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ABSTRACT

Sexual dimorphism is a common phenomenon among snakes, with female snakes being larger than male snakes as a recurrent pattern . However,
species that show male-male combat behaviour may impose a selective advantage by developing larger bodies in male specimens, like the diurnal
Chironius snakes, which display courtship and male-male combat behaviours. In this study, we analysed sexual dimorphism in body, tail, and head
size, and skull size and shape in twelve species of Chironius. We investigated whether sexual dimorphism patterns could be a result of allometric
growth. The absence of sexual dimorphism regarding body and head length was the main pattern revealed by our analyses. Sexual dimorphism
characterized by larger body and head sizes in males was observed in Chironius bicarinatus, Chironius foveatus, and Chironius fuscus. Only females
of Chironius exoletus exhibited larger body and head sizes than males. Regarding the shape of the head, six species showed sexual divergences,
with enlarged or robust heads. Sexual dimorphism in skull shape seems related to selection in Chironius flavolineatus, with no allometric influ-
ences. Larger tails in males of C. fuscus, C. flavolineatus, and Chironius quadricarinatus may represent an advantageous defensive strategy. Finally,
the lack of divergence in tail length in the remaining species probably evolved due to arboreal habits in Chironius.
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INTRODUCTION Almeida-Santos et al. 2002, Pizzato et al. 2006, Senter et al. 2014,
Missassi et al. 2022, Senter 2022).

Sexual dimorphism in snakes has been associated with fecundity, e ) )
Considering that most combatant species do not use their head

sexual selection, and intraspecific niche divergence (Darwin i i ) LA )
1871, Camilleri and Shine 1990, Shine 1990b, Dubey et al. 2009). nor jaws directly durlyg a confrontation, lt_ is unlikely that se?(ual
Regarding body size, the recurrent pattern corresponds to larger differences obse.rved in t}'le head or skull size could be e.xplallned
females. However, in terms of snake species that exhibit combat by'sexual Selec?"“ and ritual combat. behav1.our (Camilleri and
behaviour, males have larger bodies than females or, at least, Shine 19?0; Shm.e 1991). Us:ually, dlmolrphlc he'ads and sk1.1115
there are no differences between sexes (Shine 1994). Therefore, are assoc.lated Wl.th sexual divergences in the diet, depending
such combative behaviour between males can impose a selective on the dlﬁ‘e.rent sizes and types of prey that males and females
advantage by evolving larger body sizes, reflecting an advantage feed on (Shine 1990a, Houston and Shine ,1993’ Murta-Fonseca
during interaction and, consequently, influencing reproductive ¢ al. 2019, Santos ef al. 2022). However, in some combat spe-

success (Shine 1978, 1994). This behaviour is characterized by cies, males use their head and forebody to varying degrees during
confrontations. Unfortunately, these observations are isolated,

making more detailed interpretations of possible hypotheses that
explain sexual divergences in the head in species with intraspe-
cific interactions complex (Greene and Mason 2000, Almeida-

copulatory disputes between males to reproduce with females
during mating and has been recorded in numerous snake spe-
cies from different families. As for the ritual combat, it involves a

behavioural repertoire mainly characterized by intertwining the i ) ;
body and different postures of head elevation (Shine 1978, 1994, Santos ef al. 2002, Muniz-da-Silva and Almeida-Santos 2013).
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Regarding tail length, the dominant pattern in snakes is males
with longer tails than females. This pattern may be related to
the need for additional space to accommodate the hemipenis
and associated muscles, body enlargement of females with sec-
ondary reduction of their tail, and tail utilization during court-
ship interactions, mating, or reproductive aggregations (Klauber
1943, Clark 1967, Kaufman and Gibbons 1975, Semlitsch and
Gibbons 1982). In species that perform courtship, a greater
caudal length can contribute to the success of male mating when
used to displace other males and encourage females to copulate
(Almeida-Santos et al. 1999). However, arboreal species gener-
ally do not show dimorphism in tail length, a fact related to their
performance during locomotion that would favour both sexes
(Lillywhite and Henderson 1993, Pizzatto and Marques 2007).

Sexual dimorphism in any of these traits (body, head, and tail)
can reflect ecological differences, adaptations to reduce competi-
tion between sexes, or it may result from non-adaptive processes
such as allometry, among other factors. Allometry describes
variation in a structure (size or shape) associated with body size
changes (Klingenberg and McIntyre 1998, Sanger et al. 2013).
Allometric analysis, therefore, can suggest which processes are
responsible for sexual dimorphism, whether those are linked to
developmental processes or to a result of evolutionary adapta-
tions (Strauss 1985).

The monophyletic Neotropical colubrine genus Chironius has
23 recognized diurnal species, which can be terrestrial or present
different arboreality degrees that feed primarily on frogs (Hollis
2006, Klaczko et al. 2014, Hamdan et al. 2017, Torres-Carvajal
et al. 2019, Roberto and Souza 2020, Uetz and Hallerman 2021,
Banci et al. 2022). The genus, therefore, is an excellent model for
a comparative analysis on sexual dimorphism because it includes
species that exhibit combat behaviour between males [ Chironius
bicarinatus (Wied, 1820) and Chironius carinatus (Linnaeus,
1758)] and courtship behaviour [Chironius flavolineatus (Jan,
1863)] (Starace 1998, Feio et al. 1999, Almeida-Santos and
Marques 2002).

In this study, we combined linear and geometric morpho-
metrics to analyse patterns of sexual dimorphism in body, tail,
and head size, and skull both size and shape, in twelve species
of Chironius. We compared the allometric trajectories from the
analysed structures between males and females to identify the
allometric patterns in each sex and then verify if these could gen-
erate the observed patterns of sexual dimorphism. Considering
intraspecific interactions, combat, and courtship in Chironius
species, we hypothesize that sexual dimorphism mainly favours
males with larger bodies and heads than females. Regarding
the tail, we expect no sexual divergences due to arboreal habits
(Lillywhite and Henderson 1993, Pizzatto and Marques 2007).
Finally, for species with intraspecific interactions, we compared
tail length between males of C. flavolineatus vs. C. bicarinatus and
C. carinatus to test the hypothesis that courtship behaviour males
would have a larger tail than males that combat (King 1989).

MATERIAL AND METHODS

Analysed material
We analysed 658 adult specimens of twelve species of Chironius,
namely: Chironius bicarinatus Wied-Neuwied, 1820 (41 females
and 39 males), Chironius brazili Hamdan & Fernandes, 2015

(22 females and eight males), Chironius carinatus Linnaeus,
1758 (17 females and 40 males), Chironius exoletus (Linnaeus,
1758) (39 females and 39 males), Chironius flavolineatus (30 fe-
males and 27 males), Chironius foveatus Bailey, 1955 (11 females
and 25 males), Chironius fuscus (Linnaeus, 1758) (38 females
and 33 males), Chironius gouveai Entiauspe-Neto, Lyra, Koch,
Quintela, Abegg & Loebmann, 2020 (16 females and 27 males),
Chironius laevicollis (Wied, 1824) (26 females and 26 males),
Chironius multiventris Schmidt & Walker, 1943 (26 females and
25 males), Chironius quadricarinatus (Boie, 1827) (25 females
and 22 males), and Chironius scurrulus (Wagler in Spix, 1824)
(19 females and 37 males) (for the complete list Appendix, List
of Materials analysed). We examined 69 skulls of six species, pre-
pared under immersion in hot water, and the tissues removed
with the aid of tweezers, being: 11 of C. bicarinatus (six females
and five males), 15 of C. carinatus (seven females and eight
males), 11 of C. exoletus (five females and six males), 10 of C.
flavolineatus (four females and six males), 13 of C. fuscus (seven
females and six males), and nine of C. quadricarinatus (five fe-
males and four males).

The analysed material belongs to the following Brazilian
collections: Herpetological Collection of the Butantan
Institute (IBSP), Herpetological Collection of the Federal
University of Ceard (UFC), Herpetological Collection of the
Pontifical Catholic University of Rio Grande do Sul (PUCRS),
Herpetological Collection of the Museum of Natural History
Capiao da Imbuia (MHNCI), Collection of Reptiles at the
Unicamp Museum of Zoology (ZUEC), Reptile Collection of
the National Museum of Rio de Janeiro (MNR]J), Zoological
Collection of the Federal University of Mato Grosso do Sul
(ZUFMS), Museu Paraense Emilio Goeldi (MPEG), and
Herpetological Collection of the Federal University of Mato
Grosso (UFMT).

Considering the taxonomic uncertainties involving species
that are recognized as part of cryptic species complexes, we re-
stricted our analyses to the following populations: for C. exoletus,
populations from the type locality in the state of Maranhio and
in northeast and southwest of the state of Para (Hamdan et al.
2017, Torres-Carvajal et al. 2019); for C. flavolineatus, we ana-
lysed specimens from the Cerrado-Amazon transition areas, from
the Cerrado and also from the Amazon, in locations not corres-
ponding to the lineages described by Hamdan et al. (2017); for
C. fuscus, we analysed the population of the Brazilian Amazon,
from the states of Ronddnia, Amazonas, south of the Amazon
River, Par4, and from Maranhio (Torres-Carvajal et al. 2019);
as for C. multiventris, we have analysed specimens from eastern
Amazonas, northern Rondénia, and Para (Torres-Carvajal et al.
2019). Our objective was to characterize the sexual dimorphism
for the species without considering population differences or
seasonal differences, aiming to increase the analysed sample.

We verified the sex through an incision at the tail base to verify
the presence or absence of a hemipenis. We only analysed adult
individuals. We consider male and female adults, respectively,
with a snout-vent length (SVL) greater than 46 cm and 55 cm
for C. bicarinatus (Entiauspe-Neto et al. 2020); 53 cm and 57 cm
for C. fuscus (Nascimento et al. 2013); 59 cm (Entiauspe-Neto
et al. 2020) and 75.2 cm (this study) for C. gouveai; 47.4 cm
and 60 cm for C. exoletus (this study); 58 cm and 56.2 cm for C.
flavolineatus (this study); S1.1 cm and 55.9 cm (this study) for
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C. quadricarinatus; 50.7 cm (Pinto et al. 2010) and 60 cm (this
study) for C. scurrulus; and 50.7 cm and 60.6 cm for C. brazili, C.
carinatus, C. foveatus, C. laevicollis, and C. multiventris (Pinto et al.
2010). We considered males mature when showing an opaque
and coiled vas deferens and females showing vitellogenic fol-
licles (Shine 1978, 1980, Slip and Shine 1988).

Linear morphometrics

We used a caliper and a millimetre ruler (1 mm precision) to
obtain three linear measurements for the external morphology
analysis: head length (HL—from the tip of the snout to the
quadratemandibular articulation), snout-vent length (SVL—
from the tip of the snout to the cloaca), and tail length (TL—
from the cloaca to the end of the tail). All the variables were
log-transformed for the following analysis. We tested the nor-
mality and homogeneity of the variables through Shapiro-Wilk
and Levene’s tests using the ‘RVAideMemoire’ and ‘car’ pack-
ages, respectively (Fox and Weisberg 2019, Hervé 2021). All
analyses were performed in the R software (R Core Team 2021).

To verify the existence of sexual dimorphism in the head, body,
and tail length, we used the t-test and Kruskal-Wallis test in the
‘stats’ package. To test the hypothesis that species with courtship
behaviour show larger tails than species that combat, we com-
pared the tail length of C. flavolineatus (courtship species) with
C. bicarinatus and C. carinatus (species displaying combat behav-
iour). We have used a one-way ANOVA in the ‘stats’ package.
We tested differences between species using posthoc analyses
by Bonferroni and TukeyHSD in the ‘PostHocTest’ package
(Signorell et al. 2022), with the results graphically demonstrated
through boxplots produced in the ‘ggplot2’ package (Wickham
2016).

Static allometry

We analysed the head and tail growth patterns in relation to
body length (SVL), estimating the allometric slope (b) from the
slope of a linear regression between each log-transformed mor-
phometric variable and the log-transformed SVL. We obtained
the allometric slope (b) using the equation Y = aX®, where Y
corresponds to head and tail length and X to body size. Then,
we have tested to determine if the allometric slopes (b) were
statistically different from isometry (b = 1), using the tilt test
function in the ‘Smatr’ package (P > 0.0S indicates isometry)
(Warton et al. 2012). This analysis suggests the different growth
patterns of a structure in relation to the body length. Isometry
occurs when the relative size of a structure grows in the same
proportion as the body size (b = 1). Positive and negative allo-
metric describe when a given structure grows at a higher (b > 1)
or lower (b < 1) rate in relation to the body size, respectively
(Bonduriansky 2007). We analysed the allometric relationship
for each sex of each species separately to compare the allometric
slopes (b) and the intercept (which reflect differences in the size
of a structure) to test whether the sexes differ in the allometric
trajectories of head and tail growth. This comparison was per-
formed using an analysis of covariance (ANCOVA), with head
and tail length as dependent variables, SVL as a covariate, and
sex as an independent variable.

Geometric morphometric analyses

For the geometric morphometric analyses, we obtained images
of the dorsal view of the snakes’” heads and skulls using a tripod
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coupled to a Nikon D90 camera and a Nikon macro 60 mm f
2.8 lens. We converted the images to dig format using the tpsUtil
program v.1.81. We digitized 19 and 18 landmarks in the head
and skull images, respectively, using the tpsDig2 v.2.32 software
(tps series software: Rohlf 2008, 2015). All the landmarks were
inserted at the contact points and ends of the cephalic shields,
and at the meeting points and bone ends (Fig. 1; Supporting
Information, Table S1). The anatomical landmarks were stand-
ardized by removing the effect of position, size, and orientation
using the Procrustes Overlay method, now called Procrustes co-
ordinates (Klingenberg 2011). The average shape for each spe-
cies was obtained and used in the following analyses.

We investigated the presence of sexual dimorphism in the
shape of both head and skull of the species using a Procrustes
ANOVA. We visualized shape variation in head and skull
between sexes using Canonical Variables Analysis (CVA)
(Klingenberg and McIntyre 1998, Klingenberg et al. 2002, 2010,
Klingenberg and Monteiro 2005). Sexual dimorphism in skull
size was analysed based on centroid size, with the results graph-
ically demonstrated through boxplots produced in the R pro-
gram with the ‘ggplot2’ package (Wickham 2016).

We tested the allometry in the shape of both head and skull
for each sex separately, utilizing multivariate regression of the
shape variables (Procrustes coordinates) under the centroid size.
The amount of size-dependent shape variation is expressed as
the percentage of the total shape variation explained by size. We
tested the statistical significance of the multivariate regression
analysis using permutations with 10 000 iterations (Klingenberg
2011, 2022). We test differences in allometric trajectories be-
tween sexes by comparing the angles among the allometric
slopes of the resulting vectors from the regressions. The com-
parison was performed using the Compare Vector Directions
method, in which statistically significant results indicate similar-
ities in the allometric trajectories. All geometric analyses were
implemented in the Morpho] program (Klingenberg 2011).

RESULTS

Linear morphometrics

Four of the twelve species analysed showed sexual dimorphism
in head size. Males of C. bicarinatus, C. foveatus, and C. fuscus
have larger heads than females, whereas females of C. exoletus are
larger. Four of the analysed Chironius species exhibited sexual di-
morphism in body size. Chironius bicarinatus, C. foveatus, and C.
fuscus showed males larger than females, whereas in C. exoletus,
females were larger than males. Regarding tail length, only C.
fuscus showed sexual dimorphism, with males being larger than
females (Fig. 2; Supporting Information, Table S2).

In the analysis comparing males of species with intraspecific
interactions (courtship vs. combat), we observed significant
differences in tail length (P < 0.001) between analysed species.
Chironius flavolineatus, a species with courtship behaviour, has
smaller tails, differing statistically from both combat species (C.
bicarinatus and C. carinatus), while there are no significant dif-
ferences between the latter (Supporting Information, Fig. S1;
Table S3).

We observed negative allometry in the head length of fe-
males and males of C. bicarinatus and C. exoletus, and males of
C. fuscus. This result was also observed for species that were
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Figure 1. Landmark configurations used on the head (A) and skull (B) of species of Chironius. A, Head of C. scurrulus—MPEG 21 192. B, Skull
of C. carinatus—MPEG 21 277. Scale: S mm.

not dimorphic: in females and males of C. laevicollis and C.
multiventris; females of C. brazili and C. scurrulus; and males of
C. carinatus (Supporting Information, Table S4). ANCOVA
indicated significant differences in the allometric inclinations
about the head growth of males and females of C. exoletus, but
with borderline statistical significance (P = 0.05) (Supporting
Information, Fig. S2; Table SS). For the other species, there
were no significant differences between the sexes in relation to
the allometric inclinations and between the intercept, indicating
that the growth trajectories are shared among males and females.
On the other hand, the allometry analyses revealed isometric
growth in the tails of all males and females analysed (Supporting
Information, Table S$4). Chironius gouveai males and females dif-
fered in allometric inclinations, whereas in C. flavolineatus and
C. quadricarinatus males had larger tails than females (differ in
intercept) (Supporting Information, Fig. S3; Table SS).

Geometric morphometrics

The Procrustes ANOVA analysis revealed that C. bicarinatus, C.
carinatus, C. exoletus, C. foveatus, C. fuscus, and C. laevicollis ex-
hibited sexual divergences in the shape of the head (Supporting
Information, Table S6). In general, CVA revealed two patterns
of head shape: males with a broader head in C. bicarinatus, C.
carinatus, and C. foveatus; and larger-headed females in C.
exoletus, C. fuscus, and C. laevicollis. Enlargement in males” heads
occurred in the following regions: between the prefrontals and
the median portion of the parietals (C. bicarinatus) (Fig. 3A),
between the supraoculars and the median portion of the par-
ietals (C. carinatus) (Fig. 3B), and between the supraoculars
and the anterior portion of the parietals (C. foveatus) (Fig. 3C).
Enlargement in females occurred in the following regions of the
head: in the posterior portion of the parietals (C. exoletus) (Fig.
3D), between the supraoculars and the median portion of the
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Figure 2. Boxplots representing variation in head (A), body (B), and tail (C) length in females (red) and males (blue) of species of Chironius.
Asterisks represents statistically significant differences. The middle line represents mean values, boxes show standard deviation, and whiskers
represent minimum and maximum values.



6 « Santosetal.

C. foveatus

C. exoletus

C. laevicollis

Figure 3. Transformation grids generated by CVA demonstrating head shape deformations for females (red) and males (blue) of Chironius
species, at the positive and negative extremes of the first canonical variate axis. The black arrows in each grid indicate the major changes in

shape of males relative to females.

parietals (C. fuscus) (Fig 3E), and between the prefrontals and
the posterior portion of the parietals (C. laevicollis) (Fig. 3F).

Procrustes ANOVA for skull size and shape indicated
sexual dimorphism only in C. flavolineatus (Fig. 4; Supporting
Information, Table S7). The CVA analysis revealed that males of
C. flavolineatus have a short skull and a more robust premaxilla
than females (Fig. 5).

We observed allometry in head shape in four of the six di-
morphic species: in females of C. bicarinatus, and in males of
C. carinatus, C. exoletus, and C. foveatus. Allometry also affected
species that did not show sexual divergence in head shape:
males and females of C. multiventris and C. scurrulus; females of
C. flavolineatus and C. quadricarinatus; and males of C. gouveai
(Supporting Information, Fig. S4; Table S8).

In C. bicarinatus, C. flavolineatus, and C. quadricarinatus only
females were allometric, with greater snout robustness as the
head grew, and subtle narrowing of the median region of the head
(C. flavolineatus); C. carinatus males show greater enlargement
of the median and posterior region of the head (eyes and par-
ietals), whereas the opposite pattern was observed in C. exoletus

males; C. foveatus males also show modifications related to snout
enlargement and eye enlargement; and in males of C. gouveai the
changes involved a slight enlargement in the posterior region
of the eyes, as well as elongation and widening of the snout. In
females and males of C. multiventris, the increase in the head is
related to the increase in the snout; and in females and males
of C. scurrulus, head enlargement is related to greater robust-
ness in the posterior region and more significant development
of the snout. The angular comparison of the regression vectors
indicated common allometric trajectories between the sexes in
C. bicarinatus, C. brazili, C. carinatus, C. exoletus, C. flavolineatus,
C. multiventris, and C. scurrulus (Supporting Information, Table
S8).

We observed allometry in cranial shape in C. bicarinatus males
and females, C. fuscus females, and C. carinatus males (Supporting
Information, Table S9). These variations are related to the fol-
lowing changes: males and females of C. bicarinatus show an in-
crease in the strength of the snout and a braincase shortening
(Fig. 10A, B); females of C. fuscus show an increase in their
nasal robustness and a shortening of the braincase (Supporting
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Figure 4. Boxplot representing variation in skull size (centroid size) in females (red) and males (blue) of Chironius species. The asterisk

represents statistically significant differences. The middle line represents mean values, boxes show standard deviation, and whiskers represent
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Figure S. Transformation grids generated by CVA demonstrating skull shape deformations for females (red) and males (blue) of C.
Alavolineatus at the positive and negative extremes of the first canonical variate axis. The black arrows in each grid indicate the major changes in
shape of females relative to males.

Information, Fig. SSC); and in males of C. carinatus, the snout DISCUSSION
is more robust, especially in the premaxilla (Supporting
Information, Fig. SSF). In C. bicarinatus, C. carinatus, C. exoletus,
and C. quadricarinatus, females and males share the same allo-
metric trajectories (Supporting Information, Table S9).

In our study, we identified distinct patterns of sexual dimorphism
in head, body, tail, and head size, and skull both size and shape, in
six of the twelve analysed species of Chironius.
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Body size

Sexual dimorphism in body size was observed in C. bicarinatus,
C. foveatus, and C. fuscus, displaying males larger than females,
and in C. exoletus, showing larger females. Larger body sizes
in males can positively influence success during combat inter-
actions, favouring their reproductive success (Shine 1994). This
hypothesis was supported for colubrids from temperate areasand
African vipers (Schuett 1997, Shine et al. 2000, Blouin-Demers et
al. 2005, Glaudas et al. 2020). In Neotropical colubrines, studies
addressing this issue are scarce. Sexual dimorphism favouring
larger males in species that show combat behaviour has been re-
ported for Drymarchon couperi (Holbrook, 1842) (Stevenson et
al. 2009) and, in this study, for C. bicarinatus.

In the literature, there are descriptions of species that dis-
play males larger than females, despite having no reports of
combat between males, as observed by Costa et al. (2013) for
Drymoluber dichrous (Peters, 1863) and in this study for C.
foveatus and C. fuscus. This pattern was previously reported for
C. fuscus by Nascimento et al. (2013), suggesting the presence of
combat behaviour in this species. However, these authors con-
sidered young and adult individuals in their analyses, making
comparisons with our results unfeasible.

The larger body size of C. exoletus females may be directly
related to the selective advantage of fecundity, considering the
increase in space to accommodate a greater number of embryos
(Darwin 1871, Trivers 1972, 1976). As for other Neotropical
colubrines of which females are larger than males [such as
Mastigodryas boddaerti (Sentzen, 1796), Palusophis bifossatus
(Raddi, 1820), Oxybelis fulgidus (Daudin, 1803), and Tantilla
melanocephala (Linnaeus, 1758)], the number of eggs pro-
duced by females was positively correlated with their body size,
corroborating the hypothesis of advantages related to females
fecundity (Darwin 1871, Santos-Costa et al. 2006, Leite et al.
2009, Scartozzoni et al. 2009, Pinto et al. 2010, Siqueira et al.
2012).

The absence of sexual dimorphism in body size is common
among snakes and was observed in C. brazili, C. carinatus,
C. flavolineatus, C. gouveai, C. laevicollis, C. multiventris, C.
quadricarinatus, and C. scurrulus. Snakes that display combat be-
haviour could have an absence of sexual dimorphism in body size
(Shine 1994). Several authors corroborate this suggesting that
combat may occur in Neotropical colubrine species in which
body size dimorphism is absent, as reported for Spilotes pullatus
(Linnaeus, 1758) (Muniz-da-Silva et al. 2013), Mastigophis fla-
gellum (Shaw, 1802) (Schuett and West 2020), Dendrophidion
dendrophis (Schlegel, 1837) (Prudente et al. 2007), Drymarchon
corais (Boie, 1827) (Prudente et al. 2014), Drymoluber brazili
(Gomes, 1918) (Costa et al. 2014), Oxybelis brevirostris (Cope,
1861) (Montgomery et al. 2011), Opheodrys aestivus Linnaeus,
1766 (Goldsmith 1984), Rhinobothryum lentiginosum (Scopoli,
1785) (Arruda et al. 2015), and corroborated in this study for C.
carinatus. Snakes are naturally difficult to find in nature, so it is
possible that combat behaviour between males is more frequent
than observed and may occur in Chironius species that did not
show body size dimorphism. Whether they show this behav-
iour, dimorphism favouring larger males or the absence of di-
morphism in body size is a consistent pattern among Neotropical
colubrines.

Tail length

Regarding caudal length, our results suggested sexual di-
morphism in C. fuscus, C. flavolineatus, and C. quadricarinatus.
The absence of sexual differences could be explained by the ad-
vantage of long tails to arboreal life (Lillywhite and Henderson
1993, Pizzatto and Marques 2007). Except for C. laevicollis, con-
sidered terrestrial, the other Chironius species are semi-arboreal
(Dixon et al. 1993). A recent study with species of Chironius
from the Atlantic Forest (C. bicarinatus, C. exoletus, C. foveatus,
C. fuscus, and C. laevicollis) revealed that morphological vari-
ation and diet reflect different degrees of arboreality. Chironius
laevicollis was the most terrestrial species among those studied
by Banci et al. (2022), and despite mainly using the soil, it can
occupy the lower strata of the vegetation, which could explain
the absence of differences in tail length even by more terrestrial
species. Our results on the absence of sexual dimorphism in tail
length may reflect the importance of substrate use under morph-
ology for both sexes, corroborating to the literature.

On the other hand, like C. fuscus, C. flavolineatus, and C.
quadricarinatus, in the colubrine species Drymoluber dichrous
and Palusophis bifossatus, males have longer tails than females
(Leite et al. 2009, Costa et al. 2013, 2014). These species have
urotomy, a tail breakage and a defence mechanism against preda-
tion (Costa et al. 2013, Dourado et al. 2013). Although there are
no studies on caudal urotomy in Chironius, the greater tail length
in males of C. fuscus, C. flavolineatus, and C. quadricarinatus
could represent an advantageous defensive strategy, considering
that males are more exposed to predation due to their more sig-
nificant movement during the breeding season (Aldridge and
Brown 1995).

The allometric analysis of tail length revealed an isometric
pattern in males and females of all species. As previously dis-
cussed, this may corroborate that for tail-dimorphic species (C.
fuscus, C. flavolineatus, and C. quadricarinatus), other pressures
drive sexual dimorphism in this character, acting more strongly
under males. Unexpectedly, males and females of C. gouveai,
which did not differ in tail length nor show allometry, diverged
in the allometric trajectories, which may suggest the role of sex-
specific selection pressures (Howard 2009).

King’s (1989) hypothesis that males of species with court-
ship behaviour have longer tails than males that combat was not
supported, considering that both C. bicarinatus and C. carinatus
had tails longer than C. flavolineatus. This prediction probably
applies to species that use the caudal actively during court-
ship interaction, Natrix helvetica, which have a mating system
based on aggregations and formation of mating ‘balls’ (Luiselli
1996). According to descriptions of courtship behaviour in C.
Alavolineatus, there are no indications of using the tail to move
other males away from the female or encourage her in any way
(Feio et al. 1999).

Sexual dimorphism in head size
Sexual dimorphism in lizards favouring males with larger heads
is suggested to be the result of sexual selection by intra- and
intersexual competition (Bull and Pamula 1996, Kratochvil and
Frynta 2002, Gvozdik and Van Damme 2003). In snakes, sexual
dimorphism in the head size and shape could be associated
with dietary divergences, such as in M. boddaerti, which shows
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sexual differences in their intake of prey of different sizes (Shine
1991, Siqueira et al. 2012, Costa et al. 2013). However, when
the trophic structure is used during interactions, male-biased
dimorphism can evolve in response to sexual selection (Shine
1991).

Chironius species are known for their relatively homogeneous
diet, primarily composed of frogs from the families Hylidae and
Leptodactilydae (Nascimento et al. 2013, Roberto and Souza
2020, Banci et al. 2022). As such, the greater head length in
males of C. bicarinatus, C. foveatus, and C. fuscus could result
from sexual selection. Among these species, C. bicarinatus show
the greatest variation in ingested prey (anurans, birds, and liz-
ards) (Roberto and Souza 2020). However, in males that show
combat behaviour, the head plays a relevant role considering
that it participates along with the ‘neck’ when subjugating the
opponent at combat (Almeida-Santos and Marques 2002).
Therefore, sexual dimorphism in head size may have evolved in
response to non-dietary pressures. If combat behaviour occurs
in C. foveatus and C. fuscus, and if larger heads in males play an
important role during the interaction, it is reasonable to ex-
pect that sexual dimorphism favouring males with larger heads
in these species has evolved due to sexual selection. However,
to strengthen this prediction, studies would be needed to indi-
cate no sexual differences related to diet. On the other hand, in
C. exoletus, sexual divergences in growth trajectories and inter-
cepts suggest sex-specific growth patterns. Therefore, sexual di-
morphism in this species likely results from allometric growth.

Sexual dimorphism in head shape

Among the species with head shape dimorphism biased to-
wards males (C. bicarinatus, C. carinatus, and C. foveatus),
C. bicarinatus, a taxon with combat behaviour, exhibited the
most significant broadening. More robust heads may be dir-
ectly related to visual communication during combat, repre-
senting an intimidation mechanism by the male with a larger
head. Among species that perform mating aggregations,
larger males have an advantage over smaller ones, as the larger
body size would exert dominance over the opponent, even
with few evident signs of aggression and, such as the body,
more robust heads could also play this role during intraspe-
cific interactions (Schuett and Gillingham 1989, Ross and
Marzec 1990).

Vulnerability to predation during reproductive activities may
also drive the evolution of sexual dimorphism in the head (Shine
1990a). During the mating season, males move more, becoming
more exposed to predators than females; in these cases, selec-
tion may favour the enlargement of trophic structures as a visual
anti-predator stimulus (Shine 1990a, Aldridge and Brown 1995,
Keoghetal.2007, Dubey et al. 2008). In Chironius species, a series
of defensive mechanisms have already been reported, including
immobilization, tail vibration on the ground, cloacal discharge,
dilation of the gular region, head triangulation, and delivering
bites, among others (Santos-Costa et al. 2015, Muscat and
Entiauspe-Neto 2016). Under these circumstances, it is unlikely
that the head enlargement has evolved due to defensive mech-
anisms, considering the behavioural repertoire diversity already
known among the genus species. We hypothesize that expanded
heads may be related to visual communication during combat;
however, we lack evidence to corroborate this hypothesis. In
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addition to visual communication, head expansion may also
serve secondarily as an anti-predator visual stimulus.

The head enlargement in males may reflect differences con-
cerning muscle mass. Sexual divergences were observed mainly
in the orbitotemporal region, where the mandible adductor
muscles are inserted, except for C. bicarinatus males, where
enlargement generally occurred throughout the head (Zaher
1994). The same pattern reported for males was observed for fe-
males of C. exoletus, C. fuscus, and C. laevicollis. If the increased
robustness in the head resulted from increased muscle mass, a
more substantial bite force performance would favour both
sexes. The greater head enlargement is a pattern compatible with
anurophagy and may be associated with ingesting large and ro-
bust prey (Hampton 2014, Andjelkovi¢ et al. 2016, Tamagnini
et al. 2018). With the exception of C. laevicollis, the other di-
morphic species, in addition to amphibians, can occasionally
prey on considerably large and robust items: C. bicarinatus, C.
carinatus, and C. fuscus can ingest birds, mammals, and reptiles,
C. foveatus can prey on birds, and C. exoletus on reptiles (Roberto
and Souza 2020, Banci et al. 2022).

Notably, although males of C. fuscus have longer heads, fe-
males have more considerable head enlargement. This pattern
could not be associated with sexual differences in diet, consid-
ering the absence of differences between sex (Nascimento et al.
2013). Although enlargement provides greater bite force, which
allows the ingestion of larger and more robust prey, it may also
represent a decisive factor in prey handling time, which could
favour C. fuscus females during prey ingestion (Verwaijen et al.
2002, Herrel et al. 2017).

Allometry could not explain the sexual variation in head shape
in four (C. bicarinatus, C. carinatus, C. exoletus, and C. foveatus)
of the six dimorphic species, since only one of the sexes shows
allometry and the percentage at which allometry did explain
shape changes was relatively small (6.5% for C. bicarinatus fe-
males, and 7.6%, 8%, and 10.2% for C. carinatus, C. exoletus, and
C. foveatus males, respectively). In C. bicarinatus, C. carinatus,
and C. exoletus, males and females share similar allometric trajec-
tories (P < 0.01), that is, the covariation between shape and size
is similar between sexes, which may corroborate our hypothesis
that sexual dimorphism in head shape in these species may have
evolved by sexual selection. Common allometric trajectories be-
tween sexes and allometry affecting only males were reported for
Vipera berus (Linnaeus, 1758). The increased venom production
in females was suggested as an explanation for the absence of
head shape allometry in females (Tamagnini et al. 2018). Similar
results have already been reported for other snakes, lizards, and
mammals (Ljubisavljevi¢ et al. 2010, Milenkovi¢ et al. 2010,
Abegg et al. 2020).

On the other hand, C. foveatus allometry could explain sexual
dimorphism in head shape, considering that the allometric tra-
jectories were divergent between males and females, which in-
dicates differential growth between sexes (Mitteroecker et al.
2013). Divergences in allometric slopes can also occur due to
strong directional selection. Such direction changes of allometric
slopes may represent adaptations to different functional or eco-
logical demands (Klingenberg et al. 2010, Wilson and Sanchez-
Villagra 2010, Wilson 2013, Pélabon et al. 2014). In C. foveatus,
for example, the patterns of sexual dimorphism in shape, partly,
are consistent with the allometric analyses, indicating an increase

Gz0z Asenuer iz uo Jasn oljiwg esuseied nasn Aq $S/€19//0Z098|9/UBaUUI0Ig/S601 "0 | /I0P/a|oNiB-80UBAPE/UBSUUII0IG/WOD dNO"OIWSpeo.//:sdny WoJ) papeojumoq



10 . Santosetal.

in the eye size in males, a result different from that found in other
colubrids, where females exhibit a slightly larger absolute eye
size (Faiman et al. 2018). Chironius foveatus is a highly arboreal
species among the species of the genus (Banci et al. 2022).
Daytime arboreal snakes are more exposed to predators, which
can approach from all directions. Therefore they depend much
more on vision than nocturnal snakes, hence the eyes of arboreal
species being larger compared to those of terrestrial and semi-
aquatic species (Lillywhite and Henderson 1993, Senter 1999,
Liu et al. 2012). The larger eye size in C. foveatus males may have
evolved due to greater predation pressure on males, who are gen-
erally more exposed (Aldridge and Brown 1995).

Sexual dimorphism in cranial shape

In snakes with feeding specialization, sexual dimorphism in
cranial shape can be explained by intersexual differences in
feeding habits (Borczyk et al. 2021, Borczyk 2023). The only
species that showed sexual dimorphism in the skull was C.
flavolineatus. The greater cranial length and robustness in the
males’ snout (premaxillary) may confer an advantage during
intraspecific interactions. In this species, the head is relevant to
tactile communication during courtship interactions (Carpenter
1977, Mascarenhas et al. 2020). In snakes, a greater snout ro-
bustness could be associated with the digging habit (Haines
1967). However, there is no information that Chironius species
use their heads for digging during their foraging activities, and
these modifications may be related to the behaviour of stimu-
lation by rubbing the chin in C. flavolineatus. Therefore, sexual
dimorphism in the skull in C. flavolineatus may have evolved due
to sexual selection due to interactions, considering their head’s
participation in the behavioural repertoire of courtship. For C.
Aflavolineatus, isometry in the shape of the skull can corroborate
the importance of sexual selection in determining the observed
sexual differences.

Historically, the main hypothesis used to explain sexual di-
morphism in the head of snakes refers to dietary divergence
(Shine 1986, Camilleri and Shine 1990). However, in a genus
containing species with intraspecific interactions, sexual di-
morphism in both head and skull size may have evolved in
response primarily to sexual selection. Patterns of sexual di-
morphism in the head and skull shape indicate that distinct
forces may determine sexual divergence. According to Shine
(1990a, 1991), sexual selection can cause initial divergences
between the sexes, and niche divergences can amplify these dif-
terences. The lack of information on sexual divergences in the
diet, mating system, and natural history for most species limits a
better understanding of the main forces involved in divergences
between the sexes.

CONCLUSION

Among all the analysed species, C. fuscus presented sexual di-
vergences in a more significant number of characters, being,
therefore, the most dimorphic species, with males differing from
females in relation to body size, and head and tail length . This
may suggest intense pressure associated with sexual selection,
especially when considering that there are no diet-related sexual
differences in this species.

In this study, we identified distinct patterns of sexual di-
morphism in body size, tail, and head size, and skull size and
shape in Chironius. Determining which forces drive sexual
divergences involves a complex number of factors, many of
which are difficult to measure mainly because, for many spe-
cies, information about various aspects of life is reduced. Our
study revealed sexual dimorphism patterns in one of the most
observed genera in nature and is especially interesting due to
intraspecific interactions. The patterns documented in this
study serve as a valuable reference for exploring sexual di-
vergences linked to behavioural aspects in snakes. However,
these patterns may be even better understood after studies of
sexual divergences on a dietary level (mainly for species that
present intraspecific interactions), as well as observations
of aspects of natural history (intraspecific interactions and
mating behaviour) for those species in which information is
still scarce.

SUPPORTING INFORMATION

Supplementary data is available at the Biological Journal of the
Linnean Society online.
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