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Synopsis  Genital evolution can be driven by diverse selective pressures. Across taxa we see evidence of covariation between
males and females, as well as divergent genital morphologies between closely related species. Quantitative analyses of mor-
phological changes in coevolving male and female genitalia have not yet been shown in vertebrates. This study uses 2D and 3D
geometric morphometrics to quantitatively compare the complex shapes of vaginal pouches and hemipenes across three species
of watersnakes (the sister taxa Nerodia fasciata, N. sipedon, and a close relative N. rhombifer) to address the relationship between
genital morphology and divergence time in a system where sexual conflict may have driven sexually antagonistic coevolution
of genital traits. Our pairwise comparisons of shape differences across species show that the sister species have male and female
genitalia that are significantly different from each other, but more similar to each other than to N. rhombifer. We also determine
that the main axes of shape variation are the same for males and females, with changes that relate to deeper bilobation of the
vaginal pouch and hemipenes. In males, the protrusion of the region of spines at the base of the hemipene trades off with the
degree of bilobation, suggesting amelioration of sexual conflict, perhaps driven by changes in the relative size of the entrance
of the vaginal pouch that could have made spines less effective.

Introduction Simmons and Fitzpatrick 2019). Sexually antagonis-

Genitalia display diverse ornamentation and shape fea-
tures across taxonomic groups, revealing a variety of
evolutionary patterns (Eberhard 1985; House and Sim-
mons 2005; Orbach et al. 2018). Sexual selection—
including intrasexual competition, sexually antagonis-
tic coevolution, and cryptic female choice—is thought
to be the dominant driving force acting on genital di-
versification (House and Simmons 2005). Rapidly di-
vergent male genital morphology across closely related
species has been studied extensively, while the same di-
vergence pattern in female genital structures has only
recently been explored (Puniamoorthy, Kotrba, and
Meier 2010; Showalter et al 2014; Orbach et al. 2018;
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tic coevolution (SAC) is an important driver behind
genital diversity (Arnqvist and Rowe 2005; Brennan et
al. 2007; Brennan and Prum 2015) and involves the
rapid evolution of antagonistic traits in males and fe-
males resulting from their differing evolutionary inter-
ests (Arngvist and Rowe 2005). However, despite se-
lection for antagonistic traits derived from sexual con-
flict, genitalia must interact mechanically and fit to-
gether for copulation to be feasible. For this reason,
we expect some degree of shape correspondence be-
tween the sexes despite the possibility that SAC may
also be acting on genital traits (Brennan and Prum
2015).
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Here, we investigate genital shape variation in three
species of watersnakes within the Genus Nerodia (na-
tricine snakes native to North America) to examine how
divergence time may correlate with genital morphol-
ogy in a group where sexual conflict may have influ-
enced genital traits. Nerodia fasciata and N. sipedon (the
southern watersnake and the northern watersnake), di-
verged 3.9 mya, while their more distant relative N.
rhombifer (the Diamond-Backed Watersnake), diverged
from the last common ancestor with these two about 6.5
mya (Brandley et al. 2010), and we predict that the two
species that more recently shared a common ancestor
would have genitalia that are more similar to each other
than to the third species with which they diverged more
distantly. We also predict that males and females covary
in their genital shape, even if some genital traits have
evolved as a result of sexual conflict, to make copulation
feasible. This type of complex relationship between di-
vergence time, and covariation under sexual conflict has
been previously reported in beetles (e.g., Ohomopterus
ground beetles, Sota and Nagata 2008).

The vagina in snakes, also known as a vaginal pouch,
is the female copulatory organ that consists of a cloa-
cal opening leading to a cloacal chamber that branches
off into two oviducts. The vaginal pouch interacts with
the male intromittent organ during copulation, plays a
functional role in giving birth and ovipositing, and it
is known to vary in morphology among snake species
(Sanchez-Matinez et al. 2007; Aldridge et al. 2011; Siegel
et al. 2012), and watersnakes specifically (Showalter et
al. 2014). The male hemipenes are the intromittent or-
gans that become everted and inflated during copula-
tion and typically have a number of external elabora-
tions such as spines, chalices, and folds (Dowling and
Savage 1960). Snakes have two hemipenes kept inside
out in the posterior end of the tail, and males use one at
a time during copulation (Dowling and Savage 1960).

Hemipenes are considered to be species-specific
amongst squamates (e.g., Jadin and Parkhill 2011;
Andonov et al. 2017). In Nerodia, males have a bilobed
hemipene tip and sharp calcified spines at the base of
the hemipene shaft (Andonov et al. 2017). Sharp basal
spines on the hemipenes of snakes function to perfo-
rate vaginal tissue and act as an anchoring mechanism
(Pope 1941; Edgren 1953). Because spines are found at
the base of the hemipenes of Nerodia, sexual conflict
over copulation may be found where males increase the
chances of sperm delivery by firmly attaching to the fe-
males, while females may be injured from spines pen-
etrating their vaginal mucosa, possibly causing delays
before additional mating events can occur, and/or being
forced to receive more sperm than what they may oth-
erwise choose. An example of such conflict over cop-
ulation duration has been described in the red-sided
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garter snake (Thamnophis sirtalis parietalis), where ex-
perimental manipulation of genitalia has revealed that
males with a clipped basal spine copulate for shorter pe-
riods of time and transfer a smaller copulatory plug and
fewer sperm to females (Friesen et al. 2014; 2016).

Further evidence of the relationship between sexual
conflict over copulation duration and hemipene mor-
phology has been suggested for New World natricine
snakes, where hemipenes were classified according to
whether they were simple or bilobed (King et al. 2009).
Multiple shape transitions are found in this group, but
no clear association emerged between hemipene shape
and copulation duration (King et al. 2009). However,
King et al. (2009) did not investigate the potential role
of basal spines in conflict over copulation duration (e.g.,
Friesen et al. 2014), and classified shape in only two dis-
tinct categories, while it is likely that different species
have different degrees of bilobation.

In addition to these hemipene features that likely in-
dicate an evolutionary history of sexual conflict, females
mate with multiple males in both N. rhombifer and N.
sipedon (Prosser 2002; King et al. 2010), which increases
the potential conflict because it would be more advanta-
geous to males if females were monogamous (Arnqvist
and Rowe 2005). Aggressive behaviors of males towards
females during copulation have been observed in field
studies of N. sipedon, which include forceful jerking of
the female and surrounding males (Weatherhead et al.
1995). However, forced copulation is not likely in wa-
tersnakes since females must give males access to their
cloaca to begin copulation (Barry et al. 1992), there is
a loose structure of mating aggregations (Weatherhead
etal. 1995), and large female size would suggest females
can control mating (Kissner et al. 2005). Therefore, the
conflict is most likely about the duration of copula-
tion, and potential harm incurred by females from the
hemipene spines as is the case in red-sided garter snakes
(Friesen et al 2014; 2016).

Sexual conflict over copulation may have acted as
a driving force for divergent genitalia between species
of watersnakes, resulting in a pattern of SAC which
can be traced across evolutionary time by comparing
N. rhombifer genital shape to that of more recently di-
verged species N. fasciata and N. sipedon (e.g., Lawson
1987; McVay, Flores-Villela, and Carstens 2015). Signif-
icant differences in vaginal pouch shape across repro-
ductive N. fasciata and N. sipedon females have been
reported (Showalter et al. 2014), but the differences
in genital shape of Nerodia hemipenes have not been
quantified. We use 2D and 3D geometric morphomet-
rics (GM), which have been previously applied to geni-
tal morphological studies with success (Showalter et al.
2014; Orbach et al. 2018; Hedrick et al. 2019; Orbach
et al. 2020; Lara-Granados et al. submitted), to quantify
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Fig. | Nerodia vaginal pouch landmark configuration. Numbered points represent homologous anchoring landmark placement and red
points represent semi-landmark placement on N. fasciata (A), N. sipedon (B), and N. rhombifer (C).

male and female watersnake genital shape both inter-
and intraspecifically. Additionally, we compare our 2D
results with the 3D results of N. rhombifer female vagi-
nal pouches from a different study (Lara-Granados et al.
submitted), to determine which aspects of shape varia-
tion we may be missing by using 2DGM.

Methods

Specimen collection

N. fasciata (females, n = 30, males, n = 20) and N.
sipedon (females, n = 33, males, n = 20) genitalia were
previously dissected and photographed with a scale by
Showalter et al. (2014). In brief, N. fasciata and N.
sipedon were taken from established non-native popula-
tions in California in 2011 where they were trapped un-
der the California Department of Fish and Wildlife col-
lecting permits #SC-11197 to BD Todd, and #802,046-
02 to RN Reed of the US Geological Survey. Both
trapping and euthanasia were performed according to
UC Davis Institutional Animal Care and Use Commit-
tee protocol #2011-16553 (full details in Showalter et
al. 2014). Nerodia rhombifer (females, n = 29, males,
n = 22) specimens were acquired in collaboration with
the University of Alabama Department of Biological
Sciences and collected by S Secor under Alabama col-
lecting permit number 2018101271668680.

Specimen dissection and preservation

Prior to dissection, we measured snout-to-vent length
(SVL) to the nearest mm (Tables S1 and S2). We dis-
sected specimens to examine and measure their go-
nads to the nearest mm using calipers. Males were de-
termined to be reproductive if they had coiled, well
developed vas deferens. Females were deemed non-
reproductive if they had small eggs (<2 mm). Females

with yolk-filled or fertilized eggs in their oviducts were
considered reproductive.

To generate 2D data for vaginal shape and size, we
cleaned the connective tissue surrounding the vaginal
pouch, removed any remnants of the intestines, and cut
the oviducts close to their connecting point with the
vaginal pouch. We laid the vaginal pouches on their
dorsal side and photographed them next to a scale us-
ing Canon EOS Rebel T5i, following previous protocols
used in Showalter et al. (2014).

We inflated the left hemipenes of male snakes with
warmed petroleum jelly following standard herpetolog-
ical techniques (e.g., Jadin and King, 2012). We pre-
served the removed hemipenes suspended in a solution
of 10% formalin.

Vaginal pouch shape

We used two-dimensional geometric morphometrics
(2DGM) to quantitatively determine the shape of 92
vaginal pouches (N. fasciata; n = 30, N. rhombifer;
n =29, N. sipdeon; n = 33) using a combination of an-
choring landmarks (n = 6) and semi-landmarks (n =6
curves) (Fig. 1). Photographs of N. fasciata and N.
sipedon females were previously acquired by Showalter
et al. (2014), but were re-landmarked by J Greenwood
using a modified landmarking scheme developed after
adding N. rhombifer to the sample, eliminating inter-
observer landmarking error. Landmarks were placed
based on the following criteria: (1) The midpoint of
the cloacal opening where the cloacal scale transitions
into vaginal tissue, based on change in texture and col-
oration (2) the intersection of vaginal pouch with cloa-
cal opening on the right side, (3) the midpoint where
thick vaginal tissue meets oviduct tissue on the right
side based on texture and change in coloration (vagi-
nal pouch is white and thick compared to pink and thin
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oviduct tissue), (4) the midpoint in the portion of vagi-
nal tissue at the point of furthest bifurcation, (5) the
midpoint where thicker vaginal tissue meets oviduct tis-
sue on the right side based on texture and change in col-
oration, (6) the intersection of the vaginal pouch with
cloacal opening on the left side. Landmarking required
zooming in the image to place each point. To further
reduce bias during manual landmark placement, speci-
mens were randomly ordered when landmarking rather
than landmarking all individuals of a single species be-
fore moving on to the next species. Landmarks and
semi-landmarks were then placed in tpsDIG2 (Rohlf,
2006).

The shape data were uploaded to R v. 4.04 (R Core
Development Team, 2021) for generalized Procrustes
analysis (GPA) using geomorph v. 3.3.2 (Adams et al.
2021) to align and scale all landmark configurations in
relation to centroid size (Zelditch et al., 2012). Semi-
landmarks were slid using the bending energy criterion
(Perez et al. 2006). GPA data were submitted to PCA
to examine overarching trends in morphospace of the
vaginal pouch and assess potential grouping of species.
We only assessed shape trends in principal components
(PCs) that contained greater than 10% of total vari-
ance since additional PCs accounted primarily for out-
lier specimens. We ran Procrustes ANOVAs assessing
the relationship between vaginal pouch shape, log10-
transformed SVL, species, and reproductive state. Each
Procrustes ANOVA used 1000 iterations. First, we as-
sessed the relationship between shape and species only
to determine if the species differed in shape. We used
the function “pairwise” in RRPP v. 0.6.2 (Collyer and
Adams, 2018; 2019) to determine which species were
different from which other species. Prior to evaluating
how our factors related to one another in more com-
plex Procrustes ANOVAs, we tested whether our fac-
tors were correlated. We used a two-sample t-test of
log10-transformed SVL and reproductive state to de-
termine whether reproductive individuals were statisti-
cally larger than non-reproductive individuals. We then
used an ANOVA with a Tukey post-hoc test to deter-
mine whether there was a relationship between species
and log10-transformed SVL. Both of these preliminary
analyses were plotted as violin plots using ggplot2 v.
3.3.5 to visualize trends. Following these analyses, we
ran a Procrustes ANOVA assessing the relationship be-
tween shape and species after first factoring out SVL
and reproductive state (shape ~ SVL + reproductive
state 4 species).

We assessed inter-specimen variation caused by
intra-individual landmarking error following Singleton
(2002) and Lockwood et al. (2002). We landmarked
a single N. sipedon specimen (NS023) 11 times using
tpsDIG2, which constituted an error subset. We ran
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a GPA which included the full dataset and the error
subset. We then used a principal component analysis
(PCA) to qualitatively assess whether the error sub-
sample grouped closely in morphospace and thus that
landmarking error did not strongly impact overarching
shape trends in morphospace. To further address error,
the average of the PC1, PC2, PC3, and PC4 (constitut-
ing 84.1% of total shape variance) scores were taken for
the error sample. Then the square root of the sum of
squared distances between the average of the error sam-
ple and PC1-4 for each individual specimen were taken
to generate the Euclidean distances between the error
sample and original specimens. We then plotted the dis-
tribution of these distances as a histogram to show that
the error samples were more similar in shape to one an-
other than to other individuals.

Comparison OF 2D and 3D Results for vaginal
pouches

We additionally examined differences between our 2D
vaginal pouch data and 3D data collected for N. rhomb-
ifer as part of a different study (Lara Granados et al. in
press). In brief, models of the lumen of the female N.
rhombifer were scanned and made into 3D models that
were analyzed using auto3dgm (with 1000 landmarks)
(see Lara Granados et al. in press for details). The same
protocols were carried out for female data as those de-
scribed from the 3D shape data of male hemipenes in
this study. We then performed a GPA on the subset
of N. rhombifer data and used PCA to examine differ-
ences in morphospace trends. Similar sets of Procrustes
ANOVAs described for the vaginal pouches above were
run for the N. rhombifer 2D data subset and in 3D
(Lara Granados et al. submitted). Finally, we performed
a two-block partial least squares (PLS) analysis with the
2D data in one block and the 3D data in the other block
to examine whether the two sets of data were strongly
associated (Rohlf and Corti, 2000). We could not assess
vaginal pouch shape in N. sipedon or N. fasciata because
the vaginal pouches were already preserved in 10% For-
malin and we could not make molds of the lumen.

Hemipene shape

We used an EXScan Pro 2X Plus laser scanner and Shin-
ing 3D EXScan Pro software (v. 3.2) to create 3D ob-
ject files for the left hemipene of each male specimen
(Fig. 2). We fixed hemipenes at the base and placed
them on the center of a rotating table and scanned each
specimen at three angles to fully capture the complex
three-dimensional shape. Data were then exported as
obj files, which were imported into MeshMixer to cre-
ate a flat base for every specimen using the “plane cut”
feature.
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Fig. 2 Sulcate view of inflated left hemipenes of N. fasciata (A) N.
sipedon (B) and N. rhombifer (C) next to their corresponding 3D
models. 3D models are based on laser scans of tissue specimens
with the removal of inconsistencies at the basal portion of the
model.

We uploaded 62 male 3D models (N. fasciata; n = 20,
N. rhombifer; n = 22, N. sipdeon; n = 20) into 3D Slicer
as individual object files to be analyzed through Auto-
mated 3D Geometric Morphometrics (auto3Dgm) im-
plemented in SlicerMorph software (Boyer et al. 2015;
Rolfe et al. 2021). The auto3Dgm method involves
the automatic placement of pseudolandmarks on the
surface of 3D models followed by the computing of
correspondences and differences between individuals
within the sample, thereby eliminating landmarking
error, and decreasing subjectivity in landmark place-
ment. For this reason we did not carry out error esti-
mates on landmarking hemipenes as we did with vagi-
nal pouches. The analysis computed pairwise distances
between each pseudolandmark on every 3D hemipene
specimen (Gunnel et al. 2018). We assigned 100 land-
marks for phase 1 and 800 landmarks for phase 2 and
used the phase 2 data for our analyses.

Similar to the female vaginal pouch data, the male
hemipene shape data were first evaluated in mor-

phospace for overarching shape trends using PCA. As
with the female data, only PCs that accounted for more
than 10% of total shape variation were considered.
We first assessed the relationship between species and
log10-transformed SVL using an ANOVA and Tukey
post-hoc test. Results were visualized using a violin plot
as with the female data. To assess whether there was a
significant relationship between reproductive state and
hemipene shape, we examined only N. fasciata because
they were the only species for which we had a similar
number of reproductive (n = 9) and non-reproductive
(n = 11) males. We evaluated reproductive state in mor-
phospace using PCA and then ran a Procrustes ANOVA
of shape and reproductive state using 1000 iterations.
Following this, we ran a Procrustes ANOVA for the
entire male hemipene dataset evaluating differences in
hemipene shape, logl0-transformed SVL, and species
(shape ~ SVL + species) in geomorph and calculated
pairwise comparisons in RRPP.

Results
Vaginal pouch shape

In the full female dataset, only the first three PCs
accounted for more than 10% of total shape varia-
tion (39.2%, 24.2%, and 15.4%, respectively; Table S3).
Along PC1, the entrance of the vagina is wider relative
to the cranial end at the positive end of the axis with
the opposite trend being true at the negative end of the
axis (Fig. 3). The three species are not separated out
clearly along PC1, although N. rhombifer does cluster on
the negative end of PC1. Non-reproductive individuals
tended towards the positive end of PCI and reproduc-
tive individuals tended towards the negative end of PC1.
Unlike PC1, PC2 clearly separates all three species in
morphospace with minimal overlap between N. rhomb-
ifer and the other species and moderate overlap between
N. fasciata and N. sipedon. PC2 is characterized by a
shift in the degree of cranial bifurcation of the vaginal
pouch. In the negative values of PC2, where both N.
fasciata and N. sipedon are located (Fig. 3), the vaginal
pouches are deeply bifurcated. Conversely, N. rhombifer
is located on the positive end of PC2 and has minimal
bifurcation. PC3 accounts for a much smaller degree of
shape change than either PC1 or PC2 and is character-
ized by a slight broadening of the entrance of the vagina
and center of the vaginal pouch with minimal change to
the cranial end of the pouch. Species are not discrimi-
nated along PC3 (Fig. S1).

The three snake species differed in size (loglO-
transformed SVL, F = 18.86, df = 2, p < 0.001) (Fig.
4A), and larger snakes were more likely to be reproduc-
tive (logl0-transformed SVL, t = -10.12, df = 70.91,
p < 0.001) (Fig. 4B). Tukey post-hoc tests revealed N.
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Fig. 3 Principal component analysis (PCA) of vaginal shape. PC| shows the transition from a wider, square pouch (negative values) to a
narrower, curved, bifurcated pouch (positive values). PC2 shows a transition from bifurcated, narrow pouch (bottom) to a wider overall
shape particularly at the cloacal entrance, with very little bifurcation (top). Squares represent reproductive specimens while circles
represent non-reproductive specimens. Deformation grids show specimen shapes located at the extreme ends of each PC.

rhombifer being larger than N. fasciata and N. sipedon
(both p-values < 0.001). However, N. fasciata and N.
sipedon did not differ significantly in size (p = 0.325).
The model examining the relationship between vagi-
nal pouch shape, logl0-transformed SVL, reproduc-
tive state, and species (shape ~ SVL + reproductive
state + species) revealed that all factors were signifi-
cant (Table 1; Table S4). SVL accounted for 23.5% of
shape variation, reproductive state accounted for 4.9%
of shape variation, and species accounted for 16.2% of
shape variation. Pairwise tests revealed that all three
species were significantly different from one another
in vaginal pouch shape (p < 0.001). The pairwise dis-
tances between means were lowest for N. fasciata and N.
sipedon (d = 0.09), were relatively higher for N. rhomb-
ifer and N. sipedon (d = 0.11), and were highest for N.
fasciata and N. rhombifer (d = 0.15). These results mir-
ror those found in the PCA.

The intra-observer error analysis for the vaginal
pouches revealed a low degree of scatter for the error
subset within the morphospace (Fig. S2A; Table S5).
This suggests that intra-observer landmarking error is
unlikely to have significantly impacted morphospace
trends. To quantitatively measure the error, we plotted

a frequency distribution of the Euclidean distances be-
tween the mean of the error sample and each individual
specimen, including all error replicates (Table S6). The
error replicates had Euclidean distances that were closer
to the mean of the error dataset than to any other indi-
vidual specimen in the analysis (Fig. S2B).

Comparison OF 2D VS. 3D Results for vaginal
pouches

The results of the Procrustes ANOVA analysis and the
morphospace trends in PCA for female N. rhombifer
were similar in 2D and 3D (data for 3D analyses in Lara
Granados et al. in press). SVL was significantly associ-
ated with vaginal pouch shape in both methods (2D:
F=3.21,P=0.024; 3D: F = 3.32, P < 0.001), whereas
reproductive status was not (2D: F = 1.43, P = 0.223;
3D: F = 1.40, P = 0.122). Examination of PC1 and PC2
showed similar shape variation with both methods (Fig.
S4). In both 2D and 3D data, PC1 describes variation in
the aspect ratio of the vagina, with vaginal pouches on
one end being narrower than at the other end. PC2 also
similarly describes variation between a squarer look-
ing vaginal pouch on one end, and a wider and more
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Fig. 4 Violin plots showing relationship between SVL and species
for females (A) and reproductive status (B) across all female
specimens (n = 92). Violin plots showing the relationship between
SVL and species for males (C)

bifurcated pouch on the opposite end. However, the
separation of reproductive and non-reproductive fe-
males was more obvious in PC2 than in PC1 in the
2D data, with most reproductive females falling along
the positive end of PC2, whereas it was more obvi-
ous along the PC1 in 3D data, with reproductive fe-
males falling along negative values of PC1. The lat-
eral aspect of the vaginal pouch was narrower for
reproductive versus non-reproductive females in 3D,
and this view was missing from our 2D study. De-
spite strong similarities in biological signal across the
two datasets, the PLS analysis suggested limited asso-
ciation between the 2D and 3D data (rPLS = 0.651,
P = 0.445).

Hemipene shape

Before examining trends in hemipene shape across all
three species, we first evaluated the relationship be-
tween shape and reproductive state in N. fasciata. For
N. rhombifer, we had mostly reproductive males, in N.
sipedon we had mostly non-reproductive males, and
only in N. fasciata we had fairly equal numbers of re-
productive and non-reproductive males. Plotting the N.
fasciata data as reproductive and non-reproductive in
morphospace revealed no obvious trend, with strong
overlap between the two groups (Fig. S3). A Procrustes
ANOVA shows that hemipene shape and reproductive
state were not significantly correlated with one another
in N. fasciata (F = 0.515, P = 0.73). Therefore, we are
unlikely to be missing important trends by not consid-
ering reproductive state in the multi-species hemipene
dataset.

In the full male dataset, only PC1 and PC2 ac-
counted for > 10% of total shape variation (60.3% and
12.76% respectively). The PCA revealed distinct clus-
tering based on species (Fig. 5). Along PC1, specimens
of N. rhombifer are highly concentrated in the negative
region where the hemipene is more cylindrical, lacks
marked bilobation, and has a wide shaft, widest at the
base that marks the position of the large and curved
basal spines observed in N. rhombifer. In contrast, N.
fasciata and N. sipedon remain mostly on the positive
end of this axis that describes deep bilobation and much
narrower shafts with no widening of the base, reflecting
relatively small and straight basal spines that lie against
the shaft. There is limited separation of species along
PC2, but N. sipedon remains mostly within the posi-
tive quadrant whereas N. rhombifer clumps toward the
middle and N. fasciata toward the negative end. Neg-
ative values of PC2 are representative of a wider over-
all hemipene shape in both the basal and apical regions
as well as from sulcal and lateral views. Nerodia fas-
ciata occupies this negative quadrant of PC2 whereas
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Table | Procrustes ANOVA and pairwise comparisons output for all females. SVL = Snout-vent length. Repro = reproductive state.

Model: Vaginal Pouch Shape ~ SVL + Reproductive State + Species

Df SS MS

Rsq F z Pr(>F)

SVL |
Repro |

0.495 0.495
0.104 0.104
0.341 0.17
I.163 0.013
2.103

Species 2
Residuals 87
Total 91

0.235
0.049
0.162
0.553

37.034 5.685
7.781 3.719
12.744 6.07

0.001
0.001
0.001

Asulcal

Sulcal

P ® N. rhombifer
® N. fasciata
® N. sipedon

0.1

-0.2
1

Principal Component 2 (12.76%)
[ J
@
@

Negative PC1 (Purple)
Positive PC1 (Green)

T T f T
-0.2 -0.1 0.0 0.1

Principal Component 1 (60.3%)

0.2

Negative PC2 (Red)
Positive PC2 (Blue)

03

Fig. 5 Principal component analysis of hemipene shape. 3D clusters show hemipenal shape variation in PC| and PC2 from cranial and
lateral perspective. The purple point cloud corresponds with the sub-cylindrical hemipene shape at the negative end of PCI. The green
point cloud corresponds with bilobed hemipene shape at the positive end of PCI. The red point cloud corresponds with the elongated
hemipene base shown at the negative end of PC2. The blue point cloud corresponds with the wide base and widened width at the positive

end of PC2.

N. sipedon occupies the positive values where overall
hemipene shape is narrower (Fig. 5).

All three species were significantly different in SVL
from one another at a 95% confidence interval with N.
rhombifer being the largest, N. fasciata being interme-
diate, and N. sipedon being the smallest (Fig. 4C, log10-
transformed SVL, df = 2, F = 58.35, P < 0.001). Tukey
post hoc tests revealed that N. rhombifer was signifi-
cantly larger than the other two species (P < 0.001), but
that N. fasciata and N. sipedon were not significantly dif-
ferent in size (P = 0.057). When examining the relation-
ship between hemipene shape, SVL, and species (shape
~ SVL + species), we found that both factors were sig-
nificantly correlated with shape (p < 0.001) (Table 2; Ta-
ble S8). SVL accounted for 22.1% of shape variation and
species accounted for 32.1% of shape variation. All three
species significantly differed in shape based on pairwise
comparisons, with N. fasciata and N. sipedon being the
most similar to one another (d = 0.139, P = 0.003),

and N. rhombifer being significantly different from both
other species (P-values < 0.001). As with the vaginal
pouch data, these results mirror those found in the
PCA.

Discussion

We show quantitatively that the shape of the vaginal
pouch and the hemipenes of three species of water-
snakes differs according to their divergence time, with
N. fasciata and N. sipedon being more similar to one
another than to the more phylogenetically distant N.
rhombifer. We show that female vaginal pouches in
different species are significantly different from each
other in the relative size of the vaginal pouch opening
compared to the cranial end of the pouch, with most
N. rhombifer having proportionately similar widths in
the openings and cranial ends and N. fasciata and N.
sipedon having larger openings and relatively narrower
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Table 2 Procrustes ANOVA and pairwise comparisons output for all males.

Model: Hemipene Shape ~ SVL + Species

Df SS MS Rsq F z Pr(>F)
SVL I 0.572 0.572 0.221 28.037 3.329 0.001
Species 2 0.829 0.415 0.321 20317 4.463 0.001
Residuals 58 1.184 0.02 0.458
Total 6l 2.585

cranial ends. Nerodia rhombifer clearly separates from
the other two species in that it has a minimally bifur-
cated vaginal pouch, whereas both N. fasciata and N.
sipedon have deep bifurcation. In the hemipenes, the
main axis of variation relates to the degree of bilobation,
with N. rhombifer having no distinct lobes and a wider
shaft specially at the base where the basal spines are lo-
cated, and the other two species having large, bifurcated
lobes and narrower shafts that reflect a reduction of the
basal spines. These results contradict the hemipene clas-
sification of King et al. (2009), where N. rhombifer is
classified as bilobed, and suggest that bilobation and
basal spines are two independent mechanisms that al-
low males to anchor to the female during copulation.
This work provides the basis for further comparative
work on snakes that can help determine if the evolution-
ary rate of genitalia corresponds to evolutionary time in
this group.

From these morphological observations and previ-
ously reported observations of mating conflict in Nero-
dia, we can speculate how changes in their genitalia
may have evolved. Males with a simple, more cylindri-
cal hemipene may require larger and/or more curved
spines to more effectively anchor inside the female, es-
pecially if she tries to dislodge the male quickly during
copulation (e.g., King et al. 2009; Friesen et al. 2014).
If the spines cause harm to the females, selection on
females may limit the damage of copulatory wound-
ing by making the spines less effective. A widening of
the opening of the pouch may make anchoring of the
hemipene spines more difficult, so that males require
an additional anchoring mechanism, in this case bilo-
bation. Females then also become bifurcated because of
likely reduced harm of the anchoring using lobes com-
pared to the large basal spines. If a bilobed shape is ef-
fective at keeping the male anchored, the basal spines
may become reduced in size, and become more straight.
Such a change would benefit females if it reduces harm
brought by basal spines anchoring in her vaginal mu-
cosa. Finding evidence for this phenomenon would re-
quire closer examination of copulatory mechanics and
basal spine morphology across a wider range of Nero-
dia species. Our current hypothesis is supported by the
observation that N. erythrogaster, a species sister to N.

fasciata and N. sipedon that shared a last common an-
cestor more recently than with N. rhombifer (4.1 mya vs.
6.5 mya) has deeply bilobed hemipenes, but also retains
the larger and curved basal spines seen in N. rhombifer
(Cadle, 2011). This suggests that these two traits may
evolve independently.

Further differences in the relative size of the vagi-
nal pouch opening between N. fasciata (narrower) and
N. sipedon (wider), could be a potential female-driven
mechanical barrier to hybridization. Considering the
cloaca is the point of entrance for the hemipene (not
just the anchoring point to the spines), this divergence
in vaginal pouch widening could indicate a female-
evolved reproductive isolation mechanism to prevent
interpopulation mating that is worth investigating in a
future study. Current evidence suggests that hybridiza-
tion of these two species in contact zones is common,
but N. fasciata genes dominate in the hybrids (Mebert,
2008).

Our findings revealed distinct genital shape covaria-
tion in males and females across closely related species
of Nerodia, and are consistent with the patterns of
species-specific genital diversity often observed in squa-
mates (Brennan and Prum 2015). The data showed sig-
nificant shape differences across species pairs for both
vaginal and hemipenal shape, where shape changes in
one sex correspond with changes in the other. In this
case, bilobation was found in both males and females
of N. fasciata and N. sipedon and not in either sex of
N. rhombifer (Figs. 3, 5). While we could not directly
compare genital size between females and males of N.
sipedon and N. fasciata because we used 2D vs 3D meth-
ods to quantify their shape, we found that the there
are no differences in genital size in female and male N.
rhombifer in 3D (Lara-Granados et al., in press), further
suggesting coevolution to allow for mechanical fit dur-
ing copulation.

In our comparison of female vaginal pouches in N.
rhombifer for 2D data in this study and 3D data in Lara
Granados et al. (in press), we found that the main as-
pects of shape variation were similar for both meth-
ods, revealing variation in the aspect ratio of the vagina,
as well as the degree of bifurcation. Similarly, the Pro-
crustes ANOVAs also showed significant differences in
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vaginal pouch shape associated with SVL and not with
reproductive state (although note that SVL and repro-
ductive state were strongly correlated in both sets of
analyses). This means that when computing resources
are limited, 2DGM analysis may suffice for studies of the
vaginal pouch and that biological signal is not lost, a re-
sult similarly found by Cardini and Chiapelli (2020) in
horse crania. However, our low correlation between 2D
and 3D data demonstrates that 2D and 3D data are not
interchangeable and though the biological signals are
the same across our 2D and 3D data, 2D is not fully cap-
turing shape—a result also found by Cardini and Chia-
pelli (2020). The missing element from the 2D analysis
was the observation that the cranial end of the vaginal
pouch becomes narrower in its lateral aspect in more
reproductive females, likely to facilitate sperm trans-
fer (Lara Granados et al. submitted). This observation
may or may not be consistent across species. Generally,
the approximation of 3D structures into 2D is not al-
ways perfect and 2D and 3D analyses on the same data
may generate differing trends (e.g., Hedrick et al. 2019).
Given the large number of studies using each method-
ology, it is important that future studies establish when
and how to employ 2D approximations of 3D structures.

We could not include reproductive status for all
species in our analyses because we had differing sample
compositions in each species. We had fairly equal num-
bers of reproductive and non-reproductive males only
in N. fasciata, and the single-factor Procrustes ANOVA
analysis of reproductive status and hemipene shape in
N. fasciata did not show significant differences associ-
ated with reproductive status (Fig. S3). This allowed us
to rule out reproductive status as a confounding variable
influencing our main three species analyses. In the fu-
ture, it would be beneficial to have larger sample sizes
that include equal representation of reproductive and
non-reproductive males of each species to more effec-
tively analyze the relationship of reproductive status to
male hemipene shape across Nerodia.

In addition to reinforcing previous findings in both
squamate and general genital evolution studies, this re-
search represents the first attempt to measure hemipene
morphology across species using automated landmark-
ing methods. The structural similarities in N. fasciata
and N. sipedon hemipenes led us to believe they would
not have significant shape differences, and although our
findings contradicted this prediction, they confirm the
ability of automated 3DGM to capture complex shape
variation that is difficult to estimate with the naked eye.
Another advantage of auto3dgm is that it eliminates
the need to landmark by hand, thereby eliminating ob-
server errors related to landmark placement (Rolfe et al.
2021). However, despite this shortcoming of 2D land-
marking, our study also demonstrates the repeatability

J.F. Greenwood et al.

of 2DGM since we confirmed previously found results
for female genital variation in N. fasciata and N. sipedon
(Showalter et al., 2014).

This study adds to the growing research on female
genital variation and explores shape covariation in the
genitalia of males and females, suggesting a potential
scenario for a coevolutionary arms race between males
and females. We also quantify genital shape differences
amongst species of snakes who diverged at different
times from their last common ancestor showing that di-
vergence time affects genital divergence. Further work
in a larger comparative context would help elucidate
how widespread the patterns we observe may be.
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