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ABSTRACT: Determining the sexual maturity of male fiddler crabs based on morpholog-
ical observations is a challenging task. In this study, we attempted to determine the onset
of sexual maturity in the male fiddler crab, Gelasimus hesperiae, by considering body
morphometry and the morphological and histological characteristics of the reproductive
system. Crabs with carapace lengths (CL) from 2.0 to 22.0 mm were randomly sampled
from the field and measured for carapace widths (CW) and major propodus lengths (MPL).
The onset of morphological sexual maturity (CL, ) was determined to be CL 11.0 mm using
a Lysack’s model, and accordingly, those crabs below CL 11.0 mm were designated as
immature. Allometric growth estimation and regression analysis between the body mor-
phometry of the immature and mature groups revealed a positive allometry between CL and
MPL. Since, the reproductive system is not visible in immature stage 1 crabs (with CL <
7.0 mm), they were not considered for the analysis of physiological sexual maturity.
Between the immature stage 2 (CL 7.1-11.0 mm) and mature groups (CL > 11.0 mm), there
was a significant difference (p < 0.05) in the width of the testes, length and width of vas
deferens, and length and width of the tubules of accessory sex gland. However, principal
component analysis (PCA), revealed no discrete cluster formation between these groups,
especially for the immature stage 2 crabs (CL 8.0-11.0) close to CL, . Further, histologi-
cally, the testes of these immature stage 2 crabs showed signs of spermatogenesis and
spermiogenesis similar to that found in mature crabs, indicating the fulfilment of physiolog-
ical sexual maturity. Overall, our results indicate that the commencement of physiological
sexual maturity in male G. hesperiae precedes morphological sexual maturity, and hence,
the external morphology cannot be considered as the sole criterion for determining the
sexual maturity in this species.
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PE3IOME: Onpenenenue cTaiuyd MOJOBOTO CO3PEBAHUS CAMIIOB MaHSIIEro kpada 1o
MopdosIoruYeckuM MprU3HaKaM SBIISIETCS CJIOXKHOMU 3a/1aueil. Mbl IpeINPUHSIIH TOIBITKY
BBISIBUTH HA/IC)KHBIC TPU3HAKU JIOCTHIKEHUS TTOJIOBO3PEIIOCTH CAaMIIOB MaHSIIEro Kpada
Gelasimus hesperiae na 0CHOBE MOP(OMETPHH TYJIOBHIIA U TUCTOJIOTHYECKUX HCCIIENI0-
BaHUH TON0BOM cuctembl. KpaOrl ¢ mmHON kapamakca (CL) ot 2,0 mo 22,0 MM ObiTH
coOpaHBI B TTOJIEBBIX YCIOBUSIX, y 0cO0€H ObIIIM ITPOBEICHBI IPOMEPHI IINPUHBI Kaparnakca
(CW) u mmnbl nponogyca 6onpiieit kinemnn (MPL). Hactymienue mopdonorndeckoii
nosioBoit 3penoctu (CL 50) Hactynano npu CL 11,0 mm o monenu Jlaiicaka, kpadst ¢ CL
meree 11,0 MM ObUTH HENOJIOBO3PEIBIMU. AJUIOMETPHYECKasi OLIEHKA POCTa M PErpecCHOH-
HBI aHAIN3 MEXIY MOP(QOMETpUEH Tena HEeToJIOBO3PENBIX M 3PENIbIX TPYII BBISIBHIH
MTONIOKUTENBHYIO ayumomerputo Mexy CL u MPL. TTonoBas cuctema He 0OHapyKHUBajach
B Kpabax mepBoil HemoioBo3pernoi cragud, (CL < 7,0 mm). Mexny kpabamu BTOpOIt
HenonoBo3penoit craguu (CL 7,1-11,0 MM) u mosoBo3pensiMu kpadamu (CL > 11,0 mwm)
ObLTH OOHApysKeHbI jocToBepHbIe pazanyus (p < 0,05) B mMprHE CEMEHHUKOB, JUIMHE U
LIMPHUHE CEeMSIPOBOAA, W JUIMHE W IIMPHHE NMPOTOKA MPHUAATOYHOM TOJOBOHM KEJe3bl.
Onnako, aHanu3 riaBHBIX KOMIOHEHTOB (PCA) He BBISIBHII 00pa3oBaHUS AMCKPETHBIX
KIIACTEPOB IS 3TUX TPYII, OCOOCHHO ISl HETOIOBO3peibIX kpabos craanu 2 (CL 8,0—
11,0), 6muskux k CL50. ['mcronornyeckoe ucciaeoBaHne CEMEHHUKA HETTOJIOBO3PEIbIX
KpaboB BTOPO#i cTa/inK BBISIBUIIO NPU3HAKK CHIEpPMATOreHE3a M CIIEPMHOTeHe3a, CXOKH C
TaKOBBIMH Y B3POCJIBIX KPaOOB, OKa3bIBAIOIIEE HACTYIIIICHUE (DU3UOIOTUUECKOH MTOJI0BOM
3penoctd. TakuMm 00pa3oM, HalllM pe3yIIbTaThl TIOKa3bIBAIOT, YTO (PU3HOJIOTHIECKas MOJI0-
Basi 3penocTh y camuoB G. hesperiae HacCTymaeT paHblle MOP(HOIOrHIECKON IMOJIOBOH
3pENIOCTH, M BHEIIHEE CTPOSHHUE HE MOXKET OBITh €IMHCTBEHHBIM KPUTEPHEM IS OTIpeie-
JICHUS HACTYTIJICHUS! TIOJIOBOM 3PENIOCTH CaMIIOB 3TOTO BHJA.
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Zool. Vol.20. No.4. P.417-432. doi: 10.15298/invertzool.20.4.07

KIIFOYEBLIE CJIOBA: Gelasimus hesperiae, MOphOMETpHs, aJUIOMETPHS, TOJIOBOC
CO3pEBaHHE, PENPOIYKTUBHASI CHCTEMA CaMIia.

Introduction

Sexual maturity refers to the morphological
and physiological changes that occur when a
juvenile organism attains the ability to produce
gametes and reproduce (Mantelatto, Fransozo,
1996). Studies on sexual maturity are crucial for
determining population kinetics and understand-
ing geographic variance (Hines, 1989; Voje,
2016). Sexual maturity in crustaceans is gener-
ally determined by growth-related changes in
the morphology of secondary sexual character-
istics and reproductive organs. The allometric
approach used to estimate the size at the com-
mencement of sexual maturity reveals informa-
tion about the species’ reproductive character-
istics (Vaninni, Gherardi, 1988; Sampedro et
al., 1999; Corgos, Freire, 2006; Manchado et
al., 2021).

The morphological maturity of brachyuran
crabs can be determined by observing changes

in the relative growth of their various body
sections (Hartnoll, 1974; Conan et al., 2001;
Corgos, Freire, 2006; Manchado et al., 2021).
In the paddle crab, Ovalipes trimaculatus (De
Haan, 1833), and the freshwater crab, Goyaza-
na castelnaui (H. Milne Edwards, 1853), the
functional and anatomical properties of female
and male reproductive systems determine phys-
iological maturity (Vallini ez al., 2014; Freita et
al., 2021).

The size of sexual maturity varies in Hemi-
grapsus oregonensis (H. Milne-Edwards, 1853)
and Scyra acutifrons Dana, 1851, which are
dispersed in different geographic regions (Hines,
1989). This variation might be influenced by the
food supply, population density, and ecosystem
of these different regions (Hines, 1989; De
Grande et al., 2021). Variations have also been
reported in the age at which a population of the
same or distinct species reaches sexual maturity
(Fontelles-Filho, 1989). Many researchers have



Sexual maturity of male fiddler crab, Gelasimus hesperiae

provided morphological data as one of the crite-
ria to determine the size for the commencement
of sexual maturity (Masunari, Swiech-Ayoub,
2003; Benetti, Negreiros-Fransozo, 2004; Ma-
sunari, Dissenha, 2005; Masunari et al., 2005).
In brachyuran crabs, the study of physiolog-
ical sexual maturity has been conducted through
macro- and microscopic observations of the
gonad (Fontelles-Filho, 1989). In the crab Uca
rapax (Smith, 1870), physiological sexual ma-
turity is attained when it releases gametes for
reproduction, shortly after the critical puberty
molt (Castiglioni, Negreiros Fransozo, 2006).
In the case of male crabs, physiological sexual
maturity hardly determined from the morpho-
logical maturity as it doesn’t serve to trace
proper gonad development (Sastry, 1983; Con-
an, Comeau, 1986; Choy, 1988). This situation
necessitates the accurate estimation of the mor-
phological as well as physiological sexual ma-
turity to understand the organism’s reproduc-
tive capability (Hines, 1982). A combined ap-
proach considering the external (body) mor-
phology and the physiology of gonad develop-
ment has been adopted by researchers to esti-
mate the sexual maturity in crabs such as Hepa-
tus pudibundus (Herbst, 1785), Liocarcinus
depurator (Linnaeus, 1758), Cyrtograpsus an-
gulatus Dana, 1851, Perisesarma guttatum (A.
Milne-Edwards, 1869) (Reigada, Negreiros-
Fransozo, 1999; Muifio ef al., 1999; Castiglio-
ni, Santos, 2000; Flores ef al., 2002).
Brachyuran crabs inhabit diverse ecosys-
tems and are a major ecologically significant
macrofauna playing a vital role in trophic food
webs. Among them, fiddler crabs, which inhabit
the intertidal zones of estuaries, are highly copi-
ous and support higher trophic levels by con-
suming producers, primary consumers, and de-
tritus (Koch, Woiff, 2002; McLusky, Elliott,
2004; Hogarth, 2007). Gelasimus hesperiae
(Crane, 1975), commonly known as the spiny
wristed fiddler crab, is distributed along the
geographic range of the Indo-West Pacific coast
and has both ecological and geographical im-
portance (Crane, 1975). Most of the studies
found on this species are female-focused (Can-
nicci et al., 1999; Jaroensutasinee et al., 2002;
Dyson, 2008; Rosenberg, 2013,2014; Shih Hsi-
Teetal.,2016; Wazedetal.,2016; Fratini et al.,
2017; Peer, Nasreen et al., 2018), and very few
consider the male. This prompted us to assess
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the sexual maturity of the male population of G.
hesperiae inhabiting the intertidal zone of the
Muzhupilangad estuary (Kerala, India). For this
purpose, we adopted a combined approach,
considering the body morphometry (Carapace
length [CL], Carapace width [CW] and Major
propodus length [MPL]) as well as the mor-
phometry and histological details of the repro-
ductive system. In this study, we attempt to
establish a relationship between morphological
and physiological maturity, thereby providing a
measuring scale to determine sexual maturity in
the male population of G. hesperiae.

Material and methods

BODY MORPHOMETRY. 643 male fiddler
crabs, G. hesperiae, were randomly collected from
the intertidal zone of the Muzhupilangad estuary
(11°46’48”N 75°27°36”E) in Kerala, India. For the
collection, catch per unit effort (CPUE: 30 minutes
of crab collection per surveyor in a fortnight during
the low tide) was applied (Castiglioni, Negreiros
Fransozo, 2006). The crabs were taxonomically iden-
tified using keys (Crane, 1975; Shih ez al.,2016) and
DNA barcoding (Accession number MW857280).

The morphometric measurements of carapace
length (CL), carapace width (CW), and major propo-
dus length (MPL) were recorded in millimetres (mm),
using a 0.01 mm digital calliper. CL was measured
from the mid-anterior end to posterior end of the
carapace along the central axis of the body of the
crab, and CW was measured between the anterolat-
eral spines. MPL was measured from the tip of the
propodus fixed finger to the base of the major propo-
dus of the enlarged chelae, usually found on the
crab’s right hand (Crane, 1975). The minimum,
maximum, and mean values (+ standard deviation)
of each variable were calculated.

DETERMINATION OF THE ONSET OF MOR-
PHOLOGICAL SEXUALMATURITY (CL,). Con-
sidering carapace length (CL) as the determining
variable, the onset of sexual maturity (CL,)) of the
male population of Gelasimus hesperiae was as-
sessed using a logistic fit curve. This was performed
by employing the non-linear Lysack’s model PL =1/
[+ed(CL0-C) "where PL is the “proportion mature” at
carapace length (CL). “Proportion mature” is de-
fined as the proportion obtained from the frequency
of mature and immature crabs under each length
categories. The values for the immature and mature
individuals ranged from 0 to 1. CL, is the size at
which 50% of crabs are mature, where d is the rate at
which maturity is attained.

MATURITY CATEGORIZATION BASED ON
CL,,. Based on the results of CL,, a preliminary



420

level attempt was made to categorize the male
population into two groups: (1) immature (CL <
11.0 mm) and (2) mature (CL > 11.0 mm). In the
immature group, those having CL < 7.0 mm and
showing no sign of a morphologically visible re-
productive system (after removing the carapace),
were categorized as immature stage 1 (CL < 7.0
mm), and that showed a visible reproductive system
were grouped as immature stage 2 (CL 7.1-11.0
mm). For the morphometric and histological anal-
yses of the reproductive system, the immature stage
1 was excluded and only immature stage 2 was
considered.

REGRESSION ANALYSIS AND ESTIMA-
TION OF ALLOMETRIC GROWTH. The biomet-
ric data (derived from the morphometric measure-
ments of CL, CW and MPL) of all the immature and
mature groups were subjected to statistical analysis
as described by Sampedro ef al. (1999). The data
were log-transformed, and analysed using a K-means
clustering analysis, followed by bivariate discrimi-
nant analysis. The regression analysis was also per-
formed between all the growth stages (immature
and mature) using the respective biometric data.
The relative growth was estimated by adopting the
allometric technique, y = ax® (Huxley, 1950). For
the purpose, CL was considered to be the indepen-
dent variable (x) and CW and MPL to be the
dependent variables (y). ‘a’ represents the intercept
of the y value at x = 0, and ‘b’ is the slope of the
regression line formed according to the observa-
tional points. The ‘b’ value was used to predict the
growth pattern of the plotted variables: b>1: Posi-
tive allometry; b=1: Isometry; b<l: Negative al-
lometry (Hartnoll, 1982). The statistical signifi-
cance of the b value was tested using Student’s t test.
The regression coefficients (b) and intercepts (a)
among the groups were subjected to an analysis of
covariance (ANCOVA) (Zar, 1996).

DETERMINATION OF THE ONSET OF
PHYSIOLOGICAL SEXUALMATURITY. MOR-
PHOMETRY OF THE REPRODUCTIVE SYS-
TEM. The anaesthetized crabs were kept immersed
in 0.9% saline, and the carapace was carefully
removed. The exposed reproductive system was
carefully dissected out, and its paired functional
regions such as testes, vas deferens, and accessory
sex glands were quickly identified (Krol et al.,
1992). The tissue was then immediately fixed in 3%
neutral formaldehyde for the morphometric analy-
sis. The testes and vas deferens were carefully
separated from the fixed tissue and placed on a
microscopic slide. The curved regions were care-
fully lineated, and their length was measured on a
mm scale using a Vernier calliper. From the phot-
omicrographic images, the width of the testes and
vas deferens, and the length and width of the tu-
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bules of the accessory sex gland were measured.
The number of testes lobules and tubules of the
accessory sex glands were counted under the mi-
croscope, and the obtained data were subjected to
unpaired t-test and one-way ANOVA.

PRINCIPAL COMPONENT ANALYSIS
(PCA). Crabs from the immature stage 2 and mature
groups were divided into four size classes each (CL
7.1-8.0 mm, CL 8.1-9.0 mm, CL 9.1-10.0 mm and
CL 10.1-11.0 mm for immature stage 2; CL 11.1—
12.0 mm, CL 12.1-13.0 mm, CL 13.1-14.0 mm and
CL 14.1-15.0 mm for mature groups); decimal val-
ue 0.1 represented as its non-integer in the figure and
table. Principal component analysis was performed
between the carapace length (CL) and the morphom-
etry of the testes, vas deferens and accessory gland.
The derived data (correlation and covariance matrix
of the transformed data) were interpreted to distin-
guish and display the valid components among the
variables, establish correlation among the variables
and expose the cluster between the immature stage 2
and mature groups. To obtain an appropriate number
of valid components and eliminate inappropriate
results, the PCA analysis was performed multiple
times with the data set. Derived data from each of the
four size classes (for both immature stage 2 and
mature groups) were plotted as points in space cre-
ated according to the first two PCA axes.

HISTOLOGY OF THE MALE REPRODUC-
TIVE SYSTEM. The reproductive system from im-
mature stage 2 and mature crabs was dissected out
and fixed in Bouin’s fluid for 24 hours at room
temperature. Subsequently, it was dehydrated using
a gradient ethanol series (50, 70, 90, 100% — 1 hour
each). The tissues were xylene exposed, wax embed-
ded, microtome sectioned (with thickness 3 to 4 pm),
double-stained (hematoxylin-eosin), mounted with
DPX and observed under the microscope.

DOCUMENTATION. Microscopic images of
the morphological and histological details of the
reproductive system were taken using a Leica ICC50
camera attached to a Research Microscope (Leica-
DM-750) and the images were analysed using the
software LAS EZ, Leica Application Suite-Version
1.7.0.

STATISTICAL ANALYSIS. t-test and ANCO-
VA were performed for regression and allometric
growth analysis using GraphPad Prism 8. The mor-
phometric data of the reproductive system, based on
the CL of immature stage 2 and mature crabs, were
subjected to an unpaired t-test, one-way ANOVA
and Post hoc Tukey’s test using GraphPad Prism 8.
Principal component analysis on the data (CL, CW,
MPL) and reproductive system was performed using
PAST 4.03 software. For the estimation of sexual
maturity, curve fitting (CL, ) was performed using
Origin Pro 2020b.
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12.5mm

Fig. 1. Male fiddler crab Gelasimus hesperiae: a — general appearance; b — photo micrograph of the
reproductive system. T — testis, Vd — vas deferens, Ag — accessary sex gland.

Puc. 1. Camer mansiiero kpaba Gelasimus hesperiae: a — oOmuii BUI; b — penpoayKTUBHAs CHCTEMa
camua. T — ceMeHHHK, Vd — criepMOIyKT, Ag — JONOJHUTEIbHAS [0JIOBAs XKee3a.

Results

Morphological sexual maturity in male
Gelasimus hesperiae

BODY MORPHOMETRY. Photo images
of the male fiddler crab, Gelasimus hesperiae,
and the reproductive system are shown in Figure
1. The measured carapace lengths (CL) of the
randomly sampled 643 crabs during the present
study ranged from 2.0-22.0 mm. The carapace
widths (CW)and major propodus lengths (MPL)
ranged from 8.5-26.0 mm, and 12.0-42.0 mm,
respectively.

CL,, AND CATEGORIZATION OF IM-
MATURE AND MATURE CRABS. The CL_;
ofthe male crabs was found at CL 11.0 mm (Fig.
2). Out of the 643 crabs sampled for the study,
217 crabs showed CLs below 11.0 mm and 426
crabs showed CLs above 11.0 mm. Since the
onset of morphological sexual maturity lies at
CL 11.0 mm, the crabs with CL <11.0 mm were
initially grouped as immature and those with
CL > 11.0 mm were considered mature. Those
immature crabs with CL <7.0 mm were consid-
ered to be immature stage 1, since their repro-
ductive systems were not visible, even under the
microscope (Table 1). Those immature crabs
with CLs ranging between 7.1-11.0 mm
showed thin strands of testes, vas deferens, and

accessory gland were considered to be imma-
ture stage 2. In this immature group, the repro-
ductive system showed a proportional increase
with the increase of CL. The crabs in the
mature group showed highly coiled testes and
vas deferens, and distinct tubules of the acces-
sory gland.

While 66% (426 out of 643) of crabs be-
longed to the mature group (CL < 11.0 mm),
31% (200 out of 643) of the crabs wherein
immature stage 2 and 3% in immature stage |
(17 out 643) group (Fig. 3).

REGRESSION ANALYSIS AND ALLO-
METRIC GROWTH. The regression analysis
based on the morphometric dataon CL, CW and
MPL derived from the immature and mature
crabs showed a positive correlation. Morphom-
etries exhibiting positive correlations include
CL vs. CW (r= 0.80), and CL vs. MPL (r=
0.70) (Table 2). Assessment of the allometry
between the morphometric variables of mature
and immature crabs showed a positive relation-
ship between CL and MPL, based on their b
values (1.21 for immature group and 1.20 for
mature group). In both mature and immature
groups, the differences between the pairs of CL
vs CW and CL vs MPL were statistically signif-
icant ([CL vs CW: t= 35.50; p< 0.001 for
immature group and t= 36.27; p < 0.001 for
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Fig. 2. Logistic fit curve for determining the onset of morphological sexual maturity in Gelasimus hesperiae.
Puc. 2. Jloructudeckas criaxeHHast KpUBas ISl ONPEACICHUs HACTYIIICHUS MOP(OIOTHIECKON MOJIOBOH
spenoctu y Gelasimus hesperiae.

Table 1. Categorization of immature and mature stages in the male Gelasimus hesperiae based
on carapace length (CL) and visible features of reproductive system.
Tabmuua 1. XapakreprcTHKa HEMOIOBO3PEIbIX U B3pOCIbIX caMioB Gelasimus hesperiae Ha OCHOBaHUH
JunHbl kapanakca (CL) u cTpoeHust penpoyKTHBHOW CHCTEMBI.

. Carapace . .

Maturity stages length (mm) Macroscopic features of the reproductive system
Stage 1 <7 Testes, vas deferens, accessory glands-Invisible

Immature Testes, vas deferens, accessory glands — thin and
Stage 2 7-11 delicate structure; size increase proportional with

carapace length increase
Mature 11-15 Highly coiled testes; coiled, swelled vas deferens;
11 accessory sex gland with swelled tubules
mature group]; [CL vs MPL: t= 31.72; p< Physiological sexual maturity in male

0.001 for immature group and t= 36.27; p< Gelasimus hesperiae

0.001 for mature group]). ANCOVA analysis MORPHOMETRY OF THE REPRODUC-
also showed significant differences (p < 0.05) TIVE SYSTEM. The morphometry of testes
while considering CL vs CW and CL vs MPL  (T), vas deferens (Vd) and accessory sex gland

(Table 2).

(Ag) of immature stage 2 and mature crabs are
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Fig. 3. Proportion (%) of the sampled morphologically mature and immature crabs of Gelasimus hesperiae

(n — number of crabs).

Puc. 3. CootHomienue (%) 0TOOpaHHBIX MOP(OIOTHIECKH B3POCIIBIX H HETIOJIOBO3PEIbIX KpaboB Gelasimus

hesperiae (n — KOJIHYECTBO 0COOEiH).

shown in Figure 4. Based on the data, the imma-
ture stage 2 crabs did not show any significant
difference in the lengths of the testes (t = 0.69;
p = 0.511) nor the number of testes lobules (t =
0.58; p =0.57), compared with the data derived
from the mature group (Fig. 4a, b). Further, the
numbers of tubules of accessory sex gland de-
rived from both groups (immature stage 2 and
mature) were also found to be comparable (t =
0.42; p =0.68) (Fig. 4b). However, the width of
the testes, length and width of vas deferens, and
length and width of tubules of the accessory sex
gland showed significant differences (p <0.05)
(Fig. 4c).

PRINCIPAL COMPONENT ANALYSIS.
Data on the morphometry of the reproductive
system (including the testes length, width and
number of lobules, vas deferens length and
width, and accessory gland length, width and
number of tubules related to the CL of both
immature stage 2 and mature) were subjected to
a PCA. For the analysis, an input of four CL
ranges each, from the immature stage 2 (CL 7.1—
8.0, 8.1-9.0, 9.1-10.0 and 10.1-11.0 mm) and

the mature group (CL 11.1-12.0, 12.1-13.0,
13.1-14.0 and 14.1-15.0 mm) was given. The
principal components, PC1 and PC2, were in-
terpreted from the data extracted from PC1—
PC7 of both groups (immature stage 2 and
mature). The value of variance & covariance
was deduced as 99.47% and the correlation was
58.07% (Table 3).

The Biplot derived from the PCA compo-
nents (PC1 [eigenvalue 4.65] and PC2 [eigen-
value 1.64]) correlated the morphometric vari-
ables of the reproductive system in immature
stage 2 and mature groups. The zone-wise cor-
relations (between the parameters) are repre-
sented as follows: 1. From the zone division,
there existed a correlation in crabs in the mature
group having two CLranges (12.0-13.0 & 13.0—
14.0 mm) with testes width, length and width of
vas deferens, accessory sex gland tubules length
and width. In the next zone, though members of
the immature stage 2 (CL 10.0-11.0 mm) and
mature (CL 14.0-15.0 mm) groups were found,
no correlation with the parameters existed. In
the third zone, the immature stage 2 (CL 7.0—
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Fig. 4. Morphometry of the reproductive system in Gelasimus hesperiae (a — length of the structure; b —
its number and ¢ — width). Mean + SE; n = 40. ns — insignificant (p > 0.05); *significant (p < 0.05),
statistical tool: one-way ANOVA (Tukey test result), unpaired t-test.
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Table 3. Eigenvectors for principal component analysis (PCA) ordination.

Table 3. XapakTepu3syroniue BeKTOPHI Ul OpAUHAIIMNA METOAOM aHaIH3a IIIaBHBIX KOMIOHEHTOB (PCA).

Principal components correspond to the morphometry of the reproductive
system

PC1 PC2 PC3 PC4 PC5 PC6 PC7
IM (7-8) —2.223 —2.579 —0.214 0.100 0.341 0.022 —0.059
IM (8-9) -2.761 0.489 0.115 0.103 —0.241 —0.108 0.259
IM (9-10) —0.711 1.067 0.513 -1.316 0.272 0.350 —0.036
IM (10-11) 1.948 —0.831 0.332 —-1.030 —0.490 —0.326 —0.039
M (11-12) -1.710 1.509 —1.089 0.341 —0.099 —0.190 —0.184
M (12-13) 2.896 0.419 —0.495 0.183 0.673 —0.188 0.100
M (13-14) 0.555 0.336 1.758 1.112 —0.025 0.018 —0.074
M (14-15) 2.005 —0.411 —0.919 0.505 —0.430 0.421 0.034
Eigenvalues 4.645 1.637 0.829 0.636 0.162 0.070 0.017
Variance (%) 58.072 20.469 10.363 7.961 2.034 0.877 0.223

Cumulative (%) 58.072 78.541 88.904 96.865 98.900 99.777 100

The principal components (PCs) are made up of the coefficients of the linear combinations for the 8 morphometric
variables of the reproductive system of male immature stage 2 and mature Gelasimus hesperiae (testes length, testes
width, testes lobules number, vas deferens length, vas deferens width, accessory sex gland tubules length, accessory sex
gland tubules width, accessory gland tubules number).
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Fig. 5. Principal component analysis (PCA) ordination plot of 8 morphometric variables of the reproductive
system in Gelasimus hesperiae for immature (black dots) and mature (red dots) groups of male. 5a — the
plot was built using the first two components (PC1 and PC2); 5b, ¢ — loading plots of PC1 and PC2.
T1— testes length, Tw — testes width, TIn — testes lobules number, Vdl — vas deferens length, Vdw — vas deferens
width, Agtl — accessory sex gland tubules length, Agtw — accessory sex gland tubules width, Agtn — accessory gland
tubules number.
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Fig. 6. Histology of the reproductive system in Gelasimus hesperiae. Immature crab (CL 8.0 mm, a, c, e),
mature crab (CL 11.0 mm, b, d, f): a — testes (1000x), b — testes (400x), ¢, d — vas deferens (400x), e, f —

accessory sex gland (400x).
Spermatocytes (Sc); Spermatozoa (Sz).

Puc. 6. I'ucronornveckoe CTpoeHHe pernpoayKTHBHOU cuctembl Gelasimus hesperiae. HenomnoBo3penblit
kpad (CL 8,0 mm, a, ¢, ¢), monoBo3pensiii kpad (CL 11,0 mm, b, d, f): a — cemennuk (1000x), b — cemeHHHK
(400x), ¢, d — cemsmpoBox (400x), e, f — mpugarounas nonosast sxenesa (400x).

Sc — cnepmarouuThl, SzZ — CrepMaTo30Hu/Ibl.

metamorphosis, including the cheliped, abdo-
men, and pleopods found in both sexes (Hart-
noll, 1974, 1978). In brachyurans, the external
morphometries of carapace length (CL), cara-
pace width (CW) and major propodus length
(MPL) change over their lifespans (Pralon,
Negreiros-Fransozo, 2008). These morphomet-
ric variables, however, are not always synchro-

nized in all species. In G. hesperiae (present
study), there was a positive correlation between
carapace length and major propodus length irre-
spective of the stage of maturity. In G. hesperi-
ae, the coefficient of determination was less
(0.70), than the r-value (of CL vs. MPL) in other
male fiddler crabs such as Uca thayeri Rathbun,
1900, U. uruguayensis (Nobili, 1901), U. cu-
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mulanta Crane, 1943, U. burgersi Holthuis,
1967 (Negreiros-Fransozo ef al., 2003; Benetti,
Negreiros-Fransozo, 2004; Pralon, Negreiros-
Fransozo, 2008; Hirose et al.,2013). Inbrachyu-
ran morphometric studies, carapace length is
considered as the independent variable (x) (Pral-
on, Negreiros-Fransozo, 2008). In male G. hes-
periae, CL vs CW exhibited negative allometry
in both immature and mature groups, but posi-
tive allometry with respect to CL vs MPL,
agreeing with reports on other fiddler crabs such
as U. rapax, U. thayeri, and U. burgersi
(Negreiros-Fransozo et al., 2003; Castiglioni,
Negreiros-Fransozo, 2004; Benetti, Negreiros-
Fransozo, 2004). According to other reports on
brachyuran crabs (e.g., Portunus spinimanus
Latreille, 1819, Eriphia gonagra (Fabricius,
1781), Sesarma rectum Randall, 1840 and Pan-
opeus austrobesus Williams, 1983, when cara-
pace length and carapace width are correlated,
no changes occur during ontogeny because of
the isometric growth (Santos et al., 1995; Man-
telatto, Fransozo, 1999; Negreiros-Fransozo,
Fransozo, 2003). The present observation in
male G. hesperiae agrees with the view of
previous investigators regarding the inadequa-
cy of considering CW as a morphometric vari-
able, since, in this species, CL vs CW exhibited
negative allometry in both immature and mature
groups.

Variation in the chelate leg sizes of male and
female crabs is thought to be caused by the
modification of its feeding options and range of
expansion (Williner et al.,2014). In male crabs,
a larger chelate leg could be an advantage when
it comes to consuming a varied diet adult crabs
consume more plant debris and large sized in-
vertebrates than young crabs, which in turn
fulfil the requirement for the production of
gametes (Nagaraju, 2011; Williner, Collins,
2013; Williner et al., 2014). In male fiddler
crabs, the cheliped, as a secondary sexual char-
acterbecome larger instantly after maturity (Hart-
noll, 1982). Male ocypodid crabs usually have
asymmetrical chelipeds, with one perceptibly
larger claw and another smaller claw, which is
used to feed (Castiglioni, Negreiros-Fransozo,
2004). Certain specific behaviours associated
with cheliped growth benefit the organism dur-
ing intra and inter specific struggle, combative
activity, territory defence, and courtship (Christy,
Salmon, 1984; Castiglioni, Negreiros-Franso-
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70,2004). For instance, during courtship behav-
iour, the cheliped is used for the waving that
attracts a receptive mate as well as handling
them during copulation (Salmon, 1987; La-
truffe et al., 1999). Thus, the allometry of MPL
is a reliable parameter for detecting sexual ma-
turity. According to previous reports, immature
and mature Uca cumulanta, U. burgersi, Uca
mordax, U. thayeri and Ucides cordatus (Lin-
naeus, 1763) displayed positive allometry with
respect to CL and MPL (Negreiros-Fransozo et
al., 2003; Benetti, Negreiros-Fransozo, 2004;
Masunari, Dissenha, 2005; Pralon, Negreiros
fransozo, 2008; Castiglioni et al., 2011; Araujo
etal.,2012). The present study on G. hesperiae,
also showed a positive allometry between CL
and MPL, irrespective of their maturity, as evi-
denced from the b value (1.20). Thus, both CL
and MPL could be considered to be appropriate
morphometric variables for the detection of
morphological sexual maturity in G. hesperiae.

Size atthe onset of sexual maturity is consid-
ered to be a key life history parameter which
reflects the longevity and life-time investment
in reproduction of a species (Anger, Moreira,
1998). According to the present logistic fit curve
(CL,,), the size at which the onset of morpholog-
ical sexual maturity occurs in the male G. hespe-
riae is 11 mm. The size of sexual maturity is
different in two male populations of U. thayeri
found in two different geographical regions of
Brazil. The population inhabiting the Ariquinda
River attain maturity at 11.80 mm while those
inhabiting the Mamucabas River attain maturity
at 12.10 mm (Araujo et al., 2012). Different
populations of U. rapax, inhabiting two differ-
ent mangrove system of Brazil also showed
different sizes for the onset of sexual maturity
(CW,, 14.8 and 13.6 mm) (Castiglioni,
Negreiros-Fransozo, 2006). In male Uca vo-
cans (Linnaeus, 1758), the estimated size is
23.88 mm, while in females it is 23.27 mm
(Litulo, 2005). The onset of sexual maturity in
male Austruca iranica (Pretzmann, 1971) (Ocy-
podidae) inhabiting two different regions in
Pakistan has also been reported at different
sizes (CW,, at 6.65 and 8.2 mm) (Saher et al.,
2019). In the case of male Opusia indica (Al-
cock, 1900), another ocypodid, the size at which
50% population attained sexual maturity was
5.51 mm (Saher et al., 2016). According to
Costaetal., 2021, 50% of male Uca maracoani
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(Latreille, 1803) is sexually mature at CW 13.8
mm. Masunari et al. (2005), Hirose et al. (2007)
and Silva et al. (2016), however, found a differ-
ent value of onset sexual maturity (CW_ %) in
the population of U. maracoani at different
latitudes from Brazil.

Variation in the size in the onset of sexual
maturity reported, even in the same species of
Ocypodid crabs, is presumably due to diverged
environmental conditions (Pralon, Negreiros-
Fransozo, 2008; Araujo et al., 2012; Hirose et
al., 2013).

Gonadal morphometric measurements are
also important to precisely assess sexual matu-
rity in crabs (Negreiros-Fransozo et al., 2002;
Benetti et al., 2007; Castiglioni, Negreiros-
Fransozo, 2004). The reproductive system of G.
hesperiae includes the testes, vas deferens, and
accessory sex gland. According to the unpaired
t-test and one-way ANOV A, the majority of the
morphometric variables of the reproductive sys-
tem showed a considerable increase (p < 0.05)
from the immature to mature stages. This find-
ing was also supported by the results of the
principal component analysis. The data reveals
the importance of including ‘morphometry of
the reproductive system’ as an important crite-
rion for assessing physiological sexual maturity
in fiddler crabs. All the morphometric variables
used in this study, except the number of acces-
sory sex gland tubules, could be considered as
physiological sexual maturity indicators. Our
study reveals that, the onset of morphological
sexual maturity is at CL 11.0 mm, while the
onset of physiological sexual maturity could be
attained much earlier, at CL 8.0 mm, as evi-
denced from the histological details of the re-
productive system (Fig. 6).

Several studies report the synchrony of mor-
phological and physiological sexual maturity in
crabs (Hartnoll, 1965; Negreiros-Fransozo,
Flores, 1999). However, exceptions have been
reported in Cancer irroratus Say, 1817, Oval-
ipes stephensoni Williams, 1976, Liocarcinus
holsatus (Fabricius, 1798), Liocarcinus puber
(Linnaeus, 1767) and males of Arenaeus cri-
brarius (Lamarck, 1818) in which no synchrony
exists between morphological and physiologi-
cal maturity (Campbell, Eagles, 1983; Haefner,
1985; Pinheiro, Fransozo, 1998). In male G.
hesperiae, the existence of partial synchrony
between the morphological and physiological
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sexual maturity could be suggested, based on
the data from the present study. However, there
is still a possibility that physiological sexual
maturity could commence much earlier than the
onset of morphological sexual maturity in this
species.

Conclusions

According to our logistic fit curve (CL,)),
the size for the onset of sexual maturity in the
fiddler crab, Gelasimus hesperiae, is CL
11.0 mm. G. hesperiae exhibit a positive corre-
lation and positive allometric growth between
carapace length (CL) and major propodus length
(MPL), irrespective of their stage of maturity.
Supporting this, there was also a significant
difference in the gonad morphometry between
these groups. The principal component analy-
sis, however, did not show any distinct cluster to
confirm this difference. Obviously, the testes in
immature crabs, especially those with carapace
length close to CL,,, appear to be active in
spermatogenesis, possibly indicating the onset
of physiological sexual maturity much earlier
than the onset of morphological sexual maturi-
ty. Thus, external morphology cannot be con-
sidered the sole criterion for determining the
sexual maturity in this species.

We presume that, the physically immature
male G. hesperiae are involved in reproduction
to supply a high proportion of individuals year-
round as a survival strategy. Further study in-
volving molecular tools is highly warranted to
confirm this hypothesis.
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