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Abstract Variations in morphological characteris-
tics are frequently important determinants of the
physiology, ecology and inter- and intra-specific
interactions of organisms. Various causative drivers
have been investigated for this morphological varia-
tion, such as sexual selection, variations in the
available resources to exploit, habitat characteristics,
and other environmental factors. However, it is not
clear whether human disturbance has any selective
role in creating morphological variations other than
simply reducing the body size of individuals. We used
a bioindicator, the Atlantic ghost crab Ocypode
quadrata, to measure how human disturbance influ-
ences morphological claw variation. We examined the
claw height and the volume of major and minor claws
of crabs at 12 South Carolina sandy beaches with
various degrees of human disturbance. Crabs from
disturbed sites had smaller and shallower claws
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compared to crabs from pristine sites, and these
differences varied with sex and with body size.
Additionally, major claw volume and claw height also
varied with crab body size, gender, and across beaches
with different amounts of human disturbance. Other
claw characteristics showed no difference between
sexes with the degrees of human disturbance, or with
variation in body size. Our results suggest that the
magnitude of the human disturbance experienced by
populations may have a selective role on the mor-
phology of individual organisms that can differ
between males and females. These morphological
changes likely have ecological and physiological
consequences.

Keywords Claw morphology - Ghost crabs - Human
impacts - Ocypode quadrata - Sandy beach - South
Carolina

Introduction

Morphological variation plays a key role in the
ecology, survival and physiology of organisms.
Numerous studies show that morphological differ-
ences lead to differential exploitation of resources
(Yamada & Boulding, 1998; Buck et al. 2003),
potentially contributing to the physiological condition
of organisms. Additionally, morphological differences
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can determine social structures and influence the
outcome of intra- and inter-specific interactions (e.g.,
agonistic behaviors, predator—prey interactions)
(Sneddon et al., 2000; Hernaez & Jodo, 2018;
Cannizzo et al., 2019; Rico-Guevara & Hurme, 2019).

Sexual dimorphism is a widespread phenomenon in
nature (reviewed in Shine, 1989; Andersson, 1994,
Rico-Guevara & Hurme, 2019), and various hypothe-
ses have been proposed to explain mechanisms behind
sexual dimorphism. An early and ongoing explanation
is sexual selection (Shine, 1989; Claverie & Smith,
2010; Cothran & Jeyasingh, 2010; Rico-Guevara &
Hurme, 2019). Sexual selection can cause sexual
dimorphism if one sex, for example, preferentially
selects larger mates to optimize reproductive success
(Shine, 1989; Andersson, 1994; Maklakov et al.,
2004). Additionally, sexual selection may lead to
morphological divergence due to competition between
members of the same sex for access to mates (Serrano-
Meneses et al., 2007; Neff & Svensson, 2013; Clutton-
Brock, 2017). Sexual dimorphism may also arise from
resource availability if genders differ in their ability to
exploit resources (Shine, 1989; Cothran & Jeyasingh,
2010; Nolen et al., 2017). Finally, habitat character-
istics may have different selective impacts on each
gender (Shine, 1989; Giri & Loy, 2008; Cannizzo
et al., 2019).

Environmental factors may also lead to morpho-
logical variation across sites irrespective of gender.
For example, crabs living in Argentinian lakes have a
shorter but wider rostrum compared to conspecifics
living in rivers (Giri & Loy, 2008). Also, mangrove
tree crabs living in salt marshes have larger claws
compared to conspecifics living in dock and mangrove
habitats (Cannizzo et al., 2019). Given the occurrence
of morphological variation across habitat types, we
may also expect morphological variation across habi-
tats of the same type that differ in quality. Such
differences in habitat quality often result from human
impacts on natural systems.

Claw morphology commonly varies in crustaceans.
Claw size is an important factor that influences intra-
and inter-specific interactions such as antagonistic and
predator—prey interactions (Sneddon et al., 2000;
Rico-Guevara & Hurme, 2019) and reproductive
success (Shine, 1989; Andersson, 1994; Maklakov
et al., 2004). However, claw growth requires a
substantial energy investment (Berke & Woodin,
2008), and claw size is therefore influenced by many
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factors, including habitat type (Giri & Loy, 2008;
Cannizzo et al., 2019) and diet quality (Smith &
Palmer, 1994). Given the energy requirement, trade-
offs between claw growth and other body functions
and behaviors such as general body growth, repro-
duction, decoration and predator avoidance are com-
mon in crustaceans (Berke & Woodin, 2008; Hultgren
& Stachowicz, 2008; Hultgren & Stachowicz, 2011;
Anderson et al., 2013).

Coastal regions experience strong human influ-
ences because of their desirable ecosystem services
(Davenport & Davenport, 2006; Halpern et al., 2008;
Barbier et al., 2011), and these influences are likely to
become stronger in the future as the size of human
coastal populations continue to increase (Vitousek
et al., 1997; Davenport & Davenport, 2006; Halpern
et al., 2008). Species living in coastal regions already
show signs of stress (Vitousek et al., 1997; Halpern
et al., 2008; Defeo et al., 2009), with populations
responding to human influence by reducing individual
organismal sizes and population densities (Neves &
Bemvenuti, 2006; Hobbs et al., 2008; Cardoso et al.,
2016; Schlacher et al., 2016; Giil & Griffen, 2018a, b;
Suciu et al., 2018).

The Atlantic ghost crab Ocypode quadrata (Fabri-
cius, 1787) is a semi-terrestrial crab that lives on sandy
shores (Milne & Milne, 1941). It is widely used as a
bioindicator of human impacts because of its strong
responses to different types of impacts caused by
human (Wolcott & Wolcott, 1984; Neves & Bemve-
nuti, 2006; Giil & Griffen, 2018a, b; Suciu et al., 2018)
and natural disturbances (Hobbs et al,. 2008; Giil &
Griffen, 2019a). As with other species, ghost crabs
also display smaller individual size and lower popu-
lation abundance on disturbed shores (Schlacher et al.,
2016; Giil & Griffen, 2018a, 2018b). In addition, ghost
crabs also alter their burrowing behavior and associ-
ated energetic demands under human influence (Giil &
Griffen, 2019b).

Various mechanisms have been proposed to explain
smaller individual sizes of ghost crabs under human
disturbance. For instance, vehicles on the beach lead to
direct mortality by crushing (Wolcott & Wolcott,
1984; Schlacher et al., 2007), and larger crabs may
experience higher mortality because they emerge from
their burrows more often than smaller crabs (Wolcott
& Wolcott, 1984). In addition to mortality caused by
vehicles, direct handling by beachgoers at disturbed
sites may influence body sizes since larger crabs are
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captured more frequently (Giil & Griffen, 2018b).
Moreover, reduced food availability and/or food
quality likely contribute to lower growth rates in
crabs at disturbed sites (Stelling-Wood et al., 2016;
Kiskaddon et al., 2019). Variations in energetic
balance due to changes in behaviors and daily
activities in ghost crabs between sites that differ in
the strength of human disturbance may further
contribute to differences in body size of crabs (Giil
& Griffen, 2019b). Thus, there are several mecha-
nisms that may all contribute to the observed decrease
in body size of crabs at disturbed sites. Yet the impacts
of human disturbance on size-independent morpho-
logical features have received less attention and are
limited to some bird and lizard species (Smith et al.,
2008; Marnocha et al., 2010; Winchell et al., 2016;
Putman et al., 2019).

The impacts of human disturbances on natural
populations have been widely investigated by observ-
ing the population densities and individual sizes of
bioindicator species (Carignan & Villard, 2002;
Spellerberg, 2005; Cortes et al., 2013). However, it
is not clear whether human disturbance plays a
selective role in eliciting morphological differences
other than the reductions in body size that have been
reported. If human impacts can be shown to correlate
with other forms of morphological change, this may
further assist in forecasting the future conditions of
disturbed populations as human use of coastal areas
continues to rise. Therefore, we used the Atlantic
ghost crab as a model organism to understand whether
human disturbance can be correlated with variation in
claw morphology across sites with different amounts
of human disturbance. Changes in burrowing behav-
iors (i.e. burrow fidelity and longevity) in ghost crabs
leads to increased energetic demand at sites with
higher human disturbance levels (Giil & Griffen,
2019b). At the same time, energy storage and repro-
ductive potential of ghost crabs both decline (Giil &
Griffen in review) as a direct result of reduced
abundance of common ghost crab prey items at
disturbed sites (Gonzalez et al., 2014; Cardoso et al.,
2016; Frota et al., 2019; Laitano et al., 2019; Giil &
Griffen in review). This energy imbalance may lead to
growth-reproduction tradeoffs (Stearns, 1992). Addi-
tionally, male Ocypodidae species tend to have larger
claws compared to female conspecifics to increase the
chance of being selected for reproduction (McLain &
Pratt, 2007; Reaney, 2009) and to increase success in

agonistic encounters against other males. Females, on
the other hand, grow smaller claws compared to their
male conspecifics (Hartnoll, 1974), potentially reflect-
ing a tradeoff to store more energy for egg production
instead of investing in claw growth. We therefore
predicted that female ghost crabs would have smaller
claw sizes at sites with high human disturbance
compared to conspecifics from pristine and moder-
ately impacted sites due to this potential tradeoff
between the allocation of limited energy to reproduc-
tion vs. growth. We further predicted that males would
have smaller claw sizes at sites with human distur-
bance, but that these changes would be less dramatic
compared to females due to a faster claw growth in
males of this species compared to females (Haley
1969).

Materials and methods
Study sites

We examined variation in the size of major and minor
claws of crabs on twelve sandy beaches with different
degrees of human disturbances on the South Carolina
coast (Fig. 1, Table 1). Although the coast of South
Carolina possesses ocean-exposed sandy shores, the
wave energy affecting the beaches is relatively low
because the continental shelf is relatively broad (Kana,
1988). Low wave energy makes the South Carolinian
beaches preferable destinations for vacations, and
while beach activity may be beneficial for the local
economy, it alters local faunal populations and alters
the geo-morphological features of heavily used sites
(Giil and Griffen, 2018a).

We conducted our field observations in July 2018.
We chose study sites using the urbanization index,
modified from Gonzalez et al. (2014), which was
created based on observations and the quantitative
evaluations of the variables shown in Table 1 during
the summer of 2016 and 2017. The index was
calculated using the formula X’ = (X — Xyin)/(Ximax-

— Xmin), Where X represents the value for each of the
variables in Table 1 and X,,;, and X,,,x represent the
minimum and the maximum values for the variables.
The urbanization index score for each beach was
obtained by averaging the individual X values for the
different metrics that comprise the score. The index
ranges from O (low human impact) to 1 (extreme
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Fig. 1 Map of the study sites indicating 12 sandy beaches on the coast of South Carolina. Values next to the points represent the

urbanization index score for that site

human impact). During the summer of 2016 and 2017,
we observed the beach cleaning technique, buildings,
and other amenities next to each beach. We also
counted the numbers of vehicles and beach visitors
over approximately 1 km of beach as a proxy for the
intensity of the visitors and intensity for the mechan-
ical influence if there was any. We counted the number
of people on each site over a 2 h period during the
weekdays from 0800 to 1000. We observed vehicles
during the nights and counted the vehicles on the
beach. Because the use of off-road vehicles on the
South Carolina sandy beaches are not allowed, we
observed the beach cleaning vehicles, vehicles that are
used by the municipality agents and life guards.

Claw morphology

To determine differences in claw size between male
and female ghost crabs under various intensities of
human disturbance, we collected opportunistically-
encountered adult crabs of a wide range of sizes
around the strandline over approximately 1-km of
beach during the night at each site using a dip net. We
sampled the crabs during night times at approximately
similar hours, because Atlantic ghost crabs are
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nocturnal organisms and they spend the day in their
burrows (Lucrezi and Schlacher, 2014). We sampled
crabs around the strandline because they forage
around the strandline on carrion, wrack material,
coquina clam, mole crabs etc. (Wolcott, 1978). We
measured the carapace width as well as the length,
height, and width of both the major (crusher) and
minor (cutter) claws using a Vernier -caliper
(£ 0.1 mm) as shown in Fig. 2. We excluded
individuals with injuries such as missing limbs or
injuries on the carapace. Various claw dimensions
such as claw length, claw depth or claw height can be
an indicator for the claw size; however, these metrics
may change independently across habitats (Edgell &
Rochette, 2007). Therefore, we used volumes of both
claws (i.e., product of the claw dimensions, length x
height x width) as morphological claw characteris-
tics of the crabs. We also used the variation in major
and minor claw height as a proxy for the claw closing
force (Lee, 1993; Yamada & Boulding, 1998; Sneddon
et al., 2000). We first log-transformed the data for the
volume and the height of the claws and for carapace
width to linearize these allometric relationships as
suggested by Tukey (1977). While problems exist
when using logarithmic transformations of allometric
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Table 1 Urbanization indicators from absent (0) to extremely high (5), urbanization index (UI) values of the study sites, sample size

and the range of the individual sizes

Site Latitude Proximity Building on Beach Number Freq. of Infrast. n CW (mm) Ul

Longitude to urban  the sand cleaning of veh. on visitors (min—
centers and dunes the sand max)

Waties Island 1 33°50'52" N 0 0 0 1 0 343 26.9-50.7 0.03
78°33'48" W 329 254423

Waties Island 2 33°50/45" N 0 0 0 1 0 263 24.3-473 0.03
78°34'33" W 369 24.5-36.4

N. Myrtle Beach 33°48'50" N 5 4 4 5 5 53 26.4-37.6 093
78°40'49" W 99  253-393

Myrtle Beach 33°4001” N 5 4 5 5 5 43 24.1-30.8 0.96
78°54'21" W 6%  27.5-32.6

Garden City Beach 33°34'13” N 5 5 3 5 4 73 242-342 09
79°00'11" W 112 25.6-35.1

Pawley’s Island 33°25'49" N 3 4 0 2 2 123 26.2-50.3 0.36
79°07'12" W 102 28.1414

Debidue Island 33°21'15" N 1 0 0 1 0 193 24.2-48.8 0.06
79°09'08"” W 229 25.6-44.1

Isle of Palm 2 32°4749" N 5 4 2 4 3 53 243-386 0.7
79°45'09” W 99  26.2-35.8

Isle of Palm 1 32°46'29" N 3 3 0 2 1 193 252-48.8 03
79°48'28" W 229 25.6-40.6

Sullivan’s Island 1  32°45'43" N 4 3 3 4 3 93 254424 0.66
79°49'32" W 79 25.4-364

Sullivan’s Island 2 32°45'23" N 4 3 3 4 3 73 31.3-384  0.66
79°50'24" W 5¢  25.6-358

Folly Beach 32°39'33" N 4 4 0 3 3 83 23.1-40.1 05
79°55'36" W 99  26.2-439

The sites were aligned from north to south (n represents the sample size of the crabs. Infrast. stands for the infrastructures of the sites

such as restroom, parking lots etc.)

data, these problems are largely associated with using
the resulting linear equations to extrapolate and make
predictions, or when predicted values from least
squares regression are detransformed back to arith-
metic units (Smith, 1993). We did not do either of
these here, and we therefore avoid biases that can
occur with transformed allometric data. Following
transformation, we verified that all relationships
between the carapace width and claw volume or
height for both claws and for each sex were linear. We
then used linecar mixed effects models (ImerTest,
package in R, Kuznetsova et al., 2018) to examine
whether claw volumes and claw height (i.e., a proxy
for claw closing force) varied between sexes, with crab

size (i.e., carapace width) and with the extent of
human disturbances, treated as a continuous variable
using the urbanization index as described above. We
also included two-way and three-way interaction
terms in our models. To control for spatial (latitudinal)
differences associated with individual sites, we
included the study site nested in latitude as a random
factor in all mixed models. Mixed models were
followed by a Tukey’s HSD test for multiple compar-
isons between sexes (“lsmeans” package in R, Lenth
& Hervé, 2018). Further, because of the difficulty of
interpreting main effects in the presence of significant
three-way interactions, we also conducted linear
regressions for males and females separately, and
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CL

CD

Fig. 2 Claw dimensions measured for ghost crabs, O. quadrata
(CL claw length, CH claw height, CD claw width)

with only the urbanization index or the carapace width
used as a predictor variable. W do not present the
results of these individual repressions here, but have
used them to interpret main effects in the analyses that
included sex, urbanization index, and carapace width
together.

Results

We examined a total of 331 adult ghost crabs (153
males and 178 females). We found that claw mor-
phology of ghost crabs varied with the intensity of
human disturbance, with crab body size, and with sex.
Specifically, we found that the major (i.e., crusher)
claw volume of O. quadrata was larger in males than
in females (Tukey HSD, p < 0.05), but increased in
both sexes as body size increased (Fig. 3a, Table 2a).
Further, major claw volume decreased as human
influence on a beach increased, but this relationship
was stronger for male than for female crabs (signif-
icant interaction term between urbanization index and
sex, Table 2a). Further, the three-way interaction
between sex, crab size, and urbanization index was
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significant (Table 2a). Minor claw volume also
increased with crab carapace width, but was not
different between the sexes (Tukey HSD, p > 0.05).
In addition, minor claw volume decreased as human
disturbance become stronger, but the extent of this
decrease was greater for male than for females
(Fig. 3b, significant interaction between urbanization
index and sex, Table 2b). The three-way interaction
between human impacts, crab body size, and sex was
significant for this analysis as well. No major influence
of the random factors was detected on the major or
minor claw volumes (Table 2a, b).

Using claw height as a proxy, we found that the
closing strength of the major claw reflected the
patterns described above for the major claw volume.
Specifically, the height of the major claw was greater
in males than in females (Tukey HSD, p < 0.05) and
increased with crab carapace width (Fig. 4a,
Table 2c). Major claw height also decreased as human
impacts become stronger, but this decrease was greater
for males than for females (significant interaction
between the urbanization index and sex, Table 2c).
The three-way interaction was again significant.
Finally, we found that the height of the minor claw
increased with body size and decreased with human
impacts, but neither of these relationships differed
between sexes (Fig. 4b, Table 2d). Random factors
showed no major effects on the major and minor claw
closing forces (Table 2c, d).

In addition, we analyzed these same results by
comparing series of nested models using log likeli-
hood. Result of this analysis agreed qualitatively with
the results presented here, with the exception that the
log likelihood approach found that the best model to
examine minor claw height included the three-way
interaction between sex, carapace width, and degree of
human impact.

Discussion

We have shown that the volume and the height of the
crusher and cutter claws of O. quadrata are positively
related to crab body size and are negatively related to
the degree of human impact on a beach. Further, we
have shown that changes in claw morphology with
crab body size and with human impacts across beaches
are generally more extreme for male than for female
crabs. Since claw size and claw closing strength can
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Fig. 3 Variation in major (a) and minor (b) claw volume for O. quadrata by sex among various degrees of human disturbance on South
Carolina beaches. Bubbles size indicates the relative carapace width of individual crabs

directly influence sexual selection (Shine, 1989;
Claverie & Smith, 2010; Cothran & Jeyasingh,
2010), foraging efficiency (Yamada & Boulding,
1998; Edgell & Rochette, 2009; Jaroensutasinee &
Jaroensutasinee, 2015), success in agonistic behaviors
(Sneddon et al., 2000; Cannizzo et al., 2019, reviewed
in Rico-Guevara & Hurme, 2019), and mating success
(Serrano-Meneses et al., 2007), changes in the claw
morphology have the potential to influence the ecol-
ogy and the physiology of O. quadrata. The results of
this research therefore have important implications for
ghost crab populations on sandy shores and for our
understanding of the broad potential influences of
human disturbances on the ecological and physiolog-
ical changes of organisms.

The changes in the claw sizes as a response to the
levels of the human disturbance for males and females

reported here may possibly reflect plastic variation in
the strength of the agonistic behaviors under human
influence. Agonistic behaviors are widespread in
crustaceans (Dalosto et al., 2013; Ayres-Peres et al.,
2015), which commonly use claws as an important
weapon for winning these encounters (Andersson,
1994; Rico-Guevara & Hurme, 2019), and ghost crabs
are no exception (Lucrezi & Schlacher, 2014). The
strength of agonistic behaviors is directly related to
density in crustaceans, and individuals living at higher
population densities often become better competitors,
likely due to selection for stronger claws used in
agonistic encounters (Calsbeek, 2009). Claw volumes
of both male and female crabs declined proportion-
ately with increasing strength of human disturbance.
As a bioindicator of human disturbance on the sandy
shores, population abundance and the individual sizes
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Table 2 Summary of linear mixed effects model (LMER) showing the claw volumes and claw heights (i.e. closing strength) of ghost

crabs under various levels of human disturbance

Est &+ SE t-value p-value
(a) Major claw volume
Fixed factors
Sex (A) 0.56 £+ 0.12 4.836 < 0.001*
Crab size (B) 0.05 £ 0.003 17.208 < 0.001*
Urbanization index (C) —0.34 £0.22 — 1.564 0.119
A X B — 0.01 £ 0.003 —3.273 0.0011%*
AxC —0.74 £ 0.27 —2.716 0.0069*
B xC 0.003 £ 0.007 0.476 0.634
AxBxC 0.02 £ 0.009 2.391 0.017*
Variance component S.D.
Random factors
Latitude:site 0.0055 0.0745
Site 0.0012 0.0357
Residual 0.0138 0.117
(b) Minor claw volume
Fixed factors
Sex (A) — 0.016 £ 0.12 —0.113 0.9103
Crab size (B) 0.053 £+ 0.003 15.674 < 0.001*
Urbanization index (C) —0.54 £0.03 — 2.115 0.0353*
A x B — 0.0007 £+ 0.004 —0.16 0.873
AxC — 0.76 £ 0.32 — 2.346 0.0196*
B xC 0.004 £ 0.008 0.563 0.574
AxBxC 0.03 £ 0.1 3.043 0.0025*
Variance component SD
Random factors
Latitude:site 0.0025 0.0503
Site 0.0053 0.0728
Residual 0.0197 0.1405
(c) Major claw height
Fixed factors
Sex (A) 0.17 £ 0.04 3.785 0.0001*
Crab size (B) 0.02 £ 0.001 14.41 < 0.001*
Urbanization index (C) — 0.05 £ 0.08 — 0.635 0.5258
A X B — 0.002 £ 0.001 — 1.794 0.0737
AxC —0.28 £ 0.1 — 2.683 0.0076*
BxC — 0.0008 + 0.002 — 0.302 0.763
AxBxC 0.007 £ 0.003 2.077 0.0386*
Variance component SD
Random factors
Latitude:site 0.00019 0.0141
Site 0.00044 0.0211
Residual 0.0019 0.0445
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Table 2 continued
Est +£ SE t-value p-value
(d) Minor claw height
Fixed factors
Sex (A) — 0.04 £ 0.05 — 0.81 0.418
Crab size (B) 0.02 £ 0.001 14.1 < 0.001*
Urbanization index (C) —0.21 £ 0.09 —2.335 0.0202*
A X B 0.0008 £ 0.001 0.54 0.589
AxC —0.13 £ 0.11 — 1.102 0.271
BxC 0.004 £ 0.003 1.28 0.201
AxBxC 0.007 £ 0.004 1.922 0.055
Variance component SD
Random factors
Latitude:site < 0.001 0.0294
Site < 0.001 0.0068
Residual < 0.001 0.0494

Study sites nested in latitudes were included in the model as random effect

of Atlantic ghost crabs decline dramatically under the
influence of human disturbance (Wolcott & Wolcott,
1984; Neves & Bemvenuti, 2006; Hobbs et al., 2008;
Giil & Griffen, 2018a, b; Suciu et al., 2018). Thus,
there are potentially weaker agonistic behaviors at
sites under strong human influences. Moreover, lower
claw closing strength (i.e., claw height), after account-
ing for the crab body size, was found in crabs living at
the sites in which the human disturbance is strongest
(e.g., ui > 0.9). Previous work has shown that the
ghost crab density was lowest in those sites (Giil &
Griffen, 2018a, b).

Differences in the size of both claws here may also
result from variation in the available energy for crabs
living in sites with different levels of human distur-
bance. Specifically, both male and female crabs had
smaller crusher and cutter claws after accounting for
the body size at beaches under human influence
compared to their conspecifics at pristine sites.
Besides reducing ghost crab populations, human
disturbance dramatically influences the main prey
items of ghost crabs such as bean clams, mole crabs
and sandy beach coleoptera (Gonzalez et al., 2014;
Cardoso et al., 2016; Frota et al., 2019; Laitano et al.,
2019; Giil & Griffen in review). Diet type and overall
resource availability can influence the claw morphol-
ogy and body size in other species (Shine, 1989; Smith
& Palmer, 1994; Cothran & Jeyasingh, 2010). If this is

true for ghost crab populations, it is logical to conclude
that reductions in preferred food lead to smaller claw
sizes in ghost crabs at disturbed sites. However, this
explanation raises the question of why limited food
would not influence the major claw volume of male
crabs in the same way that it influences females (i.e.,
why do the patterns differ for the two genders)?
Hartnoll (1974) reported that male crabs generally
grow their claws faster compared to the females after
reaching maturity. Similar results have been reported
for ghost crabs. Haley (1969) showed that claws of
male ghost crabs grow faster compared to those of
females at all size classes. This differential growth
may result from sexual selection (Schenk & Wain-
wright, 2001). Therefore, it can be hypothesized that
male ghost crabs grow their major claws faster even
under human disturbance to attract females, as fiddler
crabs do (i.e. fiddler crabs and ghost crabs belong to
the same phylogenetic family, Ocypodidae) (McLain
& Pratt, 2007; Reaney, 2009), or for use in mate
guarding. Overall, the results here show that human
disturbance influences both major and minor claw
sizes, but that impacts appear to be larger on major
claws, and different patterns between male and female
crabs are consistent with increased focus on claw
growth in males for reproductive purposes.

We only examined variation in claw size and did
not directly measure claw closing strength. However,
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Fig. 4 Variation in major (a) and minor (b) claw height, a proxy for the claw closing strength, for O. quadrata by sex among various
degrees of human disturbance on South Carolina beaches. Bubbles size indicates the relative carapace width of individual crabs

previous studies have shown that there is a close
relationship between claw height and the closing
strength across species (Lee, 1993; Yamada &
Boulding, 1998; Sneddon et al., 2000), as well as
between claw size and resource availability and
foraging efficiency (Smith & Palmer, 1994; Yamada
& Boulding, 1998; Buck et al., 2003; Edgell &
Rochette, 2009; Cothran & Jeyasingh, 2010). Ghost
crabs mostly feed on beach clams and mole crabs on
the Southern coast (Wolcott, 1978), and these organ-
isms can be opened and/or crushed even by crabs with
weak claws due to their soft bodies and shells,
suggesting that the dietary implications of reduced
claw size in this system may be moderate. Further
research is required to understand whether the lower
claw height influences the diet of ghost crabs.

The correlation between the intensity of human
disturbance and claw size of ghost crabs suggests yet
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another mechanism by which human disturbances may
lead to reduced body size and density of this bioindi-
cator species (Wolcott & Wolcott, 1984; Neves &
Bemvenuti, 2006; Hobbs et al., 2008; Schlacher et al.,
2016; Giil & Griffen, 2018a, b; Suicu et al., 2018). If
the available energy sources are limited under human
influence, as hypothesized above, then species may
not obtain enough energy at the most disturbed sites.
In that case, both males and females may exhibit a
tradeoff between their growth and their reproductive
activity. Females may spend more of the limited
energy that they gain on egg production instead of
claw growth, while males may spend more energy for
increasing their chance of gaining access to a female
by growing their major claws instead of their body.
Further studies are required to test this hypothesis,
such as by investigating the differences in daily
activities (e.g., burrow size and behavior) between
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males and females, as well as differences in the energy
requirement for reproduction and for claw growth.

Additionally, habitat characteristics and environ-
mental factors can influence the morphological vari-
ation in organisms (Giri & Loy, 2008; Cannizzo et al.,
2019). Ghost crabs are widely used as a bioindicator of
human disturbance due to their lower population
abundance and smaller individual sizes in disturbed
habitats (Schlacher et al., 2016). Environmental and
geo-morphological factors such as sand grain size,
sand compaction, and beach slope and width may
contribute to changes in prey availability (Tewfik
et al.,, 2016) and subsequently to these changes in
ghost crab demographics at disturbed sites (Turra
et al., 2005; Giil and Griffen, 2018b). Similarly, these
physical beach characteristics may be a direct con-
tributing factor to variation in ghost crab claw volumes
and closing strengths across sites. Beach width, slope,
and grain size vary across South Carolina beaches with
different levels of human disturbance (Giil and
Griffen, 2018a, b). However, during the research
reported here we did not collect data on beach
characteristics that would be needed to test the
hypothesis of a direct link between beach character-
istics and claw morphology. Therefore, it is not
possible to determine whether the changes in claw
morphology documented here are the direct result of
human impacts, or whether human impacts have an
indirect effect on claw morphology via changes in
habitat characteristics. This question remains for
future research.

In conclusion, human disturbance appears to play a
key role in determining the size and closing strength of
the major and minor claws of O. quadrata, a bioindi-
cator species, and this role is sex-specific. One
plausible reason for this is a shortage in food (i.e.,
energy limitation) at disturbed sites. This mechanism
would also explain the reported decrease in overall
body size on beaches influenced by human distur-
bance. However, the potential influences of claw size
on foraging efficiency and success in mating and in
agonistic encounters remains to be tested. Under-
standing the possible influences of such morphological
variation on the ecology and physiology of individuals
will further our understanding of population level
responses of this bioindicator species to various levels
of human disturbance.
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