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ABSTRACT

Despite the diversity in the size, performance, and function of  crustacean claws (chelae), our 
understanding of  the functional morphology and evolution of  these claws are lacking. Since 
crayfish claws are multi-function organs that face selection from fighting, mating, foraging, and 
predation, these pressures all interact to shape the claws morphology and performance. I studied 
a unique claw morphology, the exaggerated claw gape of  the New River crayfish, Cambarus 
chasmodactylus James, 1966, by investigating how this claw morphology relates to claw strength 
and fighting style. Claw length increased in both males and females as body size increased, al-
though this trend was more pronounced in males, and maximal claw strength increased as claw 
length increased in both males and females. I describe the fighting behavior of  the species in re-
lation to previously studied species and speculate on how changes in claw morphology have led 
to changes in species-specific fighting style. Observations of  fighting behavior in C. chasmodactylus 
revealed a previously undescribed claw grasping behavior, in which competitors grasp onto the 
manus of  their opponent’s claw and laterally twist to flip their opponent. When assessing the 
relative role of  claw size and claw strength on contest success in male individuals, individuals 
with larger, but not necessarily stronger claws were most likely to attain dominance. These re-
sults highlight the functional morphology of  a unique claw morphology and provides initial 
evidence for how claw form relates to fighting style within decapod crustaceans.

Key Words:   animal weapons, chelae, functional morphology, sexual dimorphism, weapon 
performance

INTRODUCTION

Many decapod crustaceans possess a pair of  enlarged chelae 
(hereafter referred to as claws). Both within and between species, 
the diversity in decapod claw size and shape have puzzled biolo-
gists (Lee, 1995; Mariappan, 2000; Rosenberg, 2002). At their ex-
tremes, decapod claws, as in male fiddler crabs (Crane, 1975), can 
account for up to 40% of  the individual’s total body mass and can 
generate pinching forces comparable to the bite force of  terres-
trial predators, as in coconut crabs (Oka et al., 2016). In contrast 
with the large and strong claws of  some decapods, other species 
(or sexes) have reduced claws that are used solely for food manipu-
lation and for burrowing, as in female fiddler crabs (Crane, 1975), 
and the pectinate claws in multiple curstaceans lineages (Tshudy 
& Sorhannus, 2000). Despite this impressive diversity in form 
and function, biologists have a poor understanding of  how and 
why decapod claws are so diverse (Lee, 1995). Because claws are 
shaped by sexual selection via male-male competition and female 

mate choice (Lee, 1995; Mariappan et  al., 2000; Gherardi & 
Aquiloni, 2011), claws are directly related to reproduction, which 
likely promotes their diversification (Emlen, 2008). Differences in 
claw morphology are often the identifying feature in describing 
new species and discerning between crustacean species (e.g., fid-
dler crabs (Crane, 1975); crayfishes (Schuster, 2020)), which sug-
gests that claws play a key role in phenotypic diversification and 
speciation throughout Crustacea.

The diversity in the morphology of  decapod claws is matched 
by a similarly impressive diversity in their functions (reviewed 
in Lee, 1995; Mariappan et  al., 2000). Claws are well studied 
for their role in defending from predators (e.g., Robinson et al., 
1970; Stein, 1975), foraging for resources (e.g., Brock & Smith, 
1998; Yamada & Boulding, 1998; Tummon Flynn et  al., 2015), 
and creating burrows (e.g., Atkinson, 1974; Grow, 1981; Christy, 
1982; Florey & Moore, 2019), effectively making claws multi-
function tools that are a primary means by which decapods 
interact with their environment (Lee, 1995). Claws are also used 
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in male-male competition and female mate choice (Levinton 
et al., 1995; Moore, 2007; Claverie & Smith, 2010; Gherardi & 
Aquiloni, 2011). Although both male and female decapod deca-
pods wield claws, there is often noticeable sexual dimorphism in 
the size, shape, and performance of  their claws because of  their 
divergent function between the sexes (Schenk & Wainwright, 
2001; Dennenmoser & Christy, 2013; Palaoro et  al., 2020;). 
Because decapod claws face multiple selective pressures from 
sexual selection and nonsexual selection, studies on their func-
tional morphology and ability to perform ecologically relevant 
tasks can give insight into how these multiple selective pressures 
interact.

With over 650 described species, there is significant variation 
in the ecology, morphology, and behavior of  freshwater cray-
fishes. Tertiary-burrowing crayfishes inhabit permanent lentic or 
lotic habitats and often have larger bodies with relatively larger 
claws compared to primary-burrowing species, which are semi-
terrestrial and inhabit extensive burrows which they construct 
(Hobbs, 1981; Richardson, 2007). This ecological and behav-
ioral diversity in crayfishes is matched by an equally impressive 
diversity in the size, shape, tuberculation, and color of  their claws 
(Schuster, 2020). Furthermore, because crayfish claws are sexually 
dimorphic, sexual selection influences the form and function of  
their claws as it does in other decapod (Moore, 2007; Gherardi 
& Aquiloni, 2011). Both male and females have enlarged claws, 
but males often have disproportionately larger claws compared 
to females (Wilson et  al., 2009; Malavé et  al., 2017; Robinson & 
Gifford, 2019; Graham et  al., 2020). The dynamics of  aggres-
sion change based on their relative claw size, with small-clawed 
individuals engaging in more aggressive interactions, and large-
clawed ones are less likely to initiate combat (Schroeder & Huber, 
2001). In addition to sexual dimorphism in claw morphology, 
male crayfishes typically generate greater pinching forces com-
pared to females (Bywater et al., 2008; Wilson et al., 2009; Malavé 
et  al., 2017; Robinson & Gifford, 2019; Graham & Angilletta, 
2020a, 2020b). Larger and stronger claws in male crayfishes are 
linked to higher levels of  aggression and territoriality in males 
compared to females (Moore, 2007). Males and females also 
differ in the assessment strategies they use during territorial con-
tests, which is presumably linked to sexual selection (Wofford 
et al., 2015). Furthermore, in crayfishes, although the overall body 
morphology of  crayfishes remains similar across species, their 
claw morphology may differ greatly even between closely re-
lated species (Schuster, 2020). Claw morphology is one of  the top 
identifying characters in the descriptions of  new crayfish species 
(Hobbs, 1969, 1972), which highlights the likely importance of  
their claws in speciation.

Several species of  crayfishes exhibit a unique claw morphology 
in which there is an enlarged gape between their pinching fingers 
when the fingers are in a closed position (Figs. 1, 2). Enlarged 
claw gapes are present across several species in at least two genera 
(Cambarus Erichson, 1846 and Faxonius Ortmann, 1905). Crayfish 
claws with an enlarged gape differ from a typical claw in several 
ways (Fig. 1). A  typical crayfish claw is capable of  generating 
strong pinching forces which relate to having a large manus as 
well as several enlarged calcified tubercles on the inner margins 
of  the pinching fingers. Tubercles on the inner margins of  their 
pinching fingers increase the claw’s mechanical advantage by 
ensuring that pinching occurs closer to the fulcrum of  the claw 
(Dennenmoser & Christy, 2013). Behavioral observations in cray-
fishes and other decapods verify that species attempt to interlock 
claws and pinch opponents at the base of  their tubercles (Ueno 
& Nagayama, 2012; Graham et al., 2020), which enables claws to 
generate stronger forces compared to a pinch at the tips of  the 
pollex and dactyl. By contrast, species with a claw gape lack calci-
fied tubercles on the inner margins of  their pinching fingers, cre-
ating a large ovate opening (i.e., the claw gape; Fig. 2). Because 

species with a claw gape lack tubercles, the only location that 
pinching can occur is therefore at the tip of  their dactyl/pollex, 
which is a biomechanically inefficient location to pinch (Levinton 
& Allen, 2005; Levinton & Arena, 2021). Because this unique 
claw-gape morphology is different than a typical crayfish claw in 
several ways, there may also be differences in how (and whether) 
their claws function as weapons during territorial aggression. As 
crayfishes with an enlarged gape are unable to generate forces on 
the inner margins of  their claw, it can be hypothesized that their 
species-specific fighting style is likely different compared to cray-
fish that lack a gape and have tubercles within the inner margins 
of  their claws. Species with a claw gape could be unable to inter-
lock claws in the same way as species with claws with tubercles 
do. Species with a claw gape are thus ripe for investigations into 
how differences in claw morphology can influence differences in 
performance and behavior. By investigating morphologies such 
as enlarged claw gapes (Claverie & Smith, 2007, 2010), we can 
reveal initial trends regarding the evolution and diversification 
of  decapod claws by shedding light on how selection influences 
claw morphology, claw performance, and behavior (Wainwright & 
Reilly, 1994). 

I investigated the morphology and performance in the claws 
of  the New River crayfish (Cambarus chasmodactylus James, 1966), 
which have an exaggerated claw gape (Fig. 2). I  first measured 
sexual dimorphism in the allometric relationship between body 
size and claw size in male and female C. chasmodactylus to reveal pat-
terns of  investment in claw morphology. I also wanted to examine 
how claw morphology related to performance by measuring the 
pinching strength of  male and female individuals of  the same spe-
cies. The claws of  male decapods are typically larger and capable 
of  generating greater pinching forces for a given size compared 
to females. Lastly, I conducted staged territorial interactions with 
male C.  chasmodactylus to assess how their claw morphology may 
influence the outcome of  territorial competition and their species-
specific fighting style. During these interactions, I  conducted 
visual observations to describe the fighting behavior in the species 
and identify potential divergences in fighting style based on their 
unique claw morphology. By combining information on functional 
morphology with descriptions of  species-specific fighting styles, 

Fig. 1.  Claw images highlighting the morphological differences between 
the claws of  an adult male New River crayfish Cambarus chasmodactylus 
(A) and a typical crayfish claw from an adult male virile crayfish Faxonius 
virilis (B).
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I hope to shed light on the selective pressures that have led to the 
diversification of  decapod claws.

METHODS

Collection and husbandry of animals

I collected 40 male and 44 female C. chasmodactylus from Anthony 
Creek, West Virginia, USA in June 2020. Crayfish were hand-
collected by lifting slab boulders (Loughman et  al., 2013). After 
collection, I  transported the individuals to a makeshift labora-
tory in Munhall, Pennsylvania, USA. Each crayfish was held in 
a plastic container (14 × 9 × 6 cm) with 5 cm of  water. All indi-
viduals were acclimated to laboratory conditions for two days to 
standardize hunger levels and minimize any effects of  prior social 
experience. All crayfish were adults, intermolt, in non-reproduc-
tive form (form II), and had two fully intact claws. I did not collect 
crayfish with asymmetric claws, i.e., one fully regrown claw and a 
second partially regenerated claw.

Morphology and performance data

I measured the carapace length of  each individual from the tip of  
the rostrum to the base of  the abdomen with digital calipers. For 
each claw, I measured claw length from the base of  the manus heel 
to the tip of  the pollex using digital calipers (Robinson & Gifford, 
2019). Following previous studies of  the morphology of  decapod 
claws (McLain & Pratt, 2011; Robinson & Gifford, 2019), I used 
claw length as a proxy of  claw size throughout the study. I used 
cephalothorax length as an index of  body size. I  also measured 
the maximal pitching strength of  each claw with a custom-built 
force transducer, consisting of  two metal plates connected to a 
load cell and an amplifier. When a claw is held up to the plates, 
a crayfish will readily pinch the plates together. Claw-strength 
measurements are typically collected at the base of  tubercles 
near the dactyl/manus joint, but the particular claw morph-
ology of  C.  chasmodactylus prohibits measurements to be collected 
in this manner since their claws lack tubercles. I  thus collected 
force measurements from pinches generated from the tip of  the 
pollex and the dactyl, which is the only location in which this spe-
cies can generate force on the force plates. When a pinching force 
is exerted, the amplifier then generates a voltage that is linearly 
transformed to a pinching force in Newtons (N). I determined the 
maximal strength of  each claw from the best of  five consecutive 
pinches (Graham et al., 2020). To confirm that these claw-strength 
measurements represented true variation in pinching strength and 
not variation in motivation, I re-measured maximal claw strength 

on the following day for all individuals, which allowed me to assess 
the reliability of  the claw strength measurements.

Social dominance in staged encounters

I staged 31 territorial encounters by randomly matching male 
C.  chasmodactylus. Crayfish were paired based on randomly 
generating a number (1–100) for each individual and then 
matching individuals based on the crayfish with the closest pairing 
of  numbers. This process ensured that each crayfish did not en-
gage in a fight with the same opponent more than once. Each day, 
all crayfish were included in the pool of  possible opponents. Some 
crayfish were therefore used in multiple contests, but to minim-
izes potential effects of  prior experience, at least 24 h elapsed be-
tween encounters for each individual. Encounters occurred in a 
glass aquarium (35 × 20 × 15 cm) filled with dechlorinated water 
and divided by a removable screen. The screen prevented phys-
ical contact between crayfish without preventing visual or chem-
ical signaling. I placed a pair of  individuals on opposite sides of  
the aquarium simultaneously and removed the divider after 5 min. 
Before removing the divider, crayfish rarely moved throughout 
the arena and never displayed claws. Upon removing the divider, 
crayfish typically engaged in aggression within 5  min. Once ag-
gression ensued, I  observed the interaction until a clear winner 
and loser were determined based on chasing (i.e., the winner) 
and fleeing (i.e., the loser) behavior (Wilson et  al., 2007; Graham 
& Angilletta, 2020a; Graham et  al., 2020). Upon determining a 
winner, I  stopped the trial immediately. In all 31 staged encoun-
ters, I was able to determine a clear winner and loser.

Statistical analysis

Because I  was interested in investigating sex differences in the 
morphology and performance measurements in C.  chasmodactylus, 
I built several linear mixed effects models using the lme4 package 
of  the R Statistical Package (Bates, 2010). I  included data from 
both claws from the same individual in all models, thus, I  con-
trolled for individual variation by including individual ID as a 
random effect throughout all models. To investigate how claw size 
relates to sex and body size, I  built a model with claw length as 
the dependent variable and an interaction between sex and cara-
pace length as the independent variables. To investigate how claw 
pinching strength relates to sex and claw size, I built a model with 
maximal claw strength as the dependent variable and an inter-
action between sex and claw length as the independent variables. 
For all of  the above models, I  was able to test whether or not 
there were sex differences in the morphological scaling of  traits 
using analysis of  covariance tests (ANCOVA). I  used ANCOVA 

Fig. 2.  An adult male Cambarus chasmodactylus exhibiting a threat display (A). Sample images of  sex differences in small and large claws of  C. chasmodactylus 
females (top) and males (bottom) (B).
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to test the effect of  sex (categorical variable) on separate analysis 
with body size, claw size, and claw strength (continuous variables). 
Furthermore, the above models allowed to investigate sexual di-
morphism in the allometric scaling (β) of  the measurements. β 
values are representative of  the slope of  the relationship from a 
linear model and can be used to infer how individual populations 
or sexes differentially allocate resources into morphological (i.e., 
body size, claw size) or performance traits (i.e., claw strength). 
I also calculated the 95% confidence intervals for each value of  β.

To analyze the repeatability of  each claw pinching force, I built 
a linear mixed effect model between maximal force recordings on 
day 1 and maximal force recordings on day 2.  In this model, an 
individual was included as a random effect to control for the meas-
urements taken from each claw from a single crayfish. The higher 
the degree of  the association between both days (i.e., higher values 
of  r2), the more repeatable pinching force was.

When testing how body size, claw size, and claw strength 
influenced the outcome of  territorial aggression in male 
C. chasmodactylus, I fit generalized linear mixed models to the data. 
I  used these models in this analysis because the dependent vari-
able was coded as a discrete outcome (winners coded as 1 and 
losers coded as 0), and therefore, I used a model with a binomial 
distribution of  error. I  calculated the difference in body size by 
subtracting the focal crayfish body size from the opponent cray-
fish body size. To calculate the differences in claw size and claw 
strength, I  subtracted the average values of  both claws (claw size 
or claw strength) of  the opponent crayfish from the focal crayfish. 
In total, I built 8 models including a null model (no effect), models 
with a singular fixed factor (claw size difference, claw strength dif-
ference, body size difference), every combination of  the fixed fac-
tors in two-way combinations, as well as a three-way interaction 
between the three fixed factors. In all models, I controlled for in-
dividual variation in the prior experiences of  the focal crayfish 
by including a random effect of  individual crayfish. After fitting 
these models, I calculated the Akaike information criterion (AICc) 
and Akaike weight (w) of  each model, the latter variable being 
the probability that the model best describes the data (Burnham 
& Anderson, 1998). The coefficients (or coefficient) from the best 
fit model (i.e., lowest AIC score) were used to calculate the most 
likely means for each combination of  factors.

RESULTS

Repeatability of  claw pinching force measurements

The maximal pinching forces recorded on the first day strongly 
correlated to the maximal pinching forces recorded the following 
day (Supplementary material Fig. S1; r2  =  0.86, t141  =  19.29, 
P < 0.001).

Sexual dimorphism in weapon size and weapon performance

Despite having similarly sized bodies, male C.  chasmodactylus have 
a larger mean claw size and greater mean claw strength com-
pared to females (Table 1). Claw size increased with body size in 
both males and females (Fig. 3, Table 2), although males had a 
greater slope than females (Fig. 2, Table 3). Despite males having 
larger and stronger claws on average, claw strength increased with 
claw size with a higher slope in females compared to males (Fig. 
4, Table 3); however, there was not a strong effect of  sex in the 
model predicting claw strength based on claw size (Table 3). 

Social dominance in staged encounters

In staged encounters, crayfish with larger, but not necessarily 
stronger claws were most likely to become dominant in staged ter-
ritorial interactions (Fig. 5, Supplementary material Tables S2, S3). 

A  model including only the effect of  claw size difference was 
more than four times than the competing models and more than 
20 times more likely than a model containing claw strength alone 
(Supplementary material Tables S2, S3). 

Description of  fighting behavior

In 12 out of  the 31 encounters (38.7%), I  observed a previously 
undescribed claw grasping behavior. Claw grasping behavior de-
scribed a crayfish lifting its claws over their opponent’s claws and 
using their enlarged gape to grasp the entirety of  their opponent’s 
claw manus. Because the manus of  crayfish claws are naturally 
ovate, the claw gape enables C.  chasmodactylus to effectively lock 
onto and perfectly fit onto their opponent’s manus. When a focal 
crayfish grasped onto their opponent’s manus, the focal cray-
fish would twist its own claw laterally in one direction, causing 
the opponent to be flipped in an unrestricted manner. Aside 
from the claw grasping behavior, the fighting behavior in male 
C.  chasmodactylus was similar to previous descriptions of  crayfish 
fighting behavior in several ways. Contests escalated from low-
intensity behaviors such as antennal whipping and meral-spread 
threat displays (Fig. 2A). If  the contest escalated past low-intensity 
behaviors, contestants would engage in repeated bouts of  claw 
grappling and claw interlocking. Crayfish claws typically have en-
larged tubercles on the inner margins of  their pinching figures to 
pinch and create pressure when contests interlock. Because of  the 
exaggerated claw gape and the lack of  enlarged tubercles on their 
claws, C. chasmodactylus did not try to pinch their opponents during 
claw interlocks.

DISCUSSION

The unique claw morphology of  C.  chasmodactylus provides a 
glimpse into how environmental pressures can influence the 
morphology and performance of  decapod claws. Previous re-
search on C. chasmodactylus demonstrated that the exaggerated claw 
gape aids in locomotor performance (Graham, 2021). When the 
claw gape of  C.  chasmodactylus was experimentally covered, indi-
viduals traversed in a flow tunnel on average 30% slower com-
pared to individuals with their natural gape (Graham, 2021). In 
addition to aiding in locomotor performance, claw gapes may 
also alter the other functions of  the claw, such as their ability to 
function as weapons during territorial competition. In the cur-
rent study, I found sexual dimorphism in the relationship between 
body size and claw size in C. chasmodactylus. As body size increased, 
claw size increased in both sexes, although this increase was more 
pronounced in males compared to females. These results are con-
sistent with other decapods, in which males of  many species have 
disproportionally larger claws compared to females (Mariappan 
et al., 2000). Furthermore, the maximal force generated from the 
claws of  male and female C.  chasmodactylus increased as claw size 
increased with no effect of  sex. Although claw strength increased 
with claw size in both sexes, male claws reached larger sizes com-
pared to females and thus generated stronger pinches (maximal 
pinch strength recorded by a male 19.27 N; female 14.65 N). The 

Table 1.  Mean, standard deviation, and sample size for the morpho-
logical and performance measurements that were measured from adult 
New River Crayfish, Cambarus chasmodactylus.

Variable Male Female

 M SD N M SD N

Carapace length (mm) 36.57 5.71 40 34.20 3.99 44

Claw length (mm) 34.14 9.89 80 27.43 0.17 88

Claw strength (N) 9.21 4.01 80 7.97 3.26 88
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claws of  C. chasmodactylus are only able to generate forces at the tips 
of  the pollex and dactyl, which differs from other species that have 
enlarged tubercles on their claws and generate forces on the base 
of  these tubercles. Selection for an exaggerated claw gape and a 
lack of  tubercles has thus reduced the ability of  C. chasmodactylus to 
generate strong pinching forces relative to other crayfishes, which 
may also have altered how their claws are used during territorial 
competition. The virile crayfish Faxonius virilis (Hagen, 1870), for 
example, possess multiple enlarged tubercles on the inner mar-
gins of  their claws pinching fingers. The pinching strength that is 
generated from a similar-sized F.  virilis claw and C.  chasmodactylus 
demonstrates how tubercles can increase pinching strength, be-
cause the maximal pinching strength generated by F.  virilis claws 
are nearly twice as strong as the maximal pinching strength from 
a similar sized C.  chasmodactylus claw (ZG, unpublished data). 
Although C.  chasmodactylus claws are used as weapons during ter-
ritorial contests, they may have additional functions, such as 
foraging, mating, or predator defense. Future studies should con-
tinue to address the role of  the exaggerated claw gape in multiple 
functional contexts.

The link between fighting behavior and weapon morphology 
is thought to be a primary driver of  the morphological diversifi-
cation in sexually selected traits (Mccullough et  al., 2016). In this 
way, one mechanism that decapod claws may have diversified is 
through their differential use in differential fighting contexts or 
fighting style (i.e., the divergent-context hypothesis (Lundrigan, 

1996; Caro et  al., 2003; Emlen, 2008)). The behavioral observa-
tions that I conducted on C. chasmodactylus provide preliminary evi-
dence to support this hypothesis. During aggressive interactions, 
I found that C. chasmodactylus used a claw grasping behavior, which 
occurred in 38% of  the staged contests. Claw grasping is presum-
ably linked to the fact that pinching and claw interlocking may 
be an inefficient mechanism to resolve territorial disputes in this 
species due to their claws only being able to pinch at the tips of  
their fingers. The exaggerated claw gape and lack of  tubercles in 
C.  chasmodactylus allows this claw grasping behavior to occur, be-
cause the ovate-shaped gape securely grasps their opponent’s 
manus, allowing for this behavior to occur. Further, differences 
in claw size, but not claw strength, best predicted which indi-
vidual would attain dominance in staged territorial interactions. 
Crayfishes with larger claws are likely able to grasp their op-
ponents manus more easily than a crayfish with a smaller claw. 
Although stronger claws have been found to predict dominance 
in other crayfishes (Wilson et al., 2007; Graham et al., 2020a), and 
since C.  chasmodactylus claws do not appear to be well adapted as 

Fig. 3.  The relationship between carapace length and claw length in Cambarus chasmodactylus. Black and green circles represent data from females and males, 
respectively; solid black and dashed green lines represent the linear relationship for females and males, respectively. Claw size increased for both males and 
females as body size increased, although the slope was steeper in males.

Table 2.  Summary of  allometric slopes of  male and female weapon 
claw morphology and performance measurements in New River Crayfish, 
Cambarus chasmodactylus. Slopes (β) and 95% CI are reported.

Model (formula: y ~ x) Male Female

 Slope (β) 95% CI Slope (β) 95% CI

Claw length ~ body size 1.73 1.37; 2.08 1.10 0.94; 1.26

Claw strength ~ claw length 0.22 -0.11; 0.55 0.36 0.20; 0.51

Table 3.  Results from the tests of  sexual dimorphism in claw morphology 
and performance scaling performed using ANCOVA. All models include a 
random effect of  individual to control for taking two measurements from 
the claws of  each crayfish.

Model d.f. F-value P

(a) Claw length ~ carapace length * sex    

  Carapace length 1 781.98 < 0.001

  Sex 1 26.64 < 0.001

  Carapace length * sex 1 38.42 < 0.001

(b) Claw strength ~ claw length * sex    

  Claw length 1 39.84 < 0.001

  Sex 1 1.56 0.21

  Claw length * sex 1 2.29 0.13
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Fig. 5.  The probability of  a focal individual of  Cambarus chasmodactlyus winning a fight based on the difference in claw length between a focal crayfish and 
an opponent crayfish. The black line represents the fitted values of  a statistical model that best described the data. Green dots indicate observed outcomes 
of  fights (0 or 1, where 1 represents winning). The dotted gray line provides a reference for zero difference in claw length between a focal crayfish and an 
opponent crayfish.

Fig. 4.  The relationship between claw length and claw strength in Cambarus chasmodactylus. Black and green circles represent data from females and males, 
respectively. Solid black and dashed green lines represent the linear relationship for females and males, respectively. Although females had relatively smaller 
claws on average, both males and females produced similar pinching forces for a given claw size.
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weapons, it is unsurprisingly to find that claw strength did not in-
fluence the outcome of  interactions.

Descriptions of  the relationship between fighting behavior and 
claw morphology in other crayfish species provides further support 
for the link between fighting style and claw morphology. For ex-
ample, a representative crayfish’s claws among species of  Cambarus 
can be broadly described as being relatively large, wide, and tri-
angular with multiple enlarged tubercles on the inner margins of  
their pinching fingers (i.e., pollex and dactyl (Hobbs, 1969)). By 
contrast, a typical claw of  Cherax has been described as having 
a smooth cuticular surface, an ovate shape, and relatively short 
pinching fingers that either have a single tubercle or lack tubercles 
on the inner margins of  their pinching fingers (Lukhaup & Pekny, 
2008; Patoka et al., 2015). Although the link between claw morph-
ology and fighting style has yet to be qualitatively described in 
any crayfish species, descriptions of  the fighting behavior in these 
two genera provide initial evidence to support this hypothesis. 
In Cambarus, stereotypic aggressive behavior has been described 
as involving several bouts of  claw interlocking, with individuals 
attempting to pinch their opponent’s claw at the tip of  the en-
larged calcified tubercles (Graham & Angilletta, 2020). Stereotypic 
aggressive behavior In Cherax is described as involving repeated 
bouts of  claw tapping without any stereotyped claw interlocking 
behaviors (Pavey & Fielder, 1996; Lynas et al., 2007; Wilson et al., 
2007). Hazlett et al. (2007) described a unique claw punching be-
havior in the common yabby, Cherax destructor (Clark, 1936), in 
which the claw was cocked backwards and sprung forward in a 
highly stylized manner. Because C.  destructor claws are character-
ized by having relatively short pinching fingers, pinching may 
be inefficient in this species and thus has led to the evolution of  
a unique fighting behavior –claw punching. Differences in the 
fighting style between crayfishes may therefore be one mechanism 
that promotes diversification of  claw form and function, but tests 
of  such hypothesis are lacking. Studies that link crayfish claw form 
and claw function are therefore an integral step in elucidating the 
mechanisms that generate the extensive diversity in decapod claw 
morphology (Lee, 1995).

Despite a continuing interest in crustacean claws, knowledge on 
how and why claws diversify are lacking (Lee, 1995; Mariappan 
et al., 2000). It should be noted that in closely related species, dif-
ferences in claw morphology are often key features in identifying 
species, which suggests that claws play a strong role in speci-
ation. Animals with sexually selected structures (i.e., crustacean 
claws) that function as both sexual signals and as sexual weapons 
are thought to exhibit excelled rates of  phenotypical diversifica-
tion and speciation (Gates et  al., 2016; Emberts & Wiens, 2021; 
Reuland et  al., 2021). The role of  their claws in female mate-
choice and male-male competition is likely a driving factor in 
creating the diversity in claw form and claw functions. Future 
research on the link between species-specific fighting behavior 
and weapon morphology (i.e., the fighting-context hypothesis) 
should be pursued among crustaceans. Although my results pro-
vide preliminary support for this hypothesis, quantitative descrip-
tions of  fighting behavior are necessary. 3D tracking software (i.e., 
DeepLabCut (Mathis et  al., 2018)) will likely be crucial in our 
ability to quantitatively describe behavioral differences in fighting 
styles. Moreover, studies should investigate how small differences 
in claw size and size (i.e., geometric morphometrics) relate to dif-
ferences in fighting behavior throughout decapod. Lastly, future 
studies should investigate the dynamics of  aggression between 
female-female or male-female territorial aggression. Such studies 
can give a more nuanced look at the evolution of  form and func-
tion of  decapod claws (Wofford et al., 2015; Dalosto et al., 2019).

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean 
Biology online.

S1 Figure. The relation between the maximal claw strength 
produced on day one and the maximal claw strength produced 
on day two in male and female New River crayfish, Cambarus 
chasmodactylus.

S2 Table. The most likely models predicting the probability of  
winning a fight.

S3 Table. Coefficients and standard errors for the model of  
probability of  winning a fight with an opponent crayfish, based 
on the best fit model containing the effect of  claw size difference.
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