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Male crayfish (Faxonius obscurus, Decapoda:
Cambaridae) claws are longer and stronger yet
comparable in shape during the reproductive season
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Animal weapons are diverse and often exaggerated structures associated with sexual selection and male-male
combat. Despite their diversity, our knowledge of these structures comes primarily from studies that focus on the
size of the weapons and neglect other components, such as their shape or performance. Furthermore, weapons can
exhibit species-level plasticity based on nutrition and other ecological variables, but few studies have documented
seasonal variation in weapon plasticity. Here, we investigate how weapon size, shape and performance differ across
adult male reproductive and non-reproductive Allegheny crayfish, Faxonius obscurus. Given that F. obscurus and
other cambarid crayfishes exhibit cyclical moulting between reproductive and non-reproductive states, they provide
an ideal system in which to investigate such questions. We found that claws of reproductive and non-reproductive
male F. obscurus differ in all three weapon components we investigated; claws from reproductive males were longer,
stronger and different in shape compared with claws from non-reproductive males. Wielding longer and stronger
claws is likely to confer greater competitive success during the mating season, which demonstrates an unexplored
pattern of seasonal weapon plasticity. We discuss these results considering our knowledge of the seasonality of
weapon phenotypes and propose several avenues of future research using cambarid crayfish as a model system.

ADDITIONAL KEYWORDS: animal weapons — bite force — claw strength — male—male competition — pinch force
— sexual selection — weapon evolution — weapon performance — seasonality — weapon plasticity.

INTRODUCTION Likewise, weapon performance (i.e. the ability to
generate strong forces and act as an efficient weapon)
can alsovary by more than an order of magnitude within
a species (Wilson et al., 2007). Weapon performance is
an important predictor of contest success in weapon-
bearing animals, such as the pinching force in the
claws of crustaceans (Sneddon et al., 2000; Walter et
al., 2011; Graham & Angilletta, 2020) and the jaws of
lizards (Husak et al., 2006, 2009). Together, the size,
shape and performance abilities of animal weapons
provide insights into the costs and benefits associated
with these structures (Palaoro et al., 2020a, b; Palaoro
& Peixoto, 2021).

Given that an animal’s weapon influences the ability
of the wielder to obtain resources, such as mates or
territories (Emlen, 2008), a large body of literature on
the mechanisms that govern the diversity of animal
weaponry has emerged in the past two decades (Emlen,
2001, 2008; Johns et al., 2014; Zinna et al., 2018; Wiens
*Corresponding author. E-mail: zackary.graham@westliberty.edu & Tuschhoff, 2020). Much of this work demonstrates

Animal weapons can reach exceedingly large sizes,
ranging from the claws of fiddler crabs, which can
compose < 40% of the body mass of an adult male
(Crane, 1975), to the forelegs of harlequin beetles
(Acrocinus longimanus), which can reach three times
the male body length (Zeh & Zeh, 1992). Although
most of the research on animal weapons relates
to understanding variation in weapon size, other
components of the weapons also vary, such as their
shape and performance (Palaoro & Peixoto, 2021).
For example, horn shape in bovids and antler shape
in cervids varies widely, with variation in the overall
size, the number of tines and the orientation of these
weapons both within and between species (Caro et al.,
2003; Emlen, 2008; Stankowich & Caro, 2009).
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the heightened condition dependence of animal
weapons; that is, only individuals with access to ample
resources are capable of developing and maintaining
large weapons, whereas individuals with poor access
to resources develop and wield smaller weapons (Johns
et al., 2014; Miller et al., 2016; Zinna et al., 2018).
Nutritional studies of weapon development have been
conducted primarily on taxa and weapons that are
amenable to laboratory studies, such as the hindlegs
of coreids (Gillespie et al., 2014; Joseph et al., 2016;
Miller et al., 2016; Sasson et al., 2016) and the horns of
scarab beetles (Emlen, 1994; Johns et al., 2014; Zinna
et al., 2018). Outside the laboratory, field studies link
the effects of poor nutrition and other environmental
stressors to support the condition dependence and
environmental plasticity of animal weapons (Azorit
et al., 2002; Weladji et al., 2005; Torres-Porras et al.,
2009; Landete-Castillejos et al., 2010; Foley et al.,
2012; Douhard et al., 2017; Peterson et al., 2019).

Despite a large body of work pertaining to
environmentally driven plasticity in animal weapons,
relatively few studies have investigated how weaponry
changes between reproductive seasons (but see
Naretto et al., 2014; Yasuda et al., 2015; Heuring
& Hughes, 2019; Hamasaki & Dan, 2021). Given
that selection pressure for the largest and highest-
performing weapons should be strongest when the
importance of fights is greatest (Arnott & Elwood,
2008), theory predicts that weapons should be larger
during the reproductive season compared with the
non-reproductive season. Such predictions apply to
species that develop sexually selected weapons solely
during the reproductive season, such as the cyclical
growth and shedding of cervid antlers (Clutton-Brock,
1982) and the development of a kype in reproductively
mature salmonids (Witten & Hall, 2003). However,
in other species that wield weaponry throughout
their entire life, and not only during the reproductive
season, seasonal patterns of weapon development
might differ. Recently, Heuring & Hughes (2019)
found that male snapping shrimp (Alpheus angulosus)
wield larger claws during the reproductive season
compared with the non-reproductive season. In
contrast, female snapping shrimp wield larger claws
during the non-reproductive season, revealing a
previously undiscovered pattern of seasonal weapon
plasticity. Notably, previous studies on seasonal
variation in weaponry have investigated the plasticity
only of weapon size between reproductive and non-
reproductive seasons and have not investigated other
weapon components. In theory, weapon shape and
performance might vary in a similar manner across
reproductive seasons.

Freshwater crayfishes in the family Cambaridae
are an ideal system in which to test hypotheses of
seasonality and animal weapons because males

within this family undergo a season-dependent cycle
in which they alternate between a reproductive (form
I) and a non-reproductive form (form II). Crayfishes
in both reproductive and non-reproductive forms
wield a pair of enlarged claws that function as
weapons in territorial disputes that occur year-round
(Stein, 1976; Moore, 2007). In addition to serving as
sexually selected weapons, crayfish claws can also
serve as sexual signals during mating, with crayfish
having larger claws being associated with higher
fecundity (Stein, 1976; Galeotti et al., 2006). In
temperate regions, cambarid crayfishes moult from
the reproductive to non-reproductive form in early
summer and back to their reproductive form in early
autumn. It is worth noting that although species
exhibit consistent seasonal patterns in the timing
of their moult between the reproductive and non-
reproductive form, males in reproductive and non-
reproductive form often co-occur with one another
(Crocker & Barr, 1968; Hobbs, 1981).

Male cambarid crayfishes in reproductive and
non-reproductive forms differ both morphologically
and behaviourally (Hobbs, 1981; Moore, 2007).
Morphologically, the primary sexual structure of male
cambarid crayfishes, known as gonopods, are inactive
in their non-reproductive form, whereas copulation
and sperm transfer are possible only in concordance
with the changes in gonopod shape associated with
reproductive form males. Furthermore, reproductive
form males have pronounced copulatory hooks (i.e.
ischial hooks) on the proximal region of one or several
pairs of walking legs, which presumably aid in subduing
female crayfish during copulation (Hobbs, 1974). Male
crayfish in the reproductive form also have relatively
larger claws for a given body size compared with male
crayfish in the non-reproductive form (Crocker & Barr,
1968; Weagle & Ozburn, 1970; Stein, 1976; Berrill &
Arsenault, 1984).

Behaviourally, male crayfish in the reproductive
form obtain dominance over non-reproductive
males in contests, regardless of body or claw size
asymmetries (Berrill & Arsenault, 1984; Guiasu &
Dunham, 1998; Martin & Moore, 2010). In a series
of laboratory experiments, reproductive form males
spent more time fighting and displayed a great
number of aggressive behaviours compared with non-
reproductive form males (Donnelly et al., 2008). In the
same set of experiments, reproductive form Faxonius
rusticus were found to spend more time outside of
their shelter compared with no-nreproductive form
conspecifics. Previous knowledge on the morphological
and behavioural differences between reproductive and
non-reproductive form cambarid crayfishes primes
this group for investigations into how seasonality (i.e.
reproductive form) relates to changes in weapon size,
weapon shape and weapon performance.
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Here, we test the hypothesis that the size, shape
and performance of sexually selected weapons differ
between male crayfish in their reproductive and non-
reproductive forms. In the present study, we use male
Allegheny crayfish, Faxonius obscurus, which wield
robust claws that have previously been indicated
to function as weapons in male-male competition
(Graham & Angilletta, 2022). In alignment with
previous studies, we predict that reproductive form
males will possess relatively longer claws compared
with non-reproductive males (Crocker & Barr, 1968;
Stein, 1976; Berrill & Arsenault, 1984). Furthermore,
based on the importance of claw strength in determining
the outcome of crayfish contests (Wilson et al., 2007;
Bywater et al., 2008), we predict that reproductive
form males will have relatively stronger claws for
a given size and a given shape compared with non-
reproductive claws. Regarding claw shape, we predict
that reproductive form males will wield claws that are
more biomechanically efficient (Palaoro et al., 2020a, b)
by having a relatively larger manus and smaller pollex
(see Fig. 1) compared with non-reproductive males.

MATERIAL AND METHODS

COLLECTION AND HUSBANDRY OF ANIMALS

We collected adult male F. obscurus from Middle
Wheeling Creek (Valley Grove, WV, USA), from July

Pollex

Figure 1. A, photograph of a typical male Faxonius
obscurus claw. B, illustration depicting a typical F. obscurus
claw with the five landmarks (grey circles) and 16 semi-
landmarks (black dots) used in our geometric morphometric
analysis. The grey dashed line represents our linear
measurement of claw length. The locations of the manus,
dactyl and pollex are labelled for reference.

2021 to June 2022. We collected crayfish during six
collection events to ensure that we were able to collect
F. obscurus in both reproductive and non-reproductive
forms. Upon capture, we transported all crayfish to a
laboratory at West Liberty University (West Liberty,
WYV, USA), where we housed all crayfish in individual
containers (140 mm x 90 mm x 60 mm) filled with
50 mm of water and no substrate. A 12 h—-12 h light—
dark cycle was in effect throughout laboratory care.
Crayfish were held in individual aquaria for between
2 and 4 days before the collection of morphological
or performance data. All crayfish included in our
study were intermoult and had two fully intact claws.
Additionally, any crayfish with identifiable regenerated
claws (Graham et al., 2021) were excluded from our
study. We collected only crayfish with a carapace
length > 15 mm to ensure that we collected adults and
reduced any potential effect of ontogeny (Loughman &
Simon, 2011).

For each crayfish, we determined whether they were
in the reproductive form (form I) or non-reproductive
form (form II) based on their gonopod morphology
and the presence or absence of ischial hooks. In
F. obscurus, reproductive form males have enlarged
ischial hooks underneath their second pair of walking
legs, in addition to a separation between the mesial
margin and central projection of their gonopods and a
well-developed shoulder on the gonopod that is absent
in non-reproductive form males (Loughman & Simon,
2011). In total, we collected a sample of 70 adult male
F. obscurus in our study: 33 in the reproductive form
and 37 in the non-reproductive form.

LINEAR MORPHOMETRICS AND GEOMETRIC
MORPHOMETRICS

We measured the claws and carapace of each crayfish
to characterize claw length and body size, respectively.
We measured claw length from the enlarged tubercle
on the heel of the manus to the tip of the pollex
using digital callipers (Robinson & Gifford, 2019). We
decided to use linear measurements of claw length
to make our results comparable to other studies on
crustacean claws, which use claw length as a proxy
for claw size (Levinton & Allen, 2005; Dennenmoser
& Christy, 2013; Graham et al., 2021). However, we
also collected a second measurement of claw size
using geometric morphometric methods (described in
the next paragraph). To measure the body size of a
crayfish, we measured their carapace length from the
tip of the rostrum to the base of the abdomen.

In addition to our linear measurement of claw
length, we used geometric morphometrics to measure
the size and shape of F. obscurus claws. Geometric
morphometrics allows us to use size and shape as
statistically independent entities while granting the
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ability to test for differences in shape between the
claws of reproductively active and non-reproductive
male F. obscurus. Each crayfish claw was photographed
individually while motionless (Canon EOS Rebel T7)
and held within the same focal place and orientation.
For each claw, we characterized shape using five
landmarks and 16 semi-landmarks (Fig. 1B; Malavé
et al.,2017). Landmarks were used to capture specific
homologous points on the claw, whereas the 16 semi-
landmarks were used to characterize the smooth and
non-homologous features of the claw that are evenly
spaced from one another (Fig. 1B). The five landmarks
that we choose were as follows: (1) the tip of the dactyl;
(2) the distal terminus of the propodus; (3) the basal
terminus of the mesial margin of the palm; (4) the
distal terminus of the mesial margin of the palm; and
(5) the mesial junction of the dactyl and the pollex. We
digitized landmarks and semi-landmarks using the
software TPSDIG v.2 (Rolf, 2012).

Geometric morphometric analyses were conducted
using the package geomorph (Adams & Otarola-
Castillo, 2013) in R (R Core Team, 2019). Using the
digitized landmarks, we superimposed, scaled and
rotated each claw using a generalized Procrustes
analysis, which stacked and aligned each of
the digitized claw images in a cartesian plane.
With each claw shape superimposed onto each
other, we extracted the centroid size of each claw,
which could be used as a proxy of claw size. The
centroid size for each claw was the square root of
the summed, squared distances of all landmarks
from their centroid, making this measurement an
ideal representation of the overall size of the claw
(Rosenberg, 2002; Malavé et al., 2017; Palaoro et al.,
2020b; Spani et al., 2020). Additionally, because each
crayfish has two claws, we used the bilat.symmetry
function in geomorph to create an average shape of
the claws of each crayfish, allowing us to avoid issues
of pseudoreplication in our geometric morphometric
analysis described below.

CLAW PINCHING STRENGTH

To measure claw pinching strength, we used a custom-
built force transducer designed to estimate the forces
applied to a set of metal plates. We measured the
maximal pinching strength of each claw by introducing
each crayfish claw to the force plates and allowing each
claw to pinch the plates three to five times (Wilson et
al., 2007; Graham et al., 2020). When a pinching force
was exerted, the amplifier then generated a voltage
that was linearly transformed to a pinching force (in
newtons). Previous studies have shown that claw force
measurements from this device are highly repeatable
across days (Graham et al., 2020; Graham & Angilletta,
2022).

STATISTICAL ANALYSIS

All statistical analyses were conducted in R (R Core
Team, 2019). For all of the models described below,
we visually inspected our data using the performance
package in R to assess the normality and collinearity
of our model fits (Liidecke et al., 2021). All models were
determined not to possess any model fitting issues.

To summarize the claw shape data, we performed a
principal component analysis (PCA) with the calculated
Procrustes coordinates of the averaged shape of each
claw as described above. The PCA allowed us to
visualize the variation in claw shape between claws
from males in the reproductive form and claws from
males in the non-reproductive form.

To test for differences in shape between reproductive
form and non-reproductive form claws, we used the
procD.Ilm function in geomorph to fit a linear model
with the Procrustes coordinates of the averaged
claw measurements as the dependent variable and
with an interaction between centroid size and form
(reproductive form or non-reproductive form) as the
independent variables. The result from this model
allowed us to investigate whether the averaged claw
shape of a crayfish differed between reproductive and
non-reproductive form males.

Next, we wanted to test for differences in the scaling
relationship () of body size, claw size (claw centroid
size) and claw strength of claws of reproductive form
and non-reproductive form males. To do so, we fitted
several linear mixed-effect models with the Ime
function in the R package nmle. We fitted two models
with carapace length (i.e. body size) as the dependent
variable, the first with an interaction between claw
length and form (reproductive or non-reproductive)
as the independent variables, and the second with an
interaction between claw centroid size and form as the
independent variables. In this model, we included data
from the two claws from each crayfish; therefore, we
included individual identity (ID) as a random effect
to control for any potential pseudoreplication. With
these two models, we tested for differences between
reproductive and non-reproductive form males in their
slopes and intercepts using contrast comparisons in
the emmeans package (Length, 2019).

Next, we wanted to investigate how our two claw
measurements (claw length and claw centroid size)
related to the maximal pinching strength generated by
male claws in reproductive and non-reproductive forms.
To do this, we first fitted a model with claw strength
as the dependent variable and an interaction between
claw length and form as the independent variables. We
also fitted a model with claw strength as the dependent
variable and an interaction between claw centroid size
and form as the independent variables. In the two models
described above, we used individual ID as a random
effect. We tested for differences between reproductive
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and non-reproductive form males in their slopes and
intercepts using the same methods described above.

Lastly, we were interested in determining whether
the residual strength of claws from reproductive and
non-reproductive form males differed. We followed
methods presented by Graham et al. (2021) to calculate
residual claw strength. Thus, we calculated the fixed-
effect residuals of the following two models: the first
model with claw strength as the dependent variable
and an interaction between claw length and form
as the independent variables, and the second model
with claw strength as the dependent variable and
an interaction between centroid size and form as the
independent variables. By calculating the residuals
from these models, we could test the prediction that
male claws in reproductive form would have greater
residual strength (stronger for a given size) compared
with claws from non-reproductive form males.

RESULTS

Regarding the overall shape of the claws, we found that
claws from reproductive form males and claws from non-
reproductive form males did not separate out visually in
the principal component biplot (Fig. 2A). Instead, both
reproductive and non-reproductive form male claws
exhibited a clear overlap between the first two principal
components. Nonetheless, we detected a significant
variation in claw shape between reproductive and non-
reproductive form males (ANOVA: F, = 3.59, P = 0.003,
R? = 0.05). Therefore, the shape of F. obscurus claws
from reproductive form males differed from the shape

of non-reproductive form male claws, although these
differences might not be significant biologically based on
visual inspection of the mean shape for reproductive and
non-reproductive form claws (Fig. 1B). We did not find
that reproductive form claws were more biomechanically
efficient by possessing a larger manus and a smaller pollex.

We also found that crayfish in reproductive form had
relatively longer claws for a given body size (i.e. a higher
intercept) than crayfish in non-reproductive form
(Table 1; Fig. 3A). The claw length of both reproductive
[B =1.094; 95% confidence interval (CI) = 0.86, 1.33]
and non-reproductive form (f = 0.86; 95% CI = 0.33,
1.39) crayfishes increased with increasing body size,
but there was no difference in the strength (i.e. slope)
of this relationship (Table 1; Fig. 3A).

A different pattern arose when regarding the
relationship between carapace length and claw
centroid size. We found that crayfish in reproductive
form did not have a larger overall claw centroid size
compared with non-reproductive form crayfish (Table
1; Fig. 3B). Despite having similar intercepts in this
relationship, the slope differs, with reproductive form
males having a slightly negative relationship between
carapace length and claw centroid size (f = —-0.007;
95% CI = -0.07, -0.09), whereas non-reproductive
form males with larger carapace lengths have larger
claw centroid sizes (f = 0.03, 95% CI = -0.06, 0.05;
Table 1; Fig. 3B).

Interestingly, we found that the reproductive form
males with the largest claws generated relatively
stronger (greater slope values) pinches compared with
non-reproductive form males regardless of whether claw
length or claw centroid size was used as the covariate

=\ Reproductive form
Non-reproductive form

H i .
]
-~ 2 i
R . % *
3 . . . o ®
g | . PR .
~ ¥ .« Fo ';.. e ® L
;’-:; 2 as de digk e P
£° R R R R S
8 i . ° g ....!
E i % = ., . ’.’ &
8+ 0t g st )
2 . O L4
£1 .. :
@
8
e L
fooy e e = s
T Principal component 1 (35.05%)

Figure 2. A, representation of how claw shape is distributed, based on the first and second principal components, in male
Faxonius obscurus. Black dots represent claws from males in reproductive form; green dots represent claws from males in
non-reproductive form. Sample claw shapes are depicted at the axes, which represent the average of all claws (grey claw
outline) and the shape at the specific point (black claw outline). B, a representation of the average shape of all reproductive
(black continuous line) and non-reproductive form (green dashed line) claws.
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Table 1. Results from the tests of differences in reproductive form on male crayfish claw morphology and performance

Model Estimate SE d.f. t-ratio P-value
Claw length ~ carapace length * reproductive form

Intercept contrast 3.710 0.643 67 5.775 < 0.001
Slope contrast 0.232 0.156 67 1.490 0.141
Claw centroid size ~ carapace length * reproductive form

Intercept contrast 0.009 0.040 67 0.232 0.817
Slope contrast -0.035 0.010 67 -3.549 < 0.001
Claw strength ~ claw length * reproductive form

Intercept contrast 3.24 0.483 67 6.712 < 0.001
Slope contrast 0.42 0.097 74 4.328 < 0.001
Claw strength ~ claw centroid size * reproductive form

Intercept contrast 4.11 0.65 68 6.319 < 0.001
Slope contrast -3.42 1.69 105 -2.020 0.046

Slopes and intercepts presented here are based on the contrast between reproductive and non-reproductive form male Faxonius obscurus using the
emmeans package. Results are reported from the analysis of 70 claws. Formulae presented in the table are in the following format: dependent variable
~ independent variable; the tilde denotes that the dependent variable is a function of the independent variables, and the asterisk denotes an inter-

action between the independent variables. Significant effects are in bold.

(Table 1; Fig. 4). Males in reproductive form had different
slopes from non-reproductive form males, but the
relationship between the changes in slope depended on
whether claw length or claw centroid size was the covariate
in the model. Regarding claw length and claw strength,
the claws of both reproductive and non-reproductive
form males increased in strength as the claws increased
in length, but the slope of reproductive form (§ = 0.58;
95% CI = 0.45, 0.71) males was nearly four times as steep
as the slope for non-reproductive form males (§ = 0.16;
95% CI = —-0.16, 0.48). When looking at the relationship
between claw centroid size and claw strength, there
was a slightly positive relationship between these two
variables in non-reproductive form males (§ = 1.58; 95%
CI = -8.14, 7.16), but a slightly negative relationship
between these two values in reproductive form males
(p=-1.84;95% CI = -4.11, 0.44).

Lastly, we found that claws from non-reproductive
form males generated relatively weaker pinch forces
for a given claw size compared with claws from males in
reproductive form (Fig. 5). This result held regardless
of whether we used claw length or claw centroid size as
a proxy for claw size (Fig. 5A, B).

DISCUSSION

Animal weapons, such as crustacean claws and coreid
hindlegs, have proved to be a useful system in which
to investigate biomechanical variation and shape
variation among weapons (Rosenberg, 2002; Rufino et
al., 2004; Palaoro et al., 2020a, b; Emberts et al., 2021,
Graham et al., 2022; Nogueira et al., 2022). Given
that animal weapons are physical structures used to
generate force or manipulate opponents, their shape

influences their ability to function as a biomechanical
structure. Although previous research has
demonstrated that weapons exhibit seasonal plasticity
according to nutrition or other environmental variables
(Naretto et al., 2014; Sasson et al., 2016; Heuring &
Hughes, 2019), the relationship between seasonality
and weapon shape was unclear until our study. In
F. obscurus, we found that the average shape of claws
from reproductive and non-reproductive form males
was statistically different, but we question whether
this difference is correlated with biological significance;
that is, it is unclear whether the differences in shape
that we discovered are large enough to influence the
function of the weapon during a fight.

Initially, we predicted that reproductive form males
would wield more biomechanically efficient claws
compared with non-reproductive males. Given that
crustacean claws function as a simple lever system,
reducing the length of the out lever (i.e. the dactyl)
and increasing the size of the muscle-housing manus
should relate to a more biomechanically efficient
weapon capable of generating strong pinches (Palaoro
et al., 2020a, b). However, based on the differences in
shape that we detected, we found no support for this
prediction. Both within and between species, shape
and biomechanical differences among animal weapons
have been documented (Rosenberg, 2002; Caro et
al., 2003; Goczat et al., 2019; Palaoro et al., 2020b),
but behavioural tests have yet to indicate whether
differences in shape relate to differences in fighting
ability.

Regarding claw size, we found that the reproductive
season influenced the size of F. obscurus claws, but our
results depended on which measurement of claw size
we used. When determining claw size from a linear
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represents the residual claw strength of non-reproductive form claws. A, the residual claw strength is represented based
on a model containing claw length as the independent variable. B, the residual claw strength is represented by a model
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measurement of claw length (Robinson & Gifford,
2019; McCullough et al., 2020; Graham et al., 2021;
Levinton & Arena, 2021), we found that crayfish in
reproductive form wielded longer claws compared
with non-reproductive form males of a similar body
size. This result is consistent with previously reported
differences in claw length in cambarid crayfishes
(Crocker & Barr, 1968; Loughman & Simon, 2011;

Hughes et al., 2022) and snapping shrimp (Heuring
& Hughes, 2019). Given that animal weapons often
serve dual functions as signals (McCullough et al.,
2016; McCullough & Brien, 2022), these findings also
align with previous research on sexually selected
signals. Likewise, because larger traits serve as better
signalling structures (Eberhard et al., 2018; O’Brien et
al., 2018), reproductive form crayfishes might be able
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to resolve contests more efficiently, before escalation
to physical combat, although this hypothesis warrants
behavioural studies to confirm.

Although longer claws might relate to greater
fighting success in male—male competition, as has
been demonstrated in prior studies (Bywater et al.,
2008; Graham & Angilletta, 2020, 2022), it is not
known whether longer claws provide an advantage
during reproduction, in which male crayfish mount
females and pin them down with their claws (McLay &
van den Brink, 2016). Importantly, previous research
has demonstrated that female crayfish prefer males
with relatively longer claws (Galeotti et al., 2006; but
see Aquiloni & Gherardi, 2008). Female crayfishes
developing a preference for long-clawed males might
provide an additional selective force that relates
to reproductive form crayfishes wielding relatively
longer claws compared with non-reproductive males.
However, behavioural studies are required to confirm
this hypothesis.

During the reproductive season, the benefit of
wielding a high-performance weapon should be the
greatest (Arnott & Elwood, 2008). To the best of our
knowledge, aside from the present study, seasonal
plasticity in weapon performance has not been
documented. Although plasticity in muscle mass
associated with biting has been documented only once,
in two species of Tupinambis lizards that possessed
larger jaw muscles during the mating season (Naretto
et al., 2014), direct measurements of performance
were not made. In our study, we found that male
F. obscurus in reproductive form produced stronger
pinches compared with non-reproductive form males.
The strongest pinches generated by a reproductive
form F. obscurus male were > 15 N, whereas non-
reproductive form males of a similar claw size
produced pinches that ranged from 3 to 10 N. Based
on the previous studies relating claw strength to
fight outcome, these differences in maximal pinching
force are great enough to influence the outcome
of a fight (Wilson et al., 2007; Graham et al., 2020)
and demonstrate a previously recognized pattern of
seasonal plasticity in the performance of an animal
weapon.

Unsurprisingly, animals that produce greater
pinching or biting forces have been found to have
greater fighting success compared with similar-
sized but weaker opponents (Sneddon et al., 2000;
Wilson et al., 2007; Bywater et al., 2008; Hall et al.,
2010). In crustaceans specifically, the generation of
a strong pinching force is based on a combination of
the biomechanical properties of the claw, in addition
to the musculature (Palaoro et al., 2020b). Therefore,
the claw pinching strength might be increased either
by making the claw more biomechanically efficient
or by increasing the investment into muscle tissue.

Interestingly, given that we found that reproductive
form F. obscurus generate relatively stronger pinches
buthave minimal differences in claw shape, our findings
suggest that F. obscurus might exhibit plasticity in
muscle tissue investment during the reproductive
season. Future investigations should pursue the
prediction that reproductive form crayfishes allocate
more energy into their claw muscle tissues compared
with non-reproductive form crayfishes.

The seasonal patterns in weapon investment
that we have observed could benefit from recent
developments in our understanding of metabolic
costs associated with developing and maintaining
sexually selected weapons (Somjee, 2021). Animal
weapons have inherent trade-offs associated with
their relative size and metabolic cost (Somjee et al.,
2018, 2021; O’Brien et al., 2019); an increase in the
performance of a weapon often requires increasing
the metabolically expensive muscle tissue. In
contrast, in some arthropods, the performance of a
weapon can be increased by modifying the cuticle
of the exoskeleton, which is metabolically inert
compared with muscle tissue (Palaoro & Buzatto,
2022). In crayfishes, with both cuticle and muscular
investment being possible, the metabolic costs
associated with reproductive and non-reproductive
form individuals should relate to their overall energy
expenditure. Crustaceans, such as fiddler crabs,
have metabolic incentives to produce relatively
large but weak-muscled claws to provide metabolic
savings (Bywater et al., 2014). But the costs and
benefits associated with fighting might select for
large-muscled, high-performing claws.

In the present study, it is worth highlighting that we
investigated only male crayfishes; however, recent work
has shown how investigating female weaponry and
female behaviour can lead to deeper insights into the
selection pressures and evolution of weaponry (Dalosto
et al., 2019). For example, despite having relatively
smaller claws and generally being less aggressive,
female crayfishes still possess enlarged claws that
are used as weapons during territorial aggression
(Moore, 2007; Wofford et al., 2015). Therefore, in the
same way that male crayfishes invest differentially
in the length, size, shape and performance of their
claws in the reproductive season, females might also
do so. Recently, Heuring & Hughes (2019) found that
female Alpheus snapping shrimp exhibited relatively
larger claws during the non-reproductive season.
This pattern is consistent with the idea that females
require larger claws for defending themselves during
the non-reproductive season and might also relate
to the costs associated with egg development during
the reproductive season. Similar seasonal differences
in the investment of animal weapons might occur
throughout crayfishes and other taxa in which both
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sexes bear weapons, which makes these questions a
logical next step for future studies.

Overall,ourstudy providesevidencethatseasonality
influences animal weapon plasticity not only in size,
but also in shape and performance. Based on the sheer
diversity of animal weapons, we encourage future
researchers to investigate seasonally related patterns
of weapon plasticity. Ultimately, we propose several
areas of further study that stem from our results.
First, it is unknown whether the seasonal differences
in weapon investment that we have unearthed are
present in other taxa. Thus far, seasonal variation
in weaponry has been investigated primarily in
crustaceans. Second, it remains unclear whether
the seasonal differences in weapon morphology
relate to differences in selection for these traits; that
is, it is not known to what degree the differences
between reproductive and non-reproductive form
crayfish claws that we found relate to differences in
fighting or mating success. Third, the metabolic costs
associated with these seasonal differences in weapon
phenotypes should be investigated. There might be
underlying metabolic costs associated with males
that stay in reproductive form for too long, and this
might elucidate why only one of the four crayfish
families exhibits form alteration. Fourth, given
that investigations into females can increase our
understanding of weapon evolution, studies should
pursue this question in both weapon-bearing males
and females. Lastly, because crayfish claws serve as
multi-function organs (Stein, 1976; Lee, 1995) in other
ecologically and evolutionary relevant tasks apart
from mating (i.e. foraging, burrowing, and defending
from predators), future work should investigate
whether seasonality relates to claw function in non-
sexual interactions.
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