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Abstract.—Sexual dimorphism in animals exists in many forms, including overall size difference between the sexes
(sexual size dimorphism, SSD) and size and structural differences in body components (sexual body component dimor-
phism, SBCD). Studies of sexual dimorphism seck to determine whether dimorphic traits result from sexual selection,
natural selection, or non-adaptive processes. Characterizing sexual dimorphism depends on identifying an unbiased
character for overall body size, which can then be used to assess both SSD and SBCD. Most studies of snakes use snout-
vent length (SVL) for this purpose, but SVL may itself be dimorphic. In this study, we examined SSD and SBCD in
three island populations of the Bahamian Racer (Cubophis vudii vudii). Discriminant function analysis (DFA) showed
that head width (females wider) and tail length (males longer) best discriminated between the sexes, and total length
provided the least discrimination. Linear models using total length as the least-biased measure for overall size revealed
an absence of SSD, but SBCD existed for head size (width 8.9% greater in females, length similar), trunk length
(4.3% longer in females), and tail length (9.8% longer in males). Linear models also revealed differences among island
populations for total length (New Providence < Eleuthera = Allen Cay) and head length (Allen Cay < Eleuthera < New
Providence), but not head width or tail length. Extent of SBCD varied depending on choice of character to control for
overall body size, with total length yielding the most female-biased values, and geometric mean, principal component
1 (PC1) of a principal components analysis, and SVL providing increasingly more male-biased values, respectively.
Body condition was statistically similar for the two sexes and three seasons (spring, summer-fall, winter), but the mod-
erate and large effect sizes, respectively, suggest that females were heavier than males, and both sexes were heaviest in
spring. Females, which represented 64.9 of all snakes, suffered injuries disproportionately to males (19.7% and 3.1%,
respectively), but no differences in sex ratio or frequency of injury existed among the island populations. Collectively,
these findings illustrate the utility of using DFA and other approaches (geometric mean, PC1) to identify a relatively
unbiased reference character for overall body size and suggest that sexual and natural selection interact to shape the

morphology of these snakes.

Sexual dimorphism in animals has been an area of great
interest for researchers for decades, and has bolstered
our knowledge of how topics such as resource competition,
sexual selection, and natural selection have played important
roles in shaping the behavioral and morphological differences
between male and female animals (Hedrick and Temeles
1989; Bonnet et al. 1998, 2001; Vincent et al. 2004). For
example, the longer and/or larger body size in many female
animals might be selected because it can support a larger
clutch size, thus increasing reproductive success (Shine 1994;
Cox et al. 2007). In some species of herbivorous lizards and
snakes that engage in vigorous battles over females, males
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tend to be larger than females and their larger body size could
be a result of intrasexual selection to increase their chances
of overpowering rival males (Carothers 1984; Shine 1994;
Schuett 1997; McElligott et al. 2001).

Sexual dimorphism is not restricted to overall body size
(sexual size dimorphism, SSD). Selection can also affect indi-
vidual body components of male and female animals (sexual
body component dimorphism, SBCD). The longer limbs
of male Steppe Tortoises (7estudo horsfieldii), for example,
might assist them in quickly righting themselves after being
turned over during battles with other males (Bonnet et al.
2001), and the longer tails in many species of male reptiles
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could have been selected to house longer copulatory organs
that give them a mating advantage (King 1989; Shine et
al. 1999; Kratochvil et al. 2003). The larger heads of some
species of male iguanid lizards could help them win battles
against rival males (Carothers 1984).

Although sexual selection often is cited for many differ-
ences seen in male and female animals, it can be difficult to
isolate from other important factors that can affect the devel-
opment of differences between the sexes (Cooper and Vitt
1989; Monnet and Cherry 2002). Ecological forces such as
procurement of food or escaping predators can mask traits
attributed to sexual selection (Bonnet et al. 2001; Brown et al.
2017). Differences in longevity of the sexes, as in Sidewinders
(Crotalus cerastes; Reiserer 2016), or age structure, as in
anurans (Monnet and Cherry 2002), can also account for
differences in sizes of males and females. Reproductive costs
can differentially affect body components, with selection
favoring females having longer abdomens to accommodate
larger clutches (Pincheira-Donoso and Hunt 2017), and even
females of “flying lizards” having larger wing membranes than
males to support flight while gravid (Shine et al. 1998). Shine
(1991), nevertheless, suggested that only when differences
in body size are inconsistent with what would be expected
due to sexual selection can ecological causes be attributed to
dimorphism.

Characterizing sexual dimorphism depends on identify-
ing an unbiased character for overall body size, which can
then be used to assess both SSD and SBCD. Differential
scaling of individual body components can make the choice
of this character challenging (Fox et al. 2015). Researchers
studying lizards and snakes, for example, almost invariably
compare the head size of males and females relative to snout-
vent length (SVL) or sometimes trunk length. However, SVL
itself can be a dimorphic character (Brafia 1996; Cochran
2019; Kratochvil et al. 2003; Olsson et al. 2002; Scharf and
Miri 2013). Snout-vent length is comprised largely of the
trunk; thus, if SVL is affected by selection favoring a larger
volume for total clutch, then positive allometric growth of
the female abdomen would ensure that all other body com-
ponents, including the head, are male-biased in size at an
equivalent SVL (Brafa 1996; Cochran 2019; Kratochvil et
al. 2003; Olsson et al. 2002; Scharf and Miri 2013).

Several approaches can be used to identify or derive an
unbiased measure of overall body size. First, one could con-
sider a single character that corresponds to overall size, such as
body mass, but nutritional state and reproductive condition
can substantially bias this measure, especially in ectotherms.
Second, one could use a discriminant function analysis
(DFA) to identify the least dimorphic character, which has
been used for scorpions (Fox 2018; Fox et al. 2015). A third,
more widely used approach involves use of the first eigenvalue
(PC1) of a principal-components analysis (PCA), which typi-
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Fig. 1. A Bahamian Racer (Cubophis vudii vudii) from New Providence.
Photograph by Scott Johnson.
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cally encompasses overall size, with the additional orthogonal
components generally representing shape (e.g., Bookstein et
al. 1985; Jolicoeur 1963; Somers 1986). A fourth method
is to use the geometric mean of multiple measurements (n
root of the product of n variables), which effectively removes
shape to express overall size (Mosimann 1970; Mosimann
and James 1979).

In this paper, we relied primarily on DFA to examine
SSD and SBCD in the Bahamian Racer (Cubophis vudii
vudis; Fig. 1), a West Indian xenodontine that is endemic
to The Bahamas. We chose this as our primary approach to
test its utility for the first time ever, we believe, in snakes. We
also compared the use of the least-biased measure selected by
this approach—total length—to results from using geometric
mean, PC1, and SVL as alternative measures (covariates) for
overall body size. By examining specimens from three islands
(Fig. 2), we further assess whether differences in body size
and dimorphism exist among those populations and fluctu-
ate across seasons, and whether the sex ratio differs among
islands. Finally, we describe injuries sustained by snakes,
and test whether differences in frequencies of injuries exist
between sexes or among the islands.

Methods
Measurements—One of us (S]) captured 116 specimens
of C. v. vudii on three islands (Fig. 1): Allen Cay of the
Exumas Islands (5 3J, 5 29Q), Eleuthera (18 34,29 29,



JOHNSON AND HAYES

IRCF REPTILES & AMPHIBIANS « 27(2):137-146 « AUG 2020

71° 79° 71° 75° 73° 71°

27°1 Grand Bahama Island , 5
; Berry .
Bimini % Teladls New Prov@ence
Islands % 7
; ¥ 2 Eleuthera
/ . & 300 km
25°4 -
Cay Sal : Conception Bank
Andros
Bank Island L e Q
. o /+ San Salvador Bank
___________ * Rum Cay Bank
Great Bahama Bank Crooked Acklins Bank
23°1 f"(’ Longr ) - ‘:Samana Bank
\ Ragged . Islnd _ Plana Cays Bank
= NS Island - o
? \\ Range ° "~ Mayaguana Bank
¢ - ~ ’ o Acklins Island
7 : ‘(; \( [ / Tittle T Bank \
', Mira Por Vos Bank R a {s
, — ~ - Great Inagua Bank :
N )/ ~
21° - %2 _/
Km‘g\x\ S

Fig. 2. Map of The Bahamas, highlighting the islands on which the three populations of Bahamian Racers (Cubophis vudii vudii) were studied.

16 unknown sex), and New Providence (10 33, 27 29,
6 unknown sex). Snakes were captured year-round during
multiple trips to each island, but we categorized seasons as
spring (March-May), summer and fall (June-November,
pooled due to the small sample size for summer), and win-
ter (December—February). We omitted from morphological
analyses all females captured in June due to assumed ovipo-
sition that month (juveniles first appear in August) and its
effect on body condition. The following measurements (to
the nearest 1 mm) were obtained using a tape measure on live
snakes restrained by hand on a flat surface: head length (HL,
tip of snout to back of jaw) and width (HW, broadest part of
the skull), SVL, and tail length (Tal). We subsequently cal-
culated trunk length (TrL = SVL — head length), total length
(ToL = SVL + Tal), and the geometric mean of the four inde-
pendent measurements (HL, HW, TrL, Tal). Snake mass
was measured to the nearest gram using a 100-g capacity scale
(Pesola Prizisionswaagen AG, Schindellegi, Switzerland).
Snakes were sexed using lubricated (K-Y personal lubricant
or Vaseline) snake-sexing probes (Big Apple Herpetological,
Hauppauge, New York, USA) cleaned with 70% isopropyl
alcohol between uses. Females probed at a depth less than
the width of the tail (2-3 subcaudals), whereas males probed
deeper than the width of the tail (>4 subcaudals). Sex and
mass were not determined for some animals when equip-
ment was unavailable in the field. We also recorded injuries,
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including scars and missing portions of tails. We excluded
from body-size analyses all snakes that were missing a por-
tion of their tails. Because no details are available for mini-
mum reproductive size in the species, we used all snakes in
our analyses, which likely included snakes of both subadult
and adult age classes.

Analyses.—We conducted statistical tests using SPSS
13.0 for Windows (Statistical Package for the Social Sciences,
Inc., Chicago, Illinois, 2004), with o = 0.05. We screened
data prior to analyses to remove multivariate outliers based
on Mahalanobis distances (Tabachnick and Fidell 2013)
and to ensure that parametric assumptions were met (unless
indicated otherwise). Because all morphological measures
were linearly related and curve-fitting options (exponential,
logarithmic, power, and quadratic transformations) failed
to improve pairwise coefficients of determination (%), we
applied no transformations to the mensural data.

We used general linear models (Tabachnick and Fidell
2013) to assess morphological relationships, including analy-
sis of variance (ANOVA), analysis of covariance (ANCOVA),
multiple analysis of variance (MANOVA), DFA, and PCA.
For the DFA, we included HL, HW, TrL, Tal, SVL, and
ToL; we used SPSS defaults with prior probabilities set to all
groups equally; we included leave-one-out classification to
cross-validate accuracy of group assignments; and we consid-
ered classification success relative to random as an effect size.
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For the PCA, we generated principal component 1 (PC1)
regression scores for each snake using standardized data (for
HL, HW, TrL, Tal), a correlation matrix, unrotated fac-
tors, and SPSS defaults. For the ANOVA, ANCOVA, and
MANOVA models, we computed eta-squared (%), partial
1% or multivariate partial n* as effect sizes, depending on
the number of variables in a model, with values of ~0.01,
~0.06, and >0.14 loosely deemed small, moderate, and large
effects, respectively (Cohen 1988). To evaluate sex ratios and
injuries, we relied on binomial probability, with effect size
indicated by percent difference from expected (Green and
Salkind 2005), and on chi-square and Fisher’s exact tests,
with Cramer’s Vand phi (@) values, respectively, of ~0.1,
~0.3, and >0.5 loosely regarded as small, moderate, and large
effects (Cohen 1988).

We computed Lovich and Gibbons (1992) dimor-
phism index values for SSD and SBCD based on mean val-
ues from ANOVAs and on estimated marginal means from
ANCOVAs, respectively. With this index, 0 means absence of
sex differences; positive values indicate female-biased dimor-
phism; negative values indicate male-biased dimorphism;
and values multiplied by 100 provide the percent difference
relative to the smaller sex, which we report because doing so
is more intuitive and avoids values with excessive decimal
places. We could not compute an index value for SSD using
PC1 because of the scaling effect associated with extraction.

Results

Sex differentiation and distinction between measures of SSD and
SBCD.—We used a DFA model to identify which variables
contributed most and least to morphological differentiation
of the sexes. The DFA, obtained from 32 43 and 54 99
pooled from all three islands (after removal of one multi-
variate outlier), yielded a highly significant model (Wilks’
A =0.76, x> = 22.58, df = 4, P < 0.001, canonical correla-
tion for the single function = 0.491). The model included
four variables, as two were excluded due to multicollinearity
(Table 1). Classification success was 74.4% (males 81.3%,
females 70.4%) for original cases, and 72.1% (males 75.0%,
females 70.4%) for cross-validated cases. Thus, males and
females could be differentiated with much better success than
expected by chance (50.0%). Based on joint consideration of
standardized canonical discriminant function coefficients and
structure matrix coefficients (Table 1), HW (females wider)
and TaL (males longer) best discriminated between the sexes,
and ToL provided the least discrimination. Accordingly, ToL
can be justified as the least-biased character (among this par-
ticular character set) for overall body size.

We analyzed SSD and SBCD in the following sections
based largely on these results. We assessed SSD using two
characters (ToL [all populations] and mass [Eleuthera snakes
only]) and evaluated SBCD for the four body components
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Table 1. Results of discriminant function analysis (DFA) for sex
differentiation in the Bahamian Racer (Cubophis vudii vudii) based
on morphological measures. *Excluded from DFA due to multicol-
linearity (low tolerance values).

Standardized
Canonical Discriminant Structure
Measure Function Coefficients Matrix Coefficients
Head width 1.179 0.475
Tail length -0.930 0.474
Head length 0.292 0.380
Snout-vent length* 0.234
Trunk length -0.496 0.226
Total length* 0.014

(HL, HW, TrL, TaL) using ToL as the reference character
(covariate) for overall body size. We omitted SVL from analy-
sis because it combined two body components and is collinear
with trunk length (7= 1.000).

Sexual size dimorphism.—Because sufficient data for
mass were available only from Eleuthera, we restricted analy-
ses involving mass to this population. A MANCOVA model
using the combined dependent variable of ToL and mass
revealed no difference between the sexes (Wilks’ A = 0.98,
F,,4 = 0.20, P = 0.82, multivariate n? = 0.017; 8 &, 19
? ;s no outliers removed). Follow-up univariate ANOVAs
confirmed the absence of sexual dimorphism on Eleuthera for
both ToL (£ 55 = 0.21, P = 0.65, n* = 0.008) and mass (£ ,5
=0.02, P = 0.90,n*> = 0.001).

A 2 x 3 ANOVA (sex x island) model for ToL, which
included snakes from all three islands (Allen Cay, 5 3d, 4

100+
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Fig. 3. Overall body-size (total length) comparisons among island popula-
tions of the Bahamian Racer (Cubophis vudii vudii). Sample sizes are indi-
cated parenthetically, and sexes were pooled due to absence of sexual size
dimorphism. Differences were significant (P = 0.001), with pairwise com-
parisons indicating New Providence < Eleuthera = Allen Cay in total length.
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QQ; Eleuthera, 17 33, 25 99; New Providence, 9 3J,
24 ?99; two multivariate outliers removed), failed to meet
the assumption of homoscedasticity, and no transformations
(logarithmic, rank) improved the situation. Because ANOVA
is generally robust to failed assumptions (Tabachnick and
Fidell 2013), we went ahead and analyzed the original data.
The ANOVA yielded no interaction between island and sex
(F, 75 = 0.95, P = 0.39, partial n* = 0.024) and no differ-
ence between the sexes (F, ;5 = 0.07, P = 0.79, partial n* =
0.001). However, snake length differed significantly among
the islands (F, 55 = 8.08, P = 0.001, partial n? = 0.172), with
Tukey’s multiple comparisons (mean + 1 SE) indicating New
Providence (74.7 + 1.98 cm) < Eleuthera (82.3 + 1.62 cm) =
Allen Cay (88.0 + 3.11 c¢m) in length (Fig. 3).

Matching 2 x 3 ANOVAEs for alternative measures of over-
all body size (geometric mean, PC1, SVL, and TrL) yielded
conclusions similar to those obtained from ToL: absence of
SSD and comparable island differences (though weaker for
geometric mean [P = 0.053] and PC1 [P = 0.047]). Lovich
and Gibbons (1992) index values for SSD were 0.38 for ToL,
2.92 for geometric mean, 5.44 for SVL, and 5.36 for TrL.

Sexual body component dimorphism.—To reduce attri-
bute space and alleviate the need for a covariate as a reference
character for overall body size (ToL) in ANCOVA models,
we separately regressed each of the four body component vari-
ables (HL, HW/, TrL, TaL) against ToL and then analyzed the
residuals as the dependent variables in ANOVA models. Use
of residuals was further advantageous because, when sexual
differences in a body component exist, they generally diverge
with snake size, resulting in non-homogenous regression slopes
for the sexes, violating a key assumption of ANCOVA. We
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Fig. 4. Relative head length of island populations of Bahamian Racers
(Cubophis vudii vudii). Differences were significant (P < 0.001), with rank
order of Allen Cay < Eleuthera < New Providence (n = 9, 42, and 33,
respectively). Males (n = 32) and females (n = 54) had similar head lengths.
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nevertheless used ANCOVA models with ToL as a covariate
to compute estimated marginal means for sex and for islands
when significant. All of the following analyses were based on
the aforementioned DFA sample of 86 snakes.

To examine head-size variation, we used a 2 x 3 (sex x
island) MANOVA to evaluate the combined dependent vari-
able of head length residuals and HW residuals (i.e., rela-
tive head length and width). Significant differences existed
between the sexes (Wilks' A = 0.81, £, 5 = 9.56, P < 0.001,
multivariate partial n? = 0.195) and among the islands (Wilks’
A =0.72, F; 55 = 7.04, P < 0.001, multivariate partial n* =
0.151), with no interaction between sexes and islands (Wilks’
A =0.96, Fj 55 = 0.84, P = 0.50, multivariate partial n? =
0.021). Follow-up univariate 2 x 3 ANOVAs revealed con-
trasting patterns in the two head size measures. Relative head
length was similar for males and females (estimated marginal
means of 2.0 + 0.04 and 2.1 + 0.04 cm, respectively, at 79.3
cm ToL; F gy =2.77, P = 0.10, partial n? = 0.033), but dif-
fered among the islands (£, 4 = 13.95, P < 0.001, partial n?
= 0.259; Fig. 4), with no interaction (F, 4 = 0.02, P = 0.99,
partial 1% < 0.001). Rank order of relative head length was
Allen Cay (1.8 £ 0.07 cm) < Eleuthera (2.0 £ 0.03 cm) < New
Providence (2.2 + 0.04 cm). Tukey’s multiple comparisons
indicated that only the 21.1% difference between Allen Cay
and New Providence was significant. Relative head width,
in contrast, was similar among the islands (F, 4, = 0.10, P
= 0.908, partial n* = 0.002), but differed between the sexes
(F g =19.35, P < 0.001, partial n? = 0.195; Fig. 5), with no
interaction (F, g = 1.53, P = 0.22, partial n* = 0.037). Heads
averaged 12.0% wider in females (1.1 + 0.02 cm) compared
to males (1.0 + 0.02 cm).
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Fig. 5. Relative head width of male and female Bahamian Racers (Cubaphis

vudii vudii). Differences were significant (P < 0.001), with females (n =
54) having wider heads than males (n = 32). No island differences existed.
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Fig. 6. Relative trunk length of male and female Bahamian Racers (Cubophis
vudii vudii). Differences were significant (P < 0.001), with females (n = 54)
having longer trunks than males (n = 32). No island differences existed.

To examine trunk-length variation, we subjected the
trunk-length residuals to a 2 x 3 (sex x island) ANOVA.
Relative trunk length was similar among the islands (F, g =
2.68, P = 0.075, partial n* = 0.063), but differed significantly
between the sexes (Fg9=22.13,P <0.001, partial n? = 0.217),
with no interaction of sex and island (F g, = 2.61, P = 0.080,
partial n? = 0.061). Trunks averaged 6.5% longer in females
(54.4 + 0.49 cm at 79.3 cm TolL; 67.7 + 0.03% of ToL) than
males (51.1 £ 0.52 cm; 65.1 + 0.04% of ToL; Fig. 6).

To examine tail-length variation, we similarly subjected
the tail-length residuals to a 2 x 3 (sex x island) ANOVA.
Relative tail length was similar among the islands (£, g, =
1.74, P = 0.182, partial n? = 0.042), but differed signifi-
cantly between the sexes (£ 4 = 22.19, P < 0.001, partial 2
= 0.217), with no interaction of sex and island (7, g, = 2.46,
P = 0.092, partial n? = 0.058). Tails averaged 15.0% longer
in males (26.3 + 0.53 cm at 79.3 cm ToL; 32.4 + 0.04% of
ToL) than females (22.8 + 0.50 cm; 29.6 + 0.03% of ToL;
Fig. 7).

To compare SBCD outcomes based on five different
covariates for overall body size, we used the same ANCOVA
approach to compute estimated marginal means using four
additional covariates (geometric mean, PC1, SVL, and
trunk length). Dimorphism among the four body compo-
nents varied depending on which covariate was used (Fig. 8),
except that SVL and trunk length yielded identical values.
Head length dimorphism was absent regardless of covariate;
female-biased HW dimorphism existed regardless of covari-
ate; female-biased trunk length dimorphism was detected
using all covariates except SVL and trunk length; and male-
biased tail length was evident with all five covariates. Bias

142

IRCF REPTILES & AMPHIBIANS e 27(2):137-146 * AUG 2020

357 @ Male
@ Female ©
30
3
:E’ 25
o
c
[
= 20
©
|—
15+
[5) (6]
10- y
1 1 1 1 1
40 60 80 100 120

Total Length (cm)

Fig. 7. Relative tail length of male and female Bahamian Racers (Cubophis
vudii vudii). Differences were significant (P < 0.001), with males (n = 32)
having longer tails than females (n = 54). No island differences existed.

of covariates toward a given sex was consistent across body
components, with ToL yielding the most female-biased val-
ues, and geometric mean, PC1, and SVL (= trunk length)
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Fig. 8. Percent difference in size between male and female Bahamian Racers
(Cubophis vudii vudii) relative to the smaller sex for four body components:
head length, head width, trunk length, and tail length (n = 32 males, 54
females). Interpretation and magnitude of sexual body component dimor-
phism depended on reference character (covariate) used to control for over-
all body size, with increasing male bias in order of total length, geometric
mean, principal component 1 (PC1) from a principal components analysis,
and snout-vent length (SVL; trunk length yielded values identical to SVL).
Values correspond to the Lovich and Gibbons (1992) dimorphism index,
with positive values indicating females larger and negative values indicat-
ing males larger. Significance of sex differences in analysis of covariance

(ANCOVA) models: * P < 0.05, ** P < 0.01, *** P < 0.001.
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providing increasingly more male-biased values, respectively.
The majority of ANCOVA models had non-homogenous
regression slopes resulting from increasing dimorphism with
increasing body size, but slopes were always homogenous sta-
tistically when SVL was the covariate.

Body condition—To test for sex differences and seasonal
variation in body condition, we used the residuals of mass
against ToL in a 3 x 2 (season x sex) ANOVA with type IV
sum-of-squares due to missing data in one cell. Body condi-
tion was similar between sexes (£ ,; = 1.81, P = 0.191, partial
n* = 0.073) and among seasons (£, 53 = 2.47, P = 0.106, par-
tial n* = 0.177). No interaction between sex and season (£ ,5
=0.001, P = 0.977, partial n* < 0.001) was evident, but this
might reflect the small sample size. The moderate effect of
sex suggests that females have on average better overall body
condition than males, and the large effect of season suggests
that body condition is greatest in spring (Fig. 9).

Sex ratios—A 2 x 3 (sex x island) chi-square test sug-
gested that sex ratios were similar among the three popula-
tions (Allen Cay, 50.0% male, n = 10; Eleuthera, 38.3%
male, n = 47; New Providence, 27.0% male, n = 37; y? =
2.24, df = 2, asymptotic P = 0.33, Cramer’s V= 0.155). After
pooling data across populations (n = 94), the sex ratio for all
snakes was clearly female-biased, with females (64.9%) out-
numbering males (35.1%) nearly two to one (binomial P =
0.005, 14.9% difference from expected value of 50.0%).

Injuries—A one-sample chi-square test revealed no dif-
ference in frequency of injuries among the three islands (Allen
Cay, 0.0% of 10; Eleuthera, 16.1% of 62; New Providence,
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Fig. 9. Seasonal comparisons of body condition between male and female
Bahamian Racers (Cubophis vudii vudii) among islands. Relatively medium
and large effect sizes, respectively, suggest that body condition was poten-
tially female-biased (partial n* = 0.073) and greater in spring than in other

seasons (partial N = 0.177). Sample sizes are provided within parentheses.
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11.6% of 43; y* = 2.10, df = 2, asymptotic P = 0.35, Cramer’s
V'=0.135). However, females suffered more frequent inju-
ries than males (19.7% of 61 and 3.1% of 32, respectively;
Fisher’s exact test, P = 0.031, ¢ = 0.227). Injuries included
those to the trunk (n = 2), missing portions of the tail (n =
7), scars on the tail (n = 4), and two individuals with unusual
bulges in the cloaca.

Discussion

In this paper, our primary goal was to apply a DFA approach
to identify a relatively unbiased character for overall body size
in the Bahamian Racer and use that character (ToL) to test
for SSD and SBCD. This approach allowed us to better assess
dimorphism compared to the conventional use of SVL, which
is flawed because SVL in this species appears to be a female-
biased character, likely due to fecundity selection acting on
trunk (abdomen) length. Our results revealed a complete
absence of SSD in the three populations examined, but three
of four body components (HW, TrL, and Tal) exhibited
unambiguous SBCD. Secondarily, we also explored sex and
population differences in body size and proportions, body
condition, sex ratio, and injuries to the trunks and tails of
racers.

Overall body size and sexual size dimorphism.—The most
important and novel finding of this study is that DFA can
be used to identify a relatively unbiased measure of overall
body size (ToL in this study) in at least some snakes. None
of the three island populations of the Bahamian Racer, nor
the combined groups, exhibited SSD. This was true regard-
less of the measure used for overall body size. The fact that
ToL and geometric mean yielded similar results (SSD indices
of 0.28 and 2.92, respectively) gives us confidence that ToL
provided a reliable measure of SSD. Female bias was greater
for SVL and TrL (SSD index >5), suggesting that other spe-
cies with a greater difference between the sexes might give
discordant interpretations of SSD depending on the measure
used, resulting in, for example, a significant difference in SVL
or TrL but not ToL or geometric mean.

Absence of SSD in C. v. vudii contrasted with two
other West Indian xenodontine snakes: male-biased SSD in
Anegadan Racers (Borikenophis portoricensis anegadae; Barun et
al. 2007) and female-biased SSD in Antiguan Racers (Alsophis
antiguae; Daltry et al. 2001). In many species of snakes in
which conspecifics engage in combat, SSD might be advanta-
geous because it could increase mating success (Shine 1994;
Schuett 1997). The Bahamian Racer, however, is not known
to engage in combat, so the similar overall body sizes might
not have been as greatly influenced by sexual selection as in
some other species. The lack of SSD in the Bahamian Racer
might be attributable to other factors, such as natural selec-
tion, which could have standardized body size as a result of
resource procurement (Bonnet et al. 2001). On some islands
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where largely arboreal anoline lizards are the only major food
source, large body size could hinder successful prey capture.

Bahamian Racers on Allen Cay were the largest among
the three islands (though statistically similar to those on
Eleuthera). Island differences could result from differential
exposure to native predators (e.g., crabs, birds); to invasive
predators such as Black Rats (Raztus rattus) and domestic or
feral cats (Felis catus) and dogs (Canis lupus familiaris); and/or
to human development. The Allen Cays comprise a cluster of
uninhabited islands 32 km southeast of New Providence and
are the most northern cays in the Exuma chain. This isolation
and lack of invasive predators (although mice [Mus muscu-
lus] were present until recent eradication; Alifano et al. 2014)
might have allowed individuals in this population to attain
larger sizes than those on other islands.

Sexual body component dimorphism.—Use of ToL as a
covariate to control for overall size revealed SBCD in three
body components of Bahamian Racers: female-biased HL
and TrL, and male-biased Tal. Geometric mean and PC1
as covariates yielded similar results, adding confidence to
our use of ToL, whereas SVL as a covariate gave weak HW
dimorphism and complete absence of TrL dimorphism (Fig.
8). Cochran (2019), who examined SSD and SBCD in the
Southwestern Speckled Rattlesnake (Crozalus pyrrbus), simi-
larly found increasing male bias in SBCD with geometric
mean, PC1, and SVL, respectively, when using these mea-
sures as covariates for overall body size. Although the DFA
approach worked well in our study, ToL was non-dimorphic
in large part because female-biased TrL differences were bal-
anced by male-biased TaL differences, which may not be
the case for other snake species. Male ToL averaged 79.2 cm
compared to 79.4 cm for females, with female trunks 2.4 cm
longer and male tails 2.3 cm longer.

Presence of SBCD in Bahamian Racers could result
from a combination of natural selection (including survival
selection and fecundity selection) and/or sexual selection.
Survival selection might have acted on females resulting in
wider heads that could facilitate the handling of larger prey
items and exploiting a wider range of food resources, thereby
decreasing competition with conspecific males (Vincent et al.
2004). Fecundity selection presumably acted on female bod-
ies by increasing trunk length to support larger clutch sizes
and, secondarily, decreasing tail length to compensate (King
1989). Sexual selection likely favored longer tails in males to
accommodate hemipenes and retractor muscles that facilitate
reproduction (King 1989), as longer tails in male Red-sided
Gartersnakes (7hamnophis sirtalis parietalis) have been asso-
ciated with greater reproductive success (Shine et al. 1999).
Bahamian Racers are unusual in that, similar to many natri-
cine snakes (Shine 2000), males have shorter trunks but pos-
sess a greater number of ventral scales than females (169181
and 159-166, respectively; Powell 2014). Number of ventrals
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corresponds to number of vertebrae (Shine 2000). Although
HL dimorphism was absent, we can only speculate that island
differences in HL have resulted from natural selection arising
from different habitat structure and/or prey availability.

Body condition.—Sample sizes were small, but effect sizes
were sufficient to suggest that several trends might exist (Fig.
9). Female racers appear to have greater mass than males, at
least during the spring, when the former store fat in prepara-
tion for reproduction. Barun et al. (2007) measured B. p. ane-
gadae in autumn, when females also had greater mass per unit
length than males. The effect of season on body condition in
our snakes was stronger, suggesting post-parturient females
in summer/fall and in winter have less mass than females in
spring. Similar trends were reported in the Bahamian Rock
Iguana (Cyclura rileyi rilevi), in which females were heavier
than males, but only during the reproductive season, and
both sexes were heaviest in the spring and leanest in the fall
(Carter and Hayes 2004). It remains unclear whether all adult
female racers reproduce annually, which would likely influ-
ence body-size differences in spring.

Sex ratio—Although island sex ratios were relatively sim-
ilar, we found a significant skew overall with females outnum-
bering males by almost 2:1. This could result from sampling
bias if females are more active or forage in more open habi-
tats, and therefore are more likely to be caught than males.
Female bias could also result from higher mortality in males,
although females experienced higher levels of injury (see next
section). Skewed sex ratios resulting from differential mortal-
ity have been reported in several species of snakes (Shine et
al. 2001; Wang and Tu 2003; Patten et al. 2009). Skewed
sex ratios favoring females can also occur when inbreeding
is frequent (Shine and Bull 1977), in which case we would
expect the skew to be greater on smaller islands (e.g., Allen
Cay), which we did not see. Clearly, further study is necessary
to shed more light on this bias.

Injuries.—Thirteen percent of the snakes had injuries
that included scars on trunks and tails, and missing portions
of tails. Injury frequency was similar among islands, but dis-
proportionate in females (19.7% compared to 3.1% in males)
for reasons unclear to us. This might reflect higher levels of
female activity or differential habitat use that increases expo-
sure to predators; greater vulnerability to attacks, perhaps
when gravid; or greater ability to survive attacks. Most inju-
ries (86.7%) were to the tails, but tail injuries were scarce
(6.1% of all snakes, excluding the scars and bulges) compared
to reports from other West Indian xenodontines (70% in B.
p. anegadae, Barun et al. 2007; 42% in A. antiguae, Daltry et
al. 2001).

Tail damage could have been caused by several factors,
including failed predation by other animals. Barun et al.
(2007) reported that many B. p. anegadae had scars on the
tail and posterior portions of the body, with larger individuals
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having a higher frequency. They concluded that scars were
probably caused by failed predation attempts by Soldier Crabs
(Coenobita clypeatus). Damage to tails might also reflect failed
predation attempts or parental defense by rats and birds.
Bahama Mockingbirds (Mimus gundlachii) and Northern
Mockingbirds (Mimus polyglottos) defending their nesting ter-
ritories have been observed pecking at the tails of Bahamian
Racers, which include small birds in their diet (Schwartz and
Henderson 1991). Invasive rodents such as rats can also dam-
age tails. Hayes et al. (2012) indicated that Bahamian Rock
Iguanas experienced higher rates of tail injuries on islands
with rat populations, so the assumption that rodents might
attack a snake for food or to defend its young is plausible.
Bulges in or near the cloaca in two specimens might have
been caused by parasites or infections.

Conclusions

Using the right approach to propetly analyze SSD and SBCD
is crucial to understanding and interpreting sexual dimor-
phism. Because SVL is comprised largely of TrL in snakes,
which can be subject to fecundity selection, SVL should not
be used as a measure of overall body size. Although we show
that a DFA approach can be utilized to derive a more neu-
tral measure than SVL (or TrL), we learned after completing
our initial analyses that geometric mean has properties that
should make it the most suitable character for overall body
size in all taxa for which multiple measurements are obtained
(Mosimann 1970; Mosimann and James 1979). Although
PC1 should also be a better alternative to SVL, it’s more
cumbersome than geometric mean to compute and cannot
be used to derive the Lovich and Gibbons (1992) index for
SSD due to the scaling effect associated with extraction.

In the Bahamian Racer, both sexual and natural selec-
tion likely influence the morphological differences observed
between the sexes. Still, more research needs to be done
on this poorly studied species. Additional details regarding
habitat use, home range, activity levels, diet, and predation—
particularly predation by invasive species like rats—would
shed additional light on the morphology and ecology of this
endemic snake in The Bahamas.
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