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Abstract 
Male fiddler crabs own an enlarged claw which is a weapon and an ornament. The enlargement of this claw begins from the juvenile stage and 
continues throughout life. Males may voluntarily lose (i.e., autotomize) this claw. After several molts males may regenerate a new claw, called 
leptochelous, which acquires a similar length but a lower muscle mass area than the original one, called brachychelous. In some species, regen-
erated claws develop permanently as leptochelous, the population having 2 discrete claw morphologies. Other species present morphological 
variations with leptochelous and brachychelous being 2 ends of a continuum. In the species Leptuca uruguayensis, we studied the morphological 
variation of this enlarged claw, whether it may be caused by its regeneration at different male sizes, and its consequences on mating success. 
We found that claws could not be discriminated as discrete morphs, suggesting a morphological continuum from brachychelous to leptochelous. 
Regenerated claws in the laboratory were initially small and proportional to body size, although a field experiment confirmed that claw size is 
recovered after several molts. Morphological variation may be caused by energetic limitations where males of different sizes must differently 
trade-off between restitution of claw length (ornament function) or claw muscle area (weapon function). Fiddler crabs use 2 mating tactics with 
different levels of female choice. However, regardless of the mating tactic, leptochelous males were at a disadvantage at high densities, although 
not at low densities, suggesting that the consequences of autotomy and regeneration on mating success may depend on the social context.
Key words: claw allometry, Leptuca uruguayensis, multifunction trait, sexual selection.

Exaggerated sexual traits often have more than one function, 
such as ornaments and weapons, but it is not always clear 
how sexual selection operates on each one (Bildstein 1983; 
Berglund et al. 1996). Sexual selection often favors positive 
allometry in secondary sexual traits, which means a dispro-
portionate increase in trait size relative to that in body size 
(Hartnoll 1978). This effect may occur in pure ornaments, 
because positive allometry amplifies small differences in body 
size, which influences mating success (Wallace 1987; Green 
1992; O’Brien et al. 2018). However, it does not always occur 
in pure weapons (van Lieshout and Elgar 2009; McCullough 
and O’Brien 2022) because strong allometry may cause the 
weapon to lose efficiency (Levinton and Allen 2005). In spe-
cies that grow throughout life, the design of multifunction 
traits may be even more complex, if the relative importance 
of each function changes throughout life, and if each function 
is favored by a different allometric pattern (Bonduriansky 
and Day 2003; Pélabon et al. 2013). Therefore, sexual selec-
tion may end up favoring all functions together, one func-
tion over the other and/or the development of compensatory 
mechanisms due to favoring one function over another 
(Dennenmoser and Christy 2013).

Fiddler crabs comprise a group of more than 100 species 
(Shih et al. 2016), which offer an interesting opportunity to 
address these topics for several reasons. First, fiddler crabs 
have indeterminate growth (Crane 1975), so they continue to 

grow after sexual maturity, resulting in body size being corre-
lated with age (Yamaguchi 2002). Second, male fiddler crabs 
develop an enlarged claw that generally represents more than 
30% of total body weight (Crane 1975). Males gradually 
develop this enlarged claw from juveniles and through suc-
cessive molts (Nath et al. 2023). Initially, juvenile males, like 
females, own two symmetric small feeding claws (Yamaguchi 
and Henmi 2001, 2008). Then the juvenile male loses one 
of these small claws, which regenerates again as a feeding 
claw, although the remaining one begins to increase in size 
through successive molts (Morgan 1923). Consequently, the 
enlarged claw switches to function as a weapon and as an 
ornament (Crane 1975; Ahmed 1978). However, the claw 
may suffer partial damage or its complete autotomy (i.e., 
the detachment from the body) due to male-male combats 
or to escape predators (Bildstein et al. 1989; McLain et al. 
2003; Mace III and Curran 2011; Martin 2019; Darnell et 
al. 2020). Males can regenerate a new claw, which after sev-
eral molts may acquire a similar length but with a less robust 
structure than original ones observed in males of the same 
size (Yamaguchi 1973; Backwell et al. 2000; Reaney et al. 
2008). Consequently, within the population some males own 
robust original claws, called brachychelous, whereas other 
males own slighter regenerated claws, called leptochelous 
(Crane 1975; Backwell et al. 2000). For similar claw lengths 
(see Figure 1), leptochelous have relatively longer fingers and 
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a shorter manus in comparison to brachychelous (Backwell 
et al. 2000; Yamaguchi 2001; Rosenberg 2002). The manus is 
the segment (Supplementary Figure S1) containing the muscle 
mass that provides the claw closing force. Thus, a relatively 
shorter manus in leptochelous makes them a worse weapon 
than brachychelous (Backwell et al. 2000; Reaney et al. 2008; 
Lailvaux et al. 2009; McLain et al. 2010; Muramatsu and 
Koga 2016).

For some species, such as Austruca annulipes, brachychelous 
and leptochelous appear to occur as discrete morphologies in 
which the regenerated claws develop permanently as lepto-
chelous, and with no possibility of reverting to brachyche-
lous (Backwell et al. 2000). In other species, such as Leptuca 
pugilator (McLain and Pratt 2011) or L. uruguayensis (pers. 

obs), major claws occur rather as a continuous morphological 
variation from brachychelous to leptochelous (see Figure 1) 
making it difficult to distinguish some regenerated claws 
from original ones. Therefore, in these species, brachychelous 
and leptochelous are likely 2 ends along the same continuum 
(McLain and Pratt 2011), caused by size-dependent trade-
offs between investment in claw length or claw robustness. 
Size-dependent trade-offs may originate for 2 main reasons. 
First, available energy and physiological constraints may pre-
vent claw regeneration from fully restoring both functions. 
Second, although the energy available to regeneration is likely 
proportional to body size, the structure to be regenerated is 
not proportional: large males must regenerate relatively 
larger claws and throughout a fewer number of molts than 
small males (Rosenberg 2002). Therefore, as the size of the 
male increases, so does the gap between the energy available 
and that required to regenerate a fully functional claw after 
autotomy. Therefore, leptochelous claws seem to be the result 
of the regeneration primarily focused to recover claw length 
at the cost of shortening the length of the manus (Backwell 
et al. 2000; Yamaguchi 2001). Consequently, a degree of mild 
to more accentuated leptochelous forms may result from claw 
autotomy at different body sizes (McLain and Pratt 2011), 
with more extreme leptochelous cases expected to occur the 
larger the male is at the time of autotomy.

In some fiddler crab species, in addition to male size females 
evaluate the characteristics of the male’s burrows before mat-
ing with them (Backwell and Passmore 1996; Latruffe et al. 
1999). Thus, if leptochelous males have a less efficient arma-
ment to acquire and defend high-quality burrows (Reaney 
et  al. 2008) they may potentially have less mating success 
than brachychelous males of the same size. In addition, some 
species use 2 different mating tactics, underground and sur-
face mating (deRivera and Vehrencamp 2001). Underground 
mating involves a complex courtship display in which males 
wave the enlarged claw to attract females. Mating occurs 
inside the male’s burrow where the pair stay together for 
2–3 days after which the female always lays a clutch of eggs 
(Yamaguchi 1998; Reaney et al. 2012). Then the male leaves 
the burrow to the female to incubate her eggs and must dig 
a new one, find or steal another’s burrow (Christy 1982). In 
surface mating, males do not use the waving courtship, but 
approach neighboring females to mate on the surface. In these 
cases, females do not always lay eggs, but if they do, incu-
bation occurs in their own burrows (Nakasone and Murai 
1998; Reaney et al. 2012). Therefore, in species that use both 
mating tactics, it may be expected brachychelous males mate 
more often underground because their claws are fully func-
tional as an ornament to attract females and as a weapon 
to acquire and defend high-quality burrows outcompeting 
other males. Conversely, leptochelous males may be expected 
to mate more often on the surface, because their burrows are 
not assessed and given to the females for egg incubation, and 
female choice is much lower than for underground matings 
(Nakasone and Murai 1998; Ribeiro et al. 2010). However, 
up to date there is no clear evidence that males with lepto-
chelous are at a disadvantage in attracting females for under-
ground mating (Backwell et al. 2000; Reaney et al. 2008; 
Clark and Backwell 2016). Additionally, there is no available 
information about the role of claw morphology in surface 
matings (Clark and Backwell 2016).

In the present work, we inspected the morphological varia-
tion of males’ major claws in the species Leptuca uruguayensis 

Figure 1. Variability of male claws along the morphological continuum. 
(A) Brachychelous: robust claws with significant development of 
tubercles and teeth. (B) Inter-Brachychelous: robust claws with moderate 
development of tubercles and teeth. (C) Inter-Leptochelous: slight claws 
with poor development of tubercles and teeth, (D) Leptochelous: slight 
claws without tubercles and teeth, (E) Newly regenerated claws: small 
claws with evident signs of recent regeneration. (F) A male fiddler crab 
Leptuca uruguayensis from the San Clemente population. In C, the short 
line shows the manus length and the long line shows the propodus 
length.
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(Nobili 1901) (formerly Uca uruguayensis, see Shih et al. 
2016) and its relationship with mating tactics. The study 
had three goals. First, we used allometric analysis to unravel 
whether brachychelous and leptochelous morphologies can 
be associated to discrete categories or are rather 2 extremes 
along a continuum. Second, we conducted autotomy exper-
iments to evaluate whether claw regeneration may account 
for morphological variation depending on the male size at 
autotomy. Finally, we evaluated the relationship between 
claw morphology and the outcome of different mating tactics.

Materials and Methods
Study site
The study was conducted between 2002 and 2005. We col-
lected male fiddler crabs from 2 different sites. One site was 
in the Mar Chiquita coastal lagoon (Argentina, 37º45ʹS and 
57º25ʹW), a 46 km2 body of brackish water, and the other site 
was near the mouth of the San Clemente tidal creek (eastern 
Bahía Samborombón, Argentina, 36°22ʹS, 56°45ʹW). Both 
sites are affected by semidiurnal low-amplitude tides (mean 
amplitude < 1 m) (Fasano et al. 1982; Dragani et al. 2014), 
with fiddler crabs occurring in tidal flats above the mean low 
tide line, adjacent to the edge of cordgrass (Sporobolus den-
siflorus) marshes (Bogazzi et al. 2001). Crabs dig burrows 
that they use as a refuge during high tide, as a shelter against 
predators, and as mating and molting sites (Crane 1975; de 
la Iglesia et al. 1994; Ribeiro et al. 2010). Fiddler crabs are 
active on the surface from September to April, remaining 
inside their closed burrows for the rest of the time (Spivak 
et al. 1991). There are no differences in the size-frequency 
distribution in both populations (Bogazzi et al. 2001). Crab 
density, quantified by digging sediment, is generally low in 
Mar Chiquita, ranging between 10 and 40 crabs m−2 (Bogazzi 
et al. 2001). In contrast, in San Clemente, crabs form patches 
of variable densities, some with densities comparable to the 
Mar Chiquita population and others reaching densities of up 
to 140 crabs m−2 (Ribeiro et al. 2005).

Population variation in claw morphology
We conducted a population screening of the morphology 
of male’s enlarged claws. To do this, 259 male fiddler crabs 
were randomly collected from the Mar Chiquita population. 
The collection was done by digging sediment to include all 
individuals, not only those active on the surface. Several 
measurements were made on each claw, which resulted in 
highly correlated variables (average correlation = 0.94; see 
Supplementary Figure S1). Based on this correlation and con-
sidering previous studies (Backwell et al. 2000; Yamaguchi 
2001; McLain and Pratt 2011), propodus length and manus 
length (Supplementary Figure S1) were used to describe claw 
morphological variation. Carapace width was measured as a 
proxy of body size and handedness was also registered.

Classification of claws
Based on the general robustness and the development of 
tubercles, each claw was visually classified into 1 of 5 different 
groups of claw variants or morphs (see Figure 1), correspond-
ing one group to newly regenerated claws and 4 groups to 
different variants of full-size claws. A newly regenerated claw 
was one whose size was suspiciously small, generally close 
to the size of carapace width. Newly regenerated claws were 
often opaque in color. Brachychelous claws were those robust 

claws and with significant development of tubercles and teeth. 
At the other extreme, leptochelous claws were those slight 
claws with the absence of tubercles or teeth. Intermediate 
cases were those that could not be clearly classified but were 
closer to either brachychelous or leptochelous (see Figure 1). 
Although this classification may be reasonable, it is still arbi-
trary. The arbitrary classification into several claw morphs 
may segregate the morphological variables potentially creat-
ing artifacts in their relationships (Tönnies et al. 2022). To 
address this, finite mixture models were fit (McLachlan et al. 
2019) to seek discontinuities in the morphological variables 
which can constitute different claw morphs (Prates et al. 
2013; Palaoro et al. 2022). These models parameterize the 
distribution of a determined morphological variable as a mix-
ture of one to k-number of skew-normal distributions. Then, 
bias-corrected Akaike Information Criterion (AICc) is used 
to identify the most parsimonious number of groups, based 
on the log-likelihood values and the number of parameters 
involved. This approach has been used to detect polymor-
phism in several species (Rowland and Emlen 2009; Buzatto 
et al. 2014; Palaoro et al. 2022). However, the method is uni-
variate and thus may be appropriate when polymorphism 
is associated with abrupt discontinuities in the scaling of 
the trait along body size. For example, some dung beetles 
have 3 types of males: small males with no horns, medium 
males with short horns, and large males with long horns (see 
Rowland and Emlen 2009). Thus, in dung beetles the univar-
iate inspection of horn length is enough to detect different 
morphs. In our study, we seek for bivariate discontinuities, 
for example, claw length should be evaluated in relation to 
male size. To address this, finite mixture models were applied 
to the residuals obtained by fitting 3 different linear regres-
sion: (1) propodus length in relation to carapace width, (2) 
manus length in relation to propodus length, and (3) the ratio 
manus/propodus in relation to carapace width. Then allo-
metric differences were evaluated between the differentiated 
groups. Variables were log-transformed so the resulting slopes 
in the fitted relationships estimated the allometric exponents 
(see Gayon 2000).

Brachychely index
We developed an index that measures quantitatively how 
brachychelous a claw is. The index gives the likelihood of a 
determined claw being brachychelous based on the propodus 
length, manus length and carapace width. The index com-
putes the joint probability that a claw has both a propodus 
and manus length larger than their expected mean. The brach-
ychely index was computed as the following joint probability:

BI = pp · pm
where BI is the brachychely index, and pp and pm the distri-

bution functions of both propodus and manus, respectively. 
To do so, the relationship between log propodus length and 
log carapace width was used to obtain, for each claw, the 
expected mean and the standard devaition (SD) for the propo-
dus length given the carapace width of the male. Similarly, 
the relationship between log manus length and log propodus 
length was used to obtain the expected mean and the SD for 
the manus length given the propodus length of the male. The 
“pnorm” distribution function from “Stats” R core package 
(R Core Team 2020) was used to compute each pp and pm 
probabilities. The brachychely index was modeled after the 
beta distribution (Ferrari and Cribari-Neto 2004), as it ranges 
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between 0 and 1, and it is asymmetric because it is the product 
of 2 probabilities, a claw with average propodus and manus 
lengths yields an index value of 0.25 (pp × pm = 0.5 × 0.5). The 
index is not an absolute measure of brachychely, but rather 
the relative status of an individual claw within the whole pop-
ulation, which is useful for comparison.

Claw morphs, male size, and handedness
Beta regression, with loglog link function (Ferrari and Cribari-
Neto 2004) was fit to evaluate whether brachychely index 
varied between the 5 claw classes. This allows us to determine 
whether the 5 arbitrarily defined classes corresponded to claw 
groupings with a different degree of brachychely. For each 
claw class, 95% bootstrap confidence limits were computed 
for the mean brachychely index. Brachychelous claws were 
expected to show index values greater than 0.25, and lepto-
chelous claws to show index values <0.25.

Handedness in the species L. uruguayensis is evenly distrib-
uted between left and right-handed males (Spivak et al. 1991). 
However, the relationship between handedness and claw mor-
phology is unknown. In addition, if a differential trade-off 
between the regeneration of claw length and manus length 
increases with male size at autotomy, then it can be expected 
brachychely index to vary with body size. A beta regression, 
with logit link function was used to evaluate whether brachy-
chely index varied both with carapace width and handedness 
of males. In this analysis we excluded data from the newly 
regenerated claws.

Laboratory experiment
A laboratory experiment was conducted in which male fid-
dler crabs were induced to autotomize their major claw, and 
presumably, to regenerate it after molting. The purpose of this 
experiment was to determine if the morphological and allo-
metric pattern after claw regeneration varied between large 
and small males, and between males that were brachychelous 
or leptochelous before autotomy. From the San Clemente 
population, we collected 40 juvenile males (carapace width 
7.07–9.15 mm) and 80 adult males (carapace width 10.30–
13.99 mm). Adult males were collected such that 40 were 
visually identified as brachychelous and 40 as leptochelous. 
These crabs were individually placed in 250 mL recipients, 
filled with seawater adjusted with fresh water to a salinity of 
23 PSU, fed with surficial mud sediment extracted from the 
field site, and subjected to a daily 12 light:12 dark cycle regime. 
The water and the feeding mud sediment were renewed daily. 
The individuals were kept under these conditions to acclima-
tize for 10 days, after which 20 juveniles, 20 brachychelous 
adults, and 20 leptochelous adults were induced to autoto-
mize the major claw pressing hard with forceps on the merus. 
The remaining 60 individuals were kept intact as control. All 
individuals were cared for and fed as before. The experiment 
ended for each individual when it molted, died, or after 9 
months if none of these events occurred. Carapace width and 
claw morphometric variables of all individuals were meas-
ured at the beginning and end of the experiment.

A generalized linear model (GLM) with binomial distri-
bution and logit link function compared the proportion of 
crabs that molted, between male types and autotomy treat-
ments. A GLM with negative binomial distribution and log 
link function compared the number of days to molt, between 
male types and autotomy treatments. The change in body size 
after molt, computed as the difference between the start and 

the end of the experiment, was compared between male types 
and autotomy treatments using a linear model with normal 
distribution. Linear models with normal distribution fitting 
1) propodus length in relation to carapace width, 2) manus 
length in relation to propodus length, and 3) the ratio manus/
propodus in relation to carapace width were used to evaluate 
allometric changes in claw morphology between male types 
and autotomy treatments. Variables were log transformed.

We computed the brachychely index of each claw, at the 
beginning and at the end of the experiment. The index was 
computed as before but obtained the expected mean to com-
pute the joint probabilities from male samples of the San 
Clemente population (N = 209 males, obtained by digging 
sediment). A beta regression, with logit link function, com-
pared the brachychely index after one molt between male 
types and autotomy treatments. For each molted individual, 
the change in the brachychely index was computed as the dif-
ference between the index value after and before the molt, 
and a linear model compared the change in the index between 
male types and autotomy treatments. Bootstrap confidence 
limits (95%) were computed for the mean difference in the 
brachychely index.

Field experiment
We ran a field experiment in a mudflat area of the Mar 
Chiquita coastal lagoon in which 12 male fiddler crabs were 
induced to autotomize their major claw, and presumably, to 
regenerate it after molting. To do this, we searched for bur-
rows with small-sized males (carapace width range: 5.60—
6.68 mm) without neighbors around (50 cm radium). Males 
were captured without digging, but by filling water into the 
opening of their burrows until individuals emerged. This pro-
cedure kept the structure of burrows intact and the surface 
sediment as little disturbed as possible. Males were induced 
to autotomize and returned to their burrows. To keep autot-
omized males individualized and to prevent other individuals 
from coming inside we set circular enclosures (20 cm radium) 
delimited by a plastic mesh that was 20 cm above the surface 
and buried 30 cm deep. Enclosures were placed so that the 
male was in the center. Enclosures were checked periodically 
to detect the presence of other individuals than the target 
male. The experiment lasted from October 2003 to March 
2004, after which all males were captured and measured. We 
do not have a control for this experiment. However, even 
if we had it, we could not be aware if a control individual 
autotomized and regenerated the claw during the experiment 
without noticing it, because our monitoring was not contin-
uous. Despite this, individuals in the field experiment might 
have molted more than once, so we predicted that their claws 
should not look like newly regenerated claws, but rather like 
an intermediate morphological type between brachychelous 
and leptochelous claws. We computed the brachychely index 
of regenerated claws and the 95% bootstrap confidence limits 
for the mean. We expected field regenerated claws to show an 
index greater than newly regenerated claws but not greater 
than 0.25 which is the value for an average claw.

Mating tactics, patch density, and claw morphology
To evaluate the relationship between claw morphs and the 
outcome of different mating tactics we used stored sam-
ples of males from the population and stored samples of 
males from mating pairs obtained in a previous study con-
ducted at the San Clemente population (Ribeiro et al. 2010). 
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Population samples encompassed males from 2 contrasting 
patch densities (high-density: mean density of 70–90 crabs 
m2; low-density: mean density of 10–30 crabs m2). In the spe-
cies L. uruguayensis, both mating tactics occur irrespectively 
of patch densities, however, underground matings are more 
frequent at high densities whereas surface matings are at low 
densities (Ribeiro et al. 2010). Mating pair samples included 
males that mated underground at high densities (UH; N = 73), 
or at low densities (UL; N = 32), and males that mated on the 
surface at high densities (SH; N = 51), or at low densities (SL; 
N = 66). We measured carapace width and claw morphologi-
cal variables of all these males.

Linear models with normal distribution were used to eval-
uate differences in claw morphology between population 
densities by fitting 1) propodus length in relation to cara-
pace width, 2) manus length in relation to propodus length, 
and 3) the ratio manus/propodus in relation to carapace 
width. Variables were log transformed.

We evaluated whether males mating with different tactics 
at different densities differed in claw morphology. These com-
parisons cannot be done straightforwardly mainly because 
female choice for large males is stronger in underground mat-
ings than in surface matings (Ribeiro et al. 2010). Then, if the 
brachychely grade of regenerated claws depends on male size 
at autotomy and population density (De Grande et al. 2021), 
this may lead to differences in the brachychely grade between 
mating tactics, simply because the size frequency distribution 
of mated males differs between mating tactics.

To explore this possibility, a randomization numerical 
method (Manly 2006) computed the expected brachychely 
index for each mating tactic at each density based on male 
size and compared it to that observed in mating pairs. For 
each mating tactic and density the procedure applied the 
following steps: 1) take a random sample with replacement 
of mating males (n size of the sample being the number of 
matings of the corresponding tactic sample) and compute 
the brachychely index for each male, 2) take a random 
sample with replacement of males from the population of 
the corresponding density (n size equal to step 1) such 
that each male matched the carapace width of each male 
obtained in step 1, and then compute the brachychely index 
for each male, 3) calculate the mean for the difference 
between the brachychely indices obtained in step 1 and 
step 2. The procedure was repeated 100,000 times, obtain-
ing the distribution for the mean difference between the 
expected and observed brachychely index. To serve as a 
test of hypothesis, bootstrap confidence limits for the mean 
difference were obtained by extracting the 2.5 and 97.5% 
percentiles of the generated distribution. Confidence limits 
excluding 0 indicated significant differences in the brachy-
chely index between mating males and those expected from 
the population males that cannot be explained solely by 
female choice on male size.

Statistical analysis and software
All analyses were conducted in the R environment (R Core 
Team 2020) (R Core Team, 2020). Linear models were fit 
using the “Stats” core package, and GLMs were fit using the 
“lme4” package (Bates et al. 2015). The statistical significance 
of each effect was assessed with ANOVA or analysis of the 
deviance using the “car” package (Fox and Weisberg 2019). 
If covariates did not interact with fixed factors, differences 
were assessed through estimated marginal means using the 

“emmeans” function from the homonym package (Lenth 
2022). When the interactions were significant, the differences 
between slopes were assessed using the “emtrends” function 
from the “emmeans” package (Lenth 2022). Bootstrap confi-
dence limits were obtained using the “boot.ci” function of the 
“boot” R package (Canty and Ripley 2022).

Results
Population variation in claw morphology
Of the 259 collected male claws, 43 were classified as newly 
regenerated and 216 as full-size claws; these later being 108 
brachychelous, 56 inter-brachychelous, 37 inter-leptochelous, 
and 15 leptochelous. The proportion of left-side (n = 127) 
and right-side claws (n = 132) did not differ from evenness 
(49:51; Exact Binomial Test: P = 0.8038).

Finite mixture models identified 2 groups of claws when 
evaluating the propodus length in relation to carapace width 
(Table 1). One group (group A: 217 claws) included all brach-
ychelous, all inter-brachychelous, 36 of 37 inter-leptochelous, 
12 of 15 leptochelous, and 5 of 43 newly regenerated claws. 
The second group (group B: 42 claws) included 38 of 43 
newly regenerated claws, 3 of 15 leptochelous, and 1 of 37 
inter-leptochelous. Thus, the group A contained the 98.15% 
of the claws which were a priori classified as full-size claws, 
and the group B contained the 88.37% of the claws which 
were a priori classified as newly regenerated claws. Finite 
mixture models (Table 1) did not identify different groups of 
claws when evaluating the manus length or the ratio manus/
propodus. Therefore, finite mixture models only support mor-
phological differentiation in the length of newly regenerated 
claws and full-size claws. Consequently, allometric analysis 
compared the 3 morphometric variables between 2 groups 
defined by the a priori classification, one corresponding to the 
whole group of full-size claws (n = 216) and the other to the 
group of newly regenerated claws (n = 43).

The linear model for the log of propodus length in rela-
tion to the log of carapace width (Figure 2A) showed a lower 
slope in newly regenerated claws than for the full-size claws 
(ANOVA interaction term: F1, 255 = 40.77, SSR = 0.2937, 
P < 0.0001; Supplementary Table S1). The linear model for 
the log of manus length in relation to the log of propodus 
length (Figure 2B) showed that full-size claws have allomet-
ric slopes that are further from 1 than the newly regenerated 
ones (ANOVA interaction term: F1, 255 = 5.08, SSR = 0.0073, 
P = 0.0251; Supplementary Table S1). The linear model for 
the log of ratio manus/propodus in relation to the log of car-
apace width (Figure 2C) showed flatter slopes in newly regen-
erated claws than for the full-size claws (ANOVA interaction 
term: F1, 255 = 19.53, SSR = 02891, P < 0.0001; Supplementary 
Table S1).

The brachychely index (Figure 3) was different between 
the claw classes (Beta regression: deviance change χ2 = 727.7, 
df = 4, P < 0.0001). As expected, brachychelous claws showed 
index values greater than 0.25 and leptochelous claws showed 
index values less than 0.25. The brachychely index did not 
vary with carapace width (Beta regression: deviance change 
χ2 = 1.43, df = 1, P = 0.2323) nor with male handedness (Beta 
regression: deviance change χ2 = 1.24, df = 1, P = 0.2646).

Laboratory experiment
During the laboratory experiment, 8 of the 120 individ-
uals died (Supplementary Table S2). The proportion of 
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crabs that molted varied separately between treatments 
(deviance change: χ2 = 33.38, df = 1, P < 0.0001), and 
between male types (deviance change: χ2 = 8.11, df = 2, 
P = 0.0173), but without an interaction effect between 
treatments and male types (deviance change: χ2 = 4.27, 
df = 2, P = 0.1183). Post-comparisons found that the pro-
portion of crabs that molted (Supplementary Figure S2A) 
was higher for autotomized individuals than for control 
ones, and for juveniles than for brachychelous adults, but 
not between leptochelous adults and both juveniles and 
brachychelous adults. The difference in carapace width 
after molting varied between treatments (ANOVA: F1, 69 = 
7.05, SSR = 0.1432, P = 0.0098), and between male types 
(ANOVA: F2, 69 = 36.14, SSR = 1.4677, P < 0.0001), but 
without an interaction effect between them (ANOVA: F2, 

69 = 2.28, SSR = 0.0926, P < 0.1098), where only juve-
niles increased their size, but adults did not grow or 
reduced their size, especially the autotomized individuals 
(Supplementary Figure S2B). The time that crabs took 
to molt varied between autotomy treatments (Deviance 
change: χ2 = 15.26, df = 1, P < 0.0001) and male types 
(deviance change: χ2 = 12.85, df = 2, P = 0.0016), but with-
out an interaction effect between them (deviance change: 
χ2 = 1.53, df = 2, P = 0.4655). Post-comparisons found that 
autotomized males molted sooner than control males, and 
juveniles molted sooner than both brachychelous and lep-
tochelous adult males (Supplementary Figures S2C and 
S2D).

The linear model for the log of propodus length in rela-
tion to the log of carapace width did not find different slopes 
between male types and autotomy treatments (Supplementary 
Tables S3 and S4). However, after molt males with autoto-
mized claws regenerated a shorter claw in comparison to con-
trol males (Supplementary Figure S3A). The linear model for 
the log of manus length in relation to the log of propodus 
length, found different slopes between autotomy treatments 
(Supplementary Table S3), where autotomized crabs showed 
slopes around 1 and control crabs showed slopes below 1 
(Supplementary Figure S3B, Table S4). The linear model for 
the log of the ratio manus/propodus in relation to the log of 

carapace width showed negative slopes for control males and 
flat slopes for autotomized males (Supplementary Figure S3C, 
Table S3).

The brachychely index after one molt depended on treat-
ment and male type (deviance change for the interaction: 
χ2 = 18.51, df = 2, P < 0.0001; Supplementary Figure S4). As 
expected, the change in the brachychely index (Figure 4) was 

Table 1. Summary of finite mixture models used to detect the most 
parsimonious k-number of morphologically differentiated groups of 
claws, where each group is described by a skew-normal distribution 
(parameters: mean, variance, and skewness). The total number of 
parameters of each model is computed as 3k + p, where k is the number 
of distributions, and p = k—1, the number of parameters describing the 
proportion of males in each distribution. Analysis was applied to the 
residuals after fitting linear regression to (A) Propodus length in relation 
to carapace width, (B) Manus length in relation to propodus length, and 
(C) Ratio manus/propodus in relation to carapace width. Values are the 
bias-corrected Akaike Information Criterion AICc. The best fit for each 
morphological variable is indicated with * and corresponds to the one 
with lower AICc.

k-Number of 
distributions

Parameters Propodus 
length

Manus 
length

Ratio manus/
propodus

1 3 −359.46 −808.21 * −913.23 *

2 7 −436.31 * −806.90 −904.85

3 11 −428.42 −798.66 −901.36

4 15 −419.72 −799.35 −895.95

5 19 −410.73 −784.23 −886.38

Figure 2. Population variation in claw morphology. (A) propodus length 
in relation to carapace width, (B) manus length in relation to propodus 
length, and (C) ratio manus/propodus in relation to carapace width. Full-
size claws are shown in black, and newly regenerated claws in gray.
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higher for autotomized males than for control males (ANOVA: 
F1, 68 = 9.67, SSR = 0.1622, P < 0.0027). However, the change 
in the brachychely index was also higher for brachychelous 
males than for leptochelous and juveniles (ANOVA: F2, 68 = 
16.24, SSR = 0.5451, P < 0.0001), and without an interac-
tion between treatment and male type (ANOVA: F2, 68 = 2.19, 
SSR = 0.0736, P < 0.1196).

Field experiment
Individuals grew on average 3.82 mm (n = 12, SD = 0.29), 
achieving a carapace width between 8.97 and 10.60 mm. 
Individuals from the field experiment (allometric exponents 
in Supplementary Table S5) showed brachychely index 
below the mean value of 0.25 (Figure 3; mean = 0.0651, 
95% bootstrap confidence limit: 0.0325, 0.1152), but higher 
than that observed in newly regenerated claws (Figure 3; 
mean = 0.0010, 95% bootstrap confidence limit: 0.0001, 
0.0025).

Mating tactics, patch density, and claw morphology
There were no differences between patch densities in the 
propodus length of males from the San Clemente population 
(Supplementary Table S6). However, males from low den-
sities showed relatively larger manus and a greater ratio of 
manus/propodus than males at high densities (Supplementary 
Table S6). The brachychely index (Figure 5) indicated that 
at high densities mated males, regardless of the tactic used, 
were more brachychelous than expected based on male size 
(Supplementary Table S7). In contrast, males mating at low 
densities were as brachychelous as expected based on male 
size (Supplementary Table S7).

Discussion
In this work, we analyzed the population morphological 
variation in the major claw of the fiddler crab Leptuca uru-
guayensis and, together with data from laboratory and field 
experiments, evaluated the possible consequences of autot-
omy and regeneration on claw morphology and the mating 
tactic used.

Previous works have shown that after autotomy males 
regenerate a new claw with a different shape than the original 
one (Backwell et al. 2000; Yamaguchi 2001; McLain and Pratt 
2011). However, the pattern of morphological variation of 
regenerated claws seems to vary among species. Although in 
L. pugilator males regenerate their claws along a morpholog-
ical gradient (McLain and Pratt 2011), in Autruca annulipes 
regenerated claws have a discreetly differentiated morphology 
(Backwell et al. 2000). In our studied species, L. uruguayensis, 
newly regenerated claws could be differentiated from full-size 
claws; however finite mixture models could not discriminate 
brachychelous and leptochelous within the group of full-size 
claws. This supports a pattern of morphological continuum 
from brachychelous to leptochelous like that of L. pugilator.

The comparison of allometric slopes between newly regen-
erated claws and full-size claws suggests that the first regen-
erated claw, the one that is developed in the first molt after 
autotomy, is more isometric than allometric. In fact, the 

Figure 3. Mean and 95% confidence limits for the brachychely index 
computed for each of the claw variants classified based on their visual 
robustness and development of tubercles (see methods). Brachychelous 
(Brach), inter-brachychelous (Int-Brach), inter-leptochelous (Int-Lepto), 
leptochelous (Lepto), and newly regenerated claws (Regen). The 
Brachychely index for the claws for the field experiment (Field) is also 
shown. Horizontal line indicates the value for brachychely index with 
average propodus and manus length.

Figure 4. Laboratory experiment. Mean and 95% confidence limits for 
the change in the brachychely index were computed as the value of the 
index after one molt minus the value at the beginning of the experiment. 
Autotomized brachychelous adults (ABA), autotomized leptochelous 
adults (ALA), autotomized juveniles (AJ), control brachychelous adults 
(CBA), control leptochelous adults (CLA), and control juveniles (CJ).

Figure 5. Mean and 95% confidence limits for the brachychely index 
for the population of San Clemente at high (PH) and low density 
(PL), for underground matings at high and low density (UH and UL, 
respectively), and for surface matings at high and low density (SH and 
SL, respectively). Expected values for the brachychely index based on 
the size of mating males are shown for each mating tactic as eUH, eSH, 
eUL, and eSL. Horizontal line indicates the value for brachychely index 
with average propodus and manus length.
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confidence limit for the slope for the propodus length of the 
regenerated claws included the 1 (Supplementary Table S1), 
which means that it is proportional to body size (i.e., isom-
etry). These patterns of initial isometry in regenerated claws 
appeared clearer in laboratory experiments (Supplementary 
Table S4) suggesting that the recovery of the previous allo-
metric size is constrained and must be developed along sub-
sequent molts). This is supported by the field experiment in 
which males have been able to molt several times and whose 
regenerated claws were clearly allometric, showing a brach-
ychely index higher than that observed in newly regener-
ated claws, but lower than those claws visually classified as 
brachychelous.

In some vertebrate species, it has been found that the abil-
ity to regenerate may depend on ontogeny (Seifert and Voss 
2013). These may be caused by constraints in physiological 
pathways as well as energetic limitations (Maginnis 2006; 
Yakushiji et al. 2009). The results showing the initial reduced 
size of regenerated claws suggest that crabs have a limited 
energy budget for claw regeneration, which adds evidence 
that major claws are costly to regenerate (Allen and Levinton 
2007). In fact, the change in the body size of crabs from the 
laboratory experiment may account for age-dependent energy 
restrictions, as autotomized juveniles grew less than control 
ones, but autotomized adults even reduced their size (see 
Supplementary Figure S2B). Furthermore, we observed that in 
control males brachychely index decreased between the end 
and the beginning of the experiment, especially for brachy-
chelous adult males (CBA males; see Figure 4). This may be 
a consequence of food limitation during the laboratory con-
ditions but suggests that in natural conditions depending on 
how well-fed the male is, its claw could improve or worsen 
in the next molt, even when it is an original one (McLain and 
Pratt 2010). Concerning this, the comparison of claw mor-
phology of the San Clemente population found that manus 
length was shorter for high densities than for low densities, 
suggesting that leptochely may increase with density. In fact, 
the brachychely index was below the whole population mean 
at high densities, and above the whole population mean at 
low densities (Figure 5). These differences between densities 
may be due to 1) energetic differences between sites and 2) 
different rates of autotomy and regeneration. First, although 
crab density is positively related to the organic matter content 
of sediment (Ribeiro et al. 2005), energy expenditure may 
also increase with density due to social interaction, such as an 
increased frequency of fights to defend burrows or the access 
to food patch (di Virgilio and Ribeiro 2013). Then males at 
different densities could have a different energy budget to 
invest in claw development (McLain and Pratt 2010). Second, 
previous works have shown that predation by shorebird spe-
cies which exploit male crabs’ vulnerability during court-
ship is higher at high densities (Iribarne and Martínez 1999; 
Ribeiro et al. 2003). Therefore, a higher proportion of lep-
tochelous claws at high densities is likely also the outcome 
of more autotomy and regeneration due to a higher risk of 
predation in comparison to low densities.

The morphological variations of major claws due to 
regeneration may be interpreted by the interaction of both 
physiological and functional mechanisms (Maginnis 2006). 
Phylogenetic contrasts have shown that the enlarged claw is 
isometric to the body size across species (Swanson et al. 2013; 
Levinton and Weissburg 2021), meaning that there is a target 
claw size that all males of a given species will tend to reach as 

they grow. This may be schematized as a programmed trajec-
tory of claw size as the male grows (see Figure 6). Therefore, 
we propose that morphological variations may represent the 
deviation from the original trajectory because of autotomy. 
Given that the first claw size regenerated is rather propor-
tional to body size, the autotomy at different body sizes may 
imply tracing new trajectories with different grades of devia-
tion from the original one, and with different energetic trade-
offs. Then, the larger the male size at autotomy the larger 
the deviation from the original trajectory. Consequently, new 
highly deviated trajectories may require larger increments per 
molt in claw size but given the energy budget available seems 
to be limited at each molt event, this should be at the cost of 
relatively lower increments in manus length.

The major claw of fiddler crabs is multifunctional 
(Dennenmoser and Christy 2013). The armament power of 
claws may allow males to obtain and defend high-quality 
burrows (Backwell et al. 2000), thus indirectly increasing 
males’ mating success. However, the direct female choice is 
linked to claw length rather than to claw stoutness (Oliveira 
and Custódio 1998; McLain and Pratt 2007; Levinton and 
Weissburg 2021). Therefore, given the energetic constraints; 
crabs may be able to regenerate or 1) a long claw with a small 
manus area, or 2) a short claw with a large manus area. A 
functional explanation may propose that males of different 
sizes would adjust energy allocation differently by prioritizing 
claw characteristics that maximize both current and future 
mating success (Perrin and Sibly 1993). It has been found that 
male fiddler crabs increase investment in courtship effort with 
age because they have higher current mating probabilities and 
low residual (or future) reproductive opportunities (Hayes et 
al. 2013). Therefore, small males with low current but high 
residual (or future) mating probabilities would benefit from 

Figure 6. Schematic representation of the development of claw size 
in fiddler crabs. The solid black curve represents the developmental 
trajectory of an original claw, as the individual grows through molts. The 
black dot indicates the target claw size, the claw size that all males are 
programmed to reach. The bottom curve represents the initial state after 
autotomy from which the individual traces a new development trajectory 
towards the target claw size. Two examples of new trajectories are 
indicated with grey dotted curves. After a determined molt, the male 
grows a determined amount in its carapace size (segments a–b) and a 
determined amount in its claw size (segments b–c). Autotomizing and 
regeneration at large body size may imply larger b–c increment per molt 
than regeneration at small body size or along the original trajectory. 
The required large increments in claw size per molt may be at the cost 
of reducing relative increments in other claw features, such as manus 
length, causing the leptochelous morphology.
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regenerating a claw that initially restores weapon function as 
much as possible, and with the chances of improving it in suc-
cessive molts. In contrast, large males may probably obtain 
low mating opportunities by regenerating a relatively long 
and weak claw, but no mating opportunities by regenerating 
a short but armed claw. Hence, the morphological continuum 
may reflect variations in how individuals of different sizes and 
energetic conditions solve the problem of making the best of 
a bad job.

It is likely that the same mechanisms responsible for the 
morphological variation of male claws are present in all fid-
dler crab species but operate differently resulting in different 
claw patterns. Discrete claw patterns may be rather a special 
case of continuous claw patterns in which claw proportions 
are greatly altered after regeneration (A. annulipes, Backwell 
et al. 2000; A. mjoebergi, Reaney et al. 2008), so that succes-
sive molts, albeit with improvements, never manage to resem-
ble what they originally were. Therefore, how each species 
balances between the different claw functions may give the 
pattern of claw morphological variation after regeneration.

The third goal of this work was to evaluate how variation 
in claw morphology may be reflected in the outcome of differ-
ent mating tactics. Because underground mating is associated 
with a stronger level of female choice than surface matings 
(Ribeiro et al. 2010) we expected more brachychelous males 
in underground matings and more leptochelous males in 
surface matings. In contrast, we found that the brachychely 
index of matings was higher than the one expected by chance 
for both mating tactics at high densities but not at low den-
sities. In some species, it has been shown that females select 
males based on the thermal and structural properties of their 
burrows, which is a crucial characteristic for egg incubation 
(Christy 1982; Reaney and Backwell 2007). It is likely that 
brachychelous males outcompete other males in accessing 
and defending the best burrow sites for breeding (Backwell et 
al. 2000). However, why are brachychelous males also more 
likely to mate on the surface than leptochelous males if the 
female choice is lower than for underground mating? (Ribeiro 
et al. 2010). One possibility may be due to an indirect effect of 
the procedural of the tactic. In surface mating, the male tem-
porarily moves away from his burrow, leaving it exposed to 
being occupied by an intruder male. This situation can occur 
more frequently at high densities; thus, the male must be suf-
ficiently armed to fight to recover his burrow. Therefore, a 
higher frequency of brachychelous males in surface matings 
may not be due to female choice as in underground matings, 
but rather because brachychelous males are more daring than 
leptochelous males to move away from their burrows for sur-
face mating. Finally, variation in claw morphology appears 
not to play a major role in mating tactics under low-density 
conditions. This may be due to several reasons. First, the fre-
quency of brachychelous males is greater at low densities, so 
the probability of finding a brachychelous male to mate with 
without choosing it is greater than at high densities. Second, 
at low densities, the competition for burrow sites may be 
more relaxed than at higher densities. Thus, more males in 
comparison to high densities are likely to own an appropriate 
burrow for egg incubation regardless of their claw morphol-
ogy. Studies in different fiddler crab species found that males 
with regenerated claws were able to attract females and mate 
with frequencies that do not differ from the general popula-
tion (Backwell et al. 2000; Lailvaux et al. 2009; Clark and 
Backwell 2016). In contrast, our results combining data from 

different densities suggest that the role of claw morphology 
on the outcome of mating tactics is highly dependent on the 
social context.

Regeneration of body parts after autotomy has been 
observed in several invertebrate and vertebrate taxa (Maginnis 
2006; Fleming et al. 2007; Higham et al. 2013; Dunoyer 
et al. 2021). The study of regeneration has been focused on 
understanding its evolutive significance (Reichman 1984; 
Elchaninov et al. 2021) as well as for practical reasons for 
example when the autotomy is the product of the exploita-
tion of a resource of economic importance (e.g., Walus et al. 
2023). However, except for studies in fiddler crabs (Backwell 
et al. 2000; Reaney et al. 2008; Lailvaux et al. 2009), less 
attention has been given to reproductive consequences of 
autotomy and regeneration of sexually selected traits (Uetz 
et al. 1996; Galeotti et al. 2008; Yasuda et al. 2014; Joseph 
et al. 2018). Our results suggest that autotomy introduces a 
disruption in the ontogenetic program of resource allocation 
driving the development of the trait. Therefore, we believe 
that the study of autotomy and the outcome of regenerated 
sexually selected structures can contribute to understanding 
the underlying mechanisms by which individuals balance 
investment in sexual traits (Arévalo and Heeb 2005) by dif-
ferential weighing the costs and benefits of different functions 
throughout ontogeny.
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