominator does not pass through
the origin, as is the case here (Curran-Everett 2013). In addi-
tion, we tested whether the size difference within pairs for
each season differed from 0, using one-sample z-tests.

Seasonal variation in claw allometry (Heuring and
Hughes 2019) predicts that pairs remaining together from
the reproductive to the nonreproductive season will be more
similar in claw size in the nonreproductive season. For this
reason, we repeated the above analyses on within pair dif-
ferences in claw size (again: male size — female size). All
statistical analyses were performed using R 4.0.3 (R Core
Team 2020). We evaluated assumptions through examination
of residuals, and model fit by AIC scores.

Results
Seasonal variation in pairing

Most shrimp were found in male—female pairs in both sea-
sons (median > 75% for both seasons, Fig. 1a). Nonetheless,
significantly more shrimp were found paired in the reproduc-
tive season than nonreproductive season. The models includ-
ing either collection date or year and site as random factors
were overfitted; we subsequently removed these variables to
test for an effect of season (reproductive season n =42 col-
lections, nonreproductive season n= 14 collections; #-test:
t=2.784, df =54, p=0.007; Fig. 1b). Note that this result
should be treated with caution, as the small number of col-
lection dates precludes directly testing for temporal effects
within season.
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Sex ratios did not differ between seasons. The best fitting
model included only season as a fixed effect (for all shrimp
collected: binomial GLM: z= —0.066, ;(2 =0.0043, df =54,
p=0.947; for unpaired shrimp only: z= —0.442, )(2 =0.195,
df=54, p=0.659). Including all shrimp, 49% were male in
both seasons. Among shrimp collected while single, 43%
were male in the reproductive season, and 46% in the non-
reproductive seasons (44% overall).

Seasonal variation in size-assortative pairing:
correlated sizes

Male and female body lengths within pairs are highly cor-
related overall (both seasons combined, Pearson correla-
tion: rgg,=0.707, p <0.001). Within the reproductive sea-
son, partial correlations revealed a significant correlation
between male and female body length (Pearson partial cor-
relation: r,443=0.767, p<0.001), and no effect of collection
date (r443=0.023, p=0.610). Within the nonreproductive
season, we found the same: male and female body length
were significantly correlated (Pearson partial correlation:
r193=0.596, p <0.001), with no effect of collection date
(rj93=—0.034, p=0.640, Fig. 2a). Although pairs are assor-
tative by body size year-round, the correlation between body
sizes is significantly stronger during the reproductive season
than during the nonreproductive season (Fisher’s z=3.823,
p<0.001).

Male and female claw lengths are similarly correlated
overall (both seasons combined, Pearson correlation:
rs76=0.658, p <0.001). Within the reproductive season,
male and female claw lengths are significantly correlated
within pairs (Pearson partial correlation: ry;; =0.657,
p <0.001), but partial correlations revealed no significant
effect of collection date (r,,; =0.013, p=0.796). Similarly,
within the nonreproductive season, male and female claw
lengths are significantly correlated within pairs (Pearson
partial correlation: r5,=0.628, p<0.001), but partial
correlations revealed no significant effect of collection
date (r;q; = —0.104, p=0.186, Fig. 2b). In contrast with
body size, however, the correlations between male and
female claw length did not differ between seasons (Fisher’s
2=0.540, p=0.589).

Seasonal variation in size-assortative pairing:
within-pair size relationships

Body length difference within pairs (male length — female
length) differed between seasons (Fig. 3a), with pairs col-
lected during the reproductive season having relatively larger
females (i.e., females larger than males) than in the non-
reproductive season (GLMM: F; ;5 5=23.891, p<0.001;
Fig. 3b). This pattern is maintained if the difference between
sexes is standardized by male size (i.e., (male — female)/
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Fig.2 Assortative pairing by body size (A) and claw size (B) in the
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sons. Dashed line=1:1. Body sizes are highly correlated in both
reproductive and nonreproductive seasons; the correlation is stronger
in the reproductive season. Claw sizes are also highly correlated in
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male). In the reproductive season, females were larger than
males (mean difference (male — female body size) =-0.16,
one-sample #-test (null=0): #,5,= —13.84, p<0.001). In
contrast, in the nonreproductive season, males tended to
be larger than females, although by a much smaller degree
(mean difference (male — female body size) =0.05, one-
sample r-test (null =0): #,9,=2.40, p <0.018).

Claw length (male length —female length) within pairs,
on the other hand, did not differ by season (GLMM:
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Fig.3 Seasonal variation in within-pair relative body size (male
size—female size). A Within-pair relative body size across months
(mean+SE; open circles=reproductive season, n=42 collections;
filled circles=nonreproductive season, n=14 collections); B rela-
tive within-pair body size (male—female) is greater in nonreproduc-
tive season than in the reproductive season. In the reproductive sea-
son, within-pair size differences are less than O (males smaller than
females); in the nonreproductive season, within-pair size differences
are greater than or equal to 0. Box plot as in Fig. 1

F (1 14383 =0.545, p=0.472). The mean difference in claw
size (male — female) was significantly greater than zero in
both seasons: reproductive season: mean=0.26, one-sam-
ple t-test: t4;,=32.17, p <0.001; nonreproductive season:
mean =0.24, one-sample t-test: #,43,=20.04, p <0.001).
Year-round, males have claws that are approximately 18%
larger than the female with which they are paired (mean
for nonreproductive season=18.3%, reproductive sea-
son = 18.2%; median for both seasons =20%; Fig. 2b).

Discussion

In the snapping shrimp Alpheus angulosus, we find that
size-assortative pairing varies seasonally, corresponding to
differences between the reproductive and nonreproductive
periods. While body sizes of paired males and females are
correlated in both seasons, this correlation is stronger in the

reproductive season. Furthermore, within pairs, females are
larger than males in the reproductive season, while pairs
are more similar in size or male-biased in the nonrepro-
ductive season. Such seasonal variation in size-assortative
pairing—here measured as changes in both the correlation
between male and female sizes across the population and
within-pair size differences—has rarely been reported (but
see Murata and Wada 2002; Moura and Gonzaga 2017),
and when potential seasonal (or other temporal) variation
is not considered, such variation could obscure or confound
patterns of within-pair characteristics (Moura et al. 2021).
Moreover, as both social and environmental factors lead-
ing to size-assortative pairing can vary temporally, seasonal
variation in size-assortative pairing may offer insight into
the processes involved.

In snapping shrimp, both fecundity (Knowlton 1980;
Corey and Reid 1991; Pavanelli et al. 2008, 2010; Costa-
Souza et al. 2014) and territorial defense ability (Nolan and
Salmon 1970; Schein 1977; Hughes 1996; Rahman et al.
2003; Heuring 2016) increase with size; thus, larger (i.e.,
older) individuals are likely to be more successful than
smaller individuals, and pairs of larger individuals are
likely to be more successful than pairs of smaller individu-
als. Moreover, both males and females are likely to benefit
from pairing with individuals larger than themselves: males
obtain a reproductive (i.e., fecundity) benefit from pairing
with larger females, while females (more so than males) are
likely to benefit from the greater competitive ability of larger
mates in cooperative territorial defense. Both sexes cannot
simultaneously pair with individuals larger than themselves,
however. Our results suggest that males “win” this conflict
during the reproductive season, with the interests of females
having greater influence on size relationships within pairs
during the nonreproductive season.

Seasonal variation in size-assortative pairing could result
from a number of different mechanisms. In some symbiotic
crustaceans, long-term pair fidelity and concomitant growth
results in strongly correlated pair sizes (Baeza 2008, Baeza
et al. 2013, but see Knowlton 1980), but as correlated pair
sizes can result from many other mechanisms than long-
term pair fidelity (Borghezan et al. 2019; Harari et al. 1999;
Hoefler 2007; Moura and Gonzaga 2017; Moura et al. 2021),
conclusions with regard to pair fidelity (or lack thereof) can-
not be drawn from size-assortative pairing alone. Indeed,
even with long-term pair fidelity, sex differences in sea-
sonal growth patterns could result in seasonal variation in
size-assortative pairing. In snapping shrimp, both males
and females show seasonal differences in claw allometry,
suggesting differential investment in growth at molts—that
is, investment more in growth of claw or growth of over-
all body size—during the reproductive and nonreproduc-
tive seasons (Heuring and Hughes 2019). Males have larger
claws relative to their body size (steeper allometric slope)
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in the reproductive season than in the nonreproductive sea-
son; females show precisely the opposite seasonal pattern
(Heuring and Hughes 2019). If males (more so than females)
invest in growth of overall body size during the nonrepro-
ductive season, then pairs which are female-biased in body
size during the reproductive season would become more
similar in body size or male-biased during the nonrepro-
ductive season, even without any changes in pair fidelity or
pair formation behavior. At the same time, however, these
differences in claw allometry—steeper allometric slope
for females and shallower allometric slope for males in the
nonreproductive season—predict that claw size difference
within pairs should decrease in the nonreproductive season,
if pairs remain with the same partners year-round. We find
no seasonal change in within-pair claw size differences here,
suggesting that pairs collected in the nonreproductive season
are unlikely to be long-term pairs maintained from the repro-
ductive season, at least as can be detected with this indirect
measure. While direct observation of pair fidelity in the
field is challenging given the habitat, current lab studies are
directly exploring environmental influences on pair fidelity.

In arthropods, size-assortative pairing may often be
the result of male choice for larger, more fecund females,
combined with a large male advantage in male-male
competition (Ridley 1983; Crespi 1989). These conditions
are met in A. angulosus: at the high end of the size range of
animals in this study, larger females are more fecund and larger
males are more successful in male-male competitions (Heuring
2016); assuming these size advantages are maintained across
the full range of adult shrimp, larger males would generally
be expected to successfully compete for larger, more fecund
females. Furthermore, in choice tests, male A. angulosus prefer
larger females (Heuring and Hughes 2020), suggesting that
male mate preferences play an important role in maintaining
size-assortative pairing. Monogamy driven by benefits to males
may be common in taxa where males benefit via mate guarding
while females do not derive reproductive benefits from pairing
(Seibt and Wickler 1979). However, male preferences for
larger females did not differ between the reproductive and
nonreproductive season (Heuring and Hughes 2020); changes
in male preferences, then, cannot account for the changes in
size-assortative pairing observed here. While males prefer
larger females year-round, they apparently are able to fulfill
this preference only during the reproductive season, when the
benefits to them are greatest.

Size-assortative pairing shifts from being female-biased
in the reproductive season, as would be more advanta-
geous to males, to size-matched or male-biased pairs in the
nonreproductive season, as would be more advantageous
to females, given greater competitive ability of larger
males in territorial defense (Hughes 1996). Furthermore,
although male and female sizes remain correlated in the
nonreproductive season, this correlation is weaker than in
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the reproductive season. What mechanisms underlie these
changes in size-assortative pairing—that is, how do these
male-biased or size-matched pairs form, and why is the
correlation between male and female size not as strong as
in the reproductive season? While pair preferences do not
change, sampling of potential pair mates (measured as the
number of switches between choice options in mate choice
trials) does vary seasonally: when the choice options were
the focal animal’s pair mate and a size-matched novel indi-
vidual, females (but not males) engaged in more of this
sampling behavior in the nonreproductive season than
in the reproductive season (Heuring and Hughes 2020).
While females do not show a preference for the larger of
two novel males in either season (Heuring and Hughes
2020), this increased sampling behavior in the nonrepro-
ductive season when choosing between their current mate
and a size-matched male raises the question of whether
they express a preference relative to their current pair
mate, based on size or some other variable. If so, females
may actively explore other pair mate options during the
nonreproductive season (rather than doing so between
mating events during the reproductive season), leading to
male-biased or similar-sized pairs forming at this time.
Increased mate switching may also account for the weaker
correlation between male and female sizes in the nonre-
productive season. For females, seasonal differences in
sampling behavior may occur because sampling during the
reproductive season may be too costly due to higher loco-
motor costs and/or impaired escape ability resulting from
carrying eggs on their pleopods (swimmerets). Females,
in other words, may need to trade off benefits of searching
for new mates vs. risks associated with reduced locomo-
tor capacity.

Female aggressive behavior may also play a role in sea-
sonal variation in size-assortative pairing. Interactions lead-
ing to pair formation begin with aggression, with aggressive
behaviors decreasing if pair formation is successful (Nolan
and Salmon 1970). Females are generally far more aggres-
sive than males (Hughes et al. 2014), and potentially lethal
aggression can occur when opposite-sex individuals do not
pair (Hughes, unpub. data). Thus, while males prefer to pair
with larger females (Heuring and Hughes 2020), interacting
with larger females may also pose a significantly greater
risk. The fecundity benefits of pairing with larger females
may outweigh this risk in the reproductive season but are
unlikely to do so in the nonreproductive season. Further-
more, the risk of interacting with larger females is likely to
be greatest during the nonreproductive season, as the sexual
dimorphism in claw size is minimized at that time (Heuring
and Hughes 2019). It is not clear why females are gener-
ally more aggressive than males and differentially invest in
growth of larger weaponry in the nonreproductive season,
although ensuring pairing with competitively competent
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males is one possibility, resulting in a sexual arms race in
armaments (Parker 1983).

To summarize, as predicted by the hypothesis that size-
assortative pairing is driven by benefits to males, female A.
angulosus tend to be larger than males within pairs—but
only during the reproductive season—and the correlation
between the body sizes of paired males and females was
stronger during the reproductive season as compared to the
nonreproductive season. Fewer shrimp were collected in
pairs during nonreproductive season, even though the sex
ratio in the population did not change; as females would ben-
efit from shared territorial defense year-round, this decline in
pairing suggests that reproductive benefits to males under-
lie the high degree of pairing in the reproductive season.
Thus, advantages to males (i.e., mate guarding larger, more
fecund females between sequential reproductive events)
appear to drive both high rates of pairing and assortative
pairing—measured as both within-pair size relationships and
population-wide correlation between male and female size—
during the reproductive season. In the nonreproductive sea-
son, however, within-pair size relationships shift such that
females are paired with similar-sized or larger males, as
would benefit females in cooperative territorial defense, and
while the correlation between male and female size remains,
it is weaker than in the reproductive season. Neither seasonal
differences in growth nor changes in pair preferences can
account for these seasonal differences in assortative pairing.
High female aggression may be too costly to males in the
nonreproductive season; changes in female mate sampling
behavior may also favor changes in pairs at this time.

Persistent monogamous pairing has been documented
across an array of taxa, including other crustaceans, birds,
fish, and mammals (Black 1996), and size-assortative pair-
ing is similarly widespread (Janicke et al. 2019, Moura
et al. 2021). Temporal variation in size-assortative pair-
ing, however, is rarely considered, especially with regard
to changes between reproductive and nonreproductive peri-
ods. Focusing solely on male—female associations during the
reproductive season neglects the fact that many—perhaps
most—mating systems are also social systems. Even when
our primary objective is the exploration of the reproductive
consequences of behaviors such as pair choice and fidelity,
studying the role of these behaviors for a subset of the time
in which they are expressed yields an incomplete under-
standing of their function and evolution.

Acknowledgements The shrimp used in this research were collected
using SC Department of Natural Resources scientific permits #3584
and #3959. We thank the Grice Marine Laboratory and Pete Meier for
logistical support.

Author contribution WLH measured the shrimp and performed the
statistical analyses. Authors collaborated equally on conception, gen-
erating hypotheses, and writing.

Funding This research was supported by the Presidential Summer
Research Award in Marine Biology from the Graduate Program in
Marine Biology and a Graduate Student Research Grant from the
Graduate School at the University of Charleston, both to WH.

Data availability Data have been archived at https://doi.org/10.6084/
m9.figshare.20377113.

Code availability Code has been archived at https://doi.org/10.6084/
m9.figshare.20377125.

Declarations

Ethics approval NA.

Conflict of interest The author declare no competing interests.

References

Baeza JA (2008) Social monogamy in the shrimp Pontonia marga-
rita, a symbiont of Pinctada mazatlanica, off the Pacific coast of
Panama. Mar Biol 153:387-395

Baeza JA, Ritson-Williams R, Fuentes MS (2013) Sexual and mat-
ing system in a caridean shrimp symbiotic with the winged pearl
oyster in the Coral Triangle. J Zool 289:172-181

Baldauf SA, Kullmann H, Schroth SH, Thunken T, Bakker TCM
(2009) You can’t always get what you want: size assortative mat-
ing by mutual mate choice as a resolution of sexual conflict. BMC
Evol Biol 9:129. https://doi.org/10.1186/1471-2148-9-129

Barroso D, Alves DFR, Hirose GL (2019) Testing the resource eco-
nomic monopolization hypothesis and its consequences for the
mating system of Alpheus estuariensis (Decapoda, Caridea, Alp-
heidae). ] Mar Biol Assoc 99:639-647

Bauer RT (2004) Remarkable shrimps. Oklahoma University Press, Norman

Beauchamp G (1999) The evolution of communal roosting in birds:
origin and secondary losses. Behav Ecol 10:675-687

Black JM (1996) Introduction: Pair bonds and partnerships. In: Partner-
ships in birds, the study of monogamy. J. M. Black, editor. New
York: Oxford University Press.

Boltafia S, Thiel M (2001) Associations between two species of snap-
ping shrimp, Alpheus inca and Alpheopsis chilensis (Decapoda:
Caridea: Alpheidae). ] Mar Biol Ass u k 81:633-638

Corey S, Reid DM (1991) Comparative fecundity of decapod crusta-
ceans: I. The fecundity of thirty-three species of nine families of
caridean shrimp. Crustaceana 60:270-294

Costa-Souza AC, da Rocha SS, Bezerra LEA, Almeida AO (2014)
Breeding and heterosexual pairing in the snapping shrimp Alpheus
estuariensis (Caridea: Alpheidae) in a tropical bay in northeastern
Brazil. J Crust Biol 34:593-603

Crespi BJ (1989) Causes of assortative mating in arthropods. Anim
Behav 38:980-1000

Curran-Everett D (2013) Explorations in statistics: the analysis of ratios
and normalized data. Adv Physiol Educ 37:213-219

de Borghezan EA, da Pinto KS, Zuanon J, da Pires THS (2019) Some-
one like me: size-assortative pairing and mating in an Amazonian
fish, sailfin tetra Crenuchus spilurus. PLoS ONE 14:¢0222880

Diedenhofen B, Musch J (2015) cocor: a comprehensive solution for the
statistical comparison of correlations. PLoS ONE 10(4):e0121945

Diniz P, Rech GS, Ribeiro PHL, Webster MS, Macedo RH (2020) Part-
ners coordinate territorial defense against simulated intruders in a
duetting ovenbird. Ecol Evol 10:81-92

@ Springer


https://doi.org/10.6084/m9.figshare.20377113
https://doi.org/10.6084/m9.figshare.20377113
https://doi.org/10.6084/m9.figshare.20377125
https://doi.org/10.6084/m9.figshare.20377125
https://doi.org/10.1186/1471-2148-9-129

107 Page 10 of 10

Behavioral Ecology and Sociobiology (2022) 76: 107

Fishelson L (1966) Observations on the littoral fauna of Israel, V. On
the habitat and behavior of Alpheus frontalis H. Milne Edwards
(Decapoda, Alpheidae). Crustaceana 11:98—-104

Fricke HW (1986) Pair swimming and mutual partner guarding in monog-
amous butterflyfish (Pisces, Chaetodontidae); a joint advertisement
for territory. Ethology 73:307-333

Harari AR, Handler AM, Landolt PJ (1999) Size-assortative mating, male
choice and female choice in the curculionid beetle Diaprepes abbre-
viates. Anim Behav 58:1191-1200

Heuring WL (2016) Sexually dimorphic weaponry in monogamous snap-
ping shrimp: investigating the roles of seasonal variation, female
aggression, and mate choice. MS thesis, Graduate School of the
University of Charleston, Charleston, SC.

Heuring WL, Hughes M (2019) It takes two: seasonal variation in sexu-
ally dimorphic weaponry results from divergent changes in males
and females. Ecol Evol 9:5433-5439

Heuring WL, Hughes M (2020) Continuously choosy males and sea-
sonally faithful females: sex and season differences underlie size-
assortative pairing. Anim Behav 160:91-98

Hoefler CD (2007) Male mate choice and size-assortative pairing in a
jumping spider, Phidippus clarus. Anim Behav 73:943-954

Hughes M (1996) Size assessment via a visual signal in snapping shrimp.
Behav Ecol Sociobiol 38:51-57

Hughes M, Williamson T, Hollowell K, Vickery R (2014) Sex and weap-
ons: contrasting sexual dimorphisms in weaponry and aggression in
snapping shrimp. Ethology 120:982-994

Janicke T, Marie-Orleach L, Aubier TG, Perrier C, Morrow EH (2019)
Assortative mating in animals and its role for speciation. Am Nat
194:865-875

Jiang Y, Bolnick DI, Kirkpatrick M (2013) Assortative mating in animals.
Am Nat 181:E125-E138

Knowlton N (1980) Sexual selection and dimorphism in two demes of
a symbiotic, pair-bonding snapping shrimp. Evolution 34:161-173

Knowlton N, Keller BD (1982) Symmetric fights as a measure of escala-
tion potential in a symbiotic, territorial snapping shrimp. Behav Ecol
Sociobiol 10:289-292

Kvarnemo C (2018) Why do some animals mate with one partner rather
than many? A review of causes and consequences of monogamy.
Biol Rev 93:1795-1812

Linsenmair KE (2007) Sociobiology of terrestrial isopods. In: Duffy JM,
Thiel M (eds) Evolutionary ecology of social and sexual systems: crus-
taceans as model organisms. Oxford University Press, NY, pp 339-364

Luddecke H (2001) Variation in mating pattern in a population of the
Andean frog Hyla labialis. Amphibia Reptilia 22:199-207

Mathews LM (2002) Territorial cooperation and social monogamy: fac-
tors affecting intersexual behaviours in pair-living snapping shrimp.
Anim Behav 63:767-777

Mathews LM (2002) Tests of the mate-guarding hypothesis for social
monogamy: does population density, sex ratio, or female synchrony
affect behavior of male snapping shrimp (Alpheus angulatus)?
Behav Ecol Sociobiol 51:426-432

Mathews LM (2003) Tests of the mate-guarding hypothesis for social
monogamy: male snapping shrimp prefer to associate with high-
value females. Behav Ecol 14:63-67

Mathews LM (2007) Evidence for high rates of in-pair paternity in the socially
monogamous snapping shrimp Alpheus angulosus. Aquat Biol 1:55-62

McLain DK, Boromisa RD (1987) Male choice, fighting ability, assorta-
tive mating and the intensity of sexual selection in the milkweed
longhorn beetle, Tetraopes tetraophthalmus (Coleoptera, Ceramby-
cidae). Behav Ecol Sociobiol 20:239-246

Moura RR, Gonzaga MO (2017) Temporal variation in size-assortative
mating and male mate choice in a spider with ambisexual care. Sci-
ence of Nature 104:28

Moura RR, Gonzaga MO, Pinto NS, Vasconcellow-Neto J, Requena GS
(2021) Assortative mating in time and space: patterns and biases.
Ecol Lett 24:1089-1102

@ Springer

Murata Y, Wada K (2002) Population and reproductive biology of an
intertidal sandstone-boring isopod, Sphaeroma wadai Nunomura,
1994. J Nat Hist 36:25-35

Nolan BA, Salmon M (1970) The behavior and ecology of snapping
shrimp (Crustacea: Alpheus heterochelis and Alpheus normanni).
Forma Functio 2:289-335

Parker GA (1983) Mate quality and mating decisions. In Mate Choice (Bate-
son, P., ed.), pp. 141-166. Cambridge: Cambridge University Press.).

Pavanelli CAM, Mossolin EC, Mantelatto FL (2008) Reproductive strat-
egy of the snapping shrimp Alpheus armillatus H. Milne-Edwards,
1837 in the South Atlantic: fecundity, egg features, and reproductive
output. Invertebr Reprod Dev 52:123-130

Pavanelli CAM, Mossolin EC, Mantelatto FL (2010) Maternal investment
in egg production: environmental and population-specific effects
on offspring performance in the snapping shrimp Alpheus nuttingi
(Schmitt, 1924) (Decapoda, Alpheidae). Anim Biol 60:237-247

Pereira A, Tracey E, Cooney PC, Korey CA, Hughes M (2014) Claw
regrowth and functional recovery during transformation in the
snapping shrimp, Alpheus angulosus. Mar Fresh Behav Physiol
47:147-159

Popp T, Shervette V, Wilber DH (2020) Residency and reproductive
patterns of the green porcelain crab, Petrolisthes armatus, on an
intertidal oyster reef in its nonnative range. J Exp Mar Biol Ecol
529:151399

R Core Team. 2020. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
URL http://www.R-project.org/.

Rahman N, Dunham DW, Govind CK (2003) Social monogamy in
the big-clawed snapping shrimp, Alpheus heterochelis. Ethology
109:457-473

Reichard UH (2003) Monogamy: past and present. In: Monogamy: mat-
ing strategies and partnerships in birds, humans and other mam-
mals. U. H. Reichard and C. Boesch, Ed. New York: Cambridge
University Press.

Ridley M (1983) The explanation of organic diversity: the comparative
method and adaptations for mating. Clarendon Press, Oxford
Schein H (1975) Aspects of the aggressive and sexual behavior of Alpheus

heterochaelis Say. Mar Behav Physiol 3:83-96

Schein H (1977) The role of snapping in Alpheus heterochaelis Say, 1818,
the big-clawed snapping shrimp. Crustaceana 33:182—-188

Seibt U, Wickler W (1979) The biological significance of the pair-bond in
the shrimp Hymenocera picta. Z Tierpsychol 50:166—179

Swenson JE (1993) Hazel grouse (Bonasa bonasia) pairs during the non-
breeding season: mutual benefits of a cooperative alliance. Behav
Ecol 4:14-21

Tracey E, Pereira A, Hughes M, Korey CA (2013) The embryonic devel-
opment of the snapping shrimp, Alpheus angulosus Mcclure, 2002
(Decapoda, Caridea). Crustaceana 86:1367-1381

Wickler W, Seibt U (1981) Monogamy in Crustacea and man. Z Tierpsy-
chol 57:215-234

Wilson, K., and I. C. W. Hardy. 2002. Statistical analysis of sex ratios: an
introduction. In: Sex ratios: concepts and research methods, Ed. by
I. C. W. Hardy. Cambridge University Press.

Wittenberger JF, Tilson RL (1980) The evolution of monogamy: hypoth-
eses and evidence. Ann Rev Ecol Syst 11:197-232

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.


http://www.R-project.org/

	It’s the time of the season: seasonal variation in sexually conflicted size-assortative pairing
	Abstract 
	Significance statement
	Introduction
	Methods
	Seasonal variation in pairing
	Seasonal variation in size-assortative pairing: correlated sizes
	Seasonal variation in size-assortative pairing: within-pair size relationships

	Results
	Seasonal variation in pairing
	Seasonal variation in size-assortative pairing: correlated sizes
	Seasonal variation in size-assortative pairing: within-pair size relationships

	Discussion
	Acknowledgements 
	References


