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1 | INTRODUCTION

Abstract

One of the current challenges of evolutionary ecology is to understand the effects of
phylogenetic history (PH) and/or ecological factors (EF) on the life-history traits of the
species. Here, the effects of environment and phylogeny are tested for the first time
on the reproductive biology of South American xenodontine snakes. We studied 60%
of the tribes of this endemic and most representative clade in a temperate region of
South America. A comparative method (canonical phylogenetic ordination—CPQ) was
used to find the relative contributions of EF and PH upon life-history aspects of
snakes, comparing the reproductive mode, mean fecundity, reproductive potential,
and frequency of nearly 1,000 specimens. CPO analysis showed that PH or ancestry
explained most of the variation in reproduction, whereas EF explained little of this
variation. The reproductive traits under study are suggested to have a strong phyloge-
netic signal in this clade, the ancestry playing a big role in reproduction. The EF also
influenced the reproduction of South American xenodontines, although to a lesser
extent. Our finding provides new evidence of how the evolutionary history is embod-

ied in the traits of living species.
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to understand how ancestral heritage (phylogenetic inertia) and nat-
ural selection (adaptation) have molded the features we observe in

Ecology and evolutionary biology have remained separate for many
years, but now it is recognized that both disciplines are almost in-
separable. For this purpose, comparisons among species are one of
the most widely used methodologies in all areas of evolutionary bi-
ology (e.g., Bellini, Giraudo, Arzamendia, & Etchepare, 2015; Colston,
Costa, & Vitt, 2010; Morales & Giannini, 2010; Tulli, Cruz, Herrel,
Vanhooydonck, & Abdala, 2009; Vera Candioti & Altig, 2010). The
analysis of interspecific variation in life-history traits provides a basis
for understanding evolutionary patterns and remains a major tool for
evolutionary biologists (Pizzatto, Almeida-Santos, & Shine, 2007a;
Zuffi et al.,, 2009). In particular, interspecific comparisons allow us

the present species. Such analyses explicitly recognize that species
share many characteristics as a consequence of their common ances-
try (Freckleton, 2000). In other words, ecological data for species are
compared in a phylogenetic framework to investigate whether a rela-
tionship exists among ecological and phylogenetic similarities (Losos,
2008). Some of the strongest suggestive evidence of adaptation
comes from empirical patterns of covariation between morphology,
reproductive biology, and general ecology (e.g., habitat use). Such pat-
terns can allow strong inferences about the selective forces that have
shaped life-history diversity (Pizzatto, Almeida-Santos, & Marques,
2007b).
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Westoby, Leishman, and Lord (1995) initiated a controversy about
what they called “phylogenetic correction” which is the control for
phylogeny in comparative analyses. The comparative methods parti-
tion explained variation of ecological data in such a way that they
allocate the maximum possible variation in a trait to phylogeny consid-
ering only the residual as potentially attributable to ecology (Westoby
et al.,, 1995). The technique of variation partitioning is used when two
or more complementary sets of hypotheses can be invoked to explain
the variation of a response variable (Legendre, 2007). Indeed, the phy-
logenetic portion of the total variance of the variable of interest may
contain components related to ecology, so a portion of that variance
would no longer be exclusive to phylogeny, but it would be a shared
variance between this and the ecology. This method controls for the
phylogenetic component in the variables when estimating the influ-
ence of present-day ecological factors. This is justified by the principle
of parsimony, because related species do share phylogenetic history,
and our interest is to quantify how other factors account for the distri-
bution of characters (Desdevises, Legendre, Azouzi, & Morand, 2003).

Most aspects of ectotherms (morphology, behavior, physiology,
and reproduction) are strongly influenced by environmental factors
(Zuffi et al., 2009). This makes snakes appropriate organisms for com-
parative studies, in which phylogenetic history (PH) versus ecological
factors (EF) are contrasted. In this work, we tested the effects of envi-
ronment and phylogeny on the reproductive biology of South American
xenodontine snakes. Reproduction is perhaps the single most import-
ant biological function as it is the means by which organisms trans-
mit genes to the next generation (Van Dyke, Brandley, & Thompson,
2014). As reproduction is a major component of an organism’s life his-
tory, elucidating reproductive characters is essential for understanding
the animal life cycle (Almeida-Santos et al., 2014; Pizzatto, Jordao, &
Marques, 2008a; Shine, 2003). Reproduction in reptiles is influenced
by ecological, environmental, phylogenetic, and geographical factors
(Cadle & Greene, 1993; Di-Bernardo, 1998; Giraudo, Arzamendia, &
Lépez, 2007; Gregory & Larsen, 1993). The strong causal link between
life-history traits and individual reproductive success has encouraged
many researchers to look for an adaptive basis to variation in life-
history traits. That search has revealed immense diversity among taxa,
with some traits exhibiting strong phylogenetic conservatism among
major lineages, whereas other traits display remarkable convergence
and parallelism (Shine, 2005).

Reproductive biology of snakes includes different factors, such
as reproductive mode, reproductive cycles, fecundity, age and size
at maturity, sexual dimorphism, mating systems, and reproductive
behavior (Almeida-Santos et al., 2014). Generally, variation in those
reproductive characteristics in squamates is attributed to different EF,
such as climatic conditions and/or food availability (see Barros, Rojas,
& Almeida-Santos, 2014; Gregory, 2009; Shine, 2003). On the other
hand, the absence of variability in these traits among populations of
reptiles that live under different climatic conditions is commonly at-
tributable to the influence of PH, even without performing analyses
(see Barros, Sueiro, & Almeida-Santos, 2012; Shine, 2005). According
to Shine (2003), female snakes coordinate their reproductive decisions
with temporal fluctuations in energy availability. In these organisms,

the costs of reproduction impose strong selection pressure, forc-
ing them to adjust their reproductive strategies to local conditions.
Abiotic, ecological, and geographical factors condition sexual maturity,
fecundity, and sexual dimorphism, generating divergence in reproduc-
tive tactics among and within species (Shine, 2003; Vitt & Vangilder,
1983). For example, particular adjustments were observed in the re-
productive types and phenology when species of aquatic and terres-
trial snakes were compared in an extensive study in the Middle Parana
River (Giraudo et al., 2007). This research showed that the use of hab-
itat could influence the reproductive characteristics of snakes. On the
other hand, characters related to reproduction in Neotropical snakes
seem to be relatively conservative in some phylogenetic lineages, al-
though in other groups even closely related species may differ widely
in their reproductive ecology (Pizzatto et al., 2008b).

Even the reproductive mode is generally phylogenetically con-
strained in snakes, which reproduce either by laying eggs (oviparity)
or by giving birth to live young (viviparity) (Feldman et al., 2015). In
some studies, the influence of both EF and PH was recognized in rep-
tile reproduction (Cadle & Greene, 1993; Di-Bernardo, 1998; Gregory
& Larsen, 1993). However, despite this recognition, it was not actually
measured in snakes. Some authors have recently begun to incorporate
some phylogenetic explanations for certain reproductive characteris-
tics, although there are still different views regarding this topic and
much remains to be investigated. Pizzatto et al. (2008a), for example,
stated that clutch size, duration of vitellogenesis, and egg-carrying pe-
riod are likely to be conditioned by phylogenetic factors, but they do
not report any analyses about this topic. Something similar happens
with the studies of Barros et al. (2012, 2014) in which they proposed
phylogenetic inertia for some reproductive patterns or strategies with-
out any specific analyses. They even argue, without analytical support,
that the timing of female reproductive events in snakes may be con-
servative in a lineage, despite being influenced by factors such as cli-
mate conditions and food availability.

Most studies of snakes in South America were focused primar-
ily on the natural history of the species, and research on the effects
of ecology and evolutionary history is still scarce (Franca, Mesquita,
Nogueira, & Araujo, 2008). Moreover, most of these studies only an-
alyzed traits such as diet and morphology; only one contribution has
been made considering ecological and phylogenetic aspects of South
American squamate reproduction, but it was conducted on subtropical
lizards (Mesquita & Colli, 2010).

Temperate environments of South America are particularly useful
for the investigation of patterns of reproductive cycles and the effects
of environment on the reproductive biology of snakes (Mesquita,
Mattos, Sa-Polidoro, & Cechin, 2013). Our key question is to what ex-
tent ecological factors or phylogenetic relationships influence or inter-
act in the major reproductive attributes of snakes.

We focus in Xenodontinae as a model because is one of the larg-
est subfamilies of snakes, all restricted to the New World and char-
acterized by a great morphological and ecological diversity (Cadle,
1984; Cadle & Greene, 1993; Grazziotin et al., 2012; Vidal, Kindl,
Wong, & Hedges, 2000). Even more, it appears that each xenodon-
tine lineage (North, Central, and South American xenodontines) is
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able to invade many ecological niches (Vidal et al., 2000). Although
the chasm between the ecological and phylogenetic contributions to
species characters seems to be extensive, resolving this controversy
will undoubtedly play a huge role in the development of evolutionary
ecology. With this purpose in mind, we have continued the study of
temperate South American snake communities already started in pre-
vious studies. To this end, we tested the phylogenetic and ecological
influence on the reproduction in snakes, using comparative methods
that combined life-history data with current phylogenetic hypotheses.
In this opportunity, we focus on the South American xenodontines,
or Xenodontines sensu stricto, which comprise the Dipsadidae, a
Neotropical endemic family proposed by Zaher et al. (2009). The anal-
ysis included 60% of the tribes of this endemic and most representa-

tive clade in South America.

2 | MATERIALS AND METHODS

2.1 | Studyarea

The field study was carried out in a temperate area of South America
between 24°30’S and 35°30’S latitude, and 65°'W and 53°W longi-
tude, a region in the Chacoan dominion (sensu Morrone, 2014). This
area is characterized by a mosaic of vegetation ranging from savan-
nas and grasslands to temperate deciduous forests, with a wide vari-

ety of wetlands. The geomorphology and landscape of this area have

TABLE 1 Reproductive and ecological
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been strongly influenced by the three large South American rivers
of the Plata Basin—the Parana, Uruguay, and Paraguay Rivers—that
converge to form the La Plata River. Cabrera (1994) and Morrone
(2014) described phytogeographical and zoogeographical aspects of
the region. The climate is seasonal, with a hot and rainy spring (mean
temperature: 25°C) and summer (mean temperature: 27.5°C) and a
dry autumn (mean temperature: 15°C) and winter (mean temperature:
10°C). Precipitation decreases from northeast to southeast, and an-
nual precipitation ranges from 800 to 1,800 mm (Iglesias de Cuello,
1982; Paoli, Iriondo, & Garcia, 2000).

2.2 | Reproductive data collection

Reproductive data were obtained by analyzing 918 adult females be-
longing to 17 species of snakes, which belonged to nine genera and
six tribes of the subfamily Xenodontinae. The number of individuals
from each species is shown in Table 1. The study area was sampled
from January 1991 to April 2014, mainly by means of road sampling
and time-constrained searches in different habitats. Recently, road-
killed snakes that were in good condition were preserved for col-
lecting reproductive data. All collected specimens are housed in the
collection of the Instituto Nacional de Limnologia (INALI, Santa Fe,
Argentina). The material was supplemented with data from specimens
deposited in the following scientific collections: Museo Argentino

de Ciencias Naturales “Bernadino Rivadavia” (MACN, Buenos Aires),

attributes of 17 species in a temperate Tribe Species N RM_RF RP MF sU HU
South American snake community Philodryadini Philodryas aestiva 21 (0] 0.8 M 10 T S
Philodryas olfersii 22 (0] 0.5 L 7 A FO
Philodryas patagoniensis 118 (0] 0.9 H 12 T S
Tachimenini Thamnodynastes 48 \% 0.8 M 11 T W
chaquensis
Thamnodynastes 67 Vv 0.5 L 8 AQ W
hypoconia
Thamnodynastes strigatus 20 \% 0.5 M 11 AQ W
Hydropsini Helicops infrataeniatus 65 \% 0.5 M 17 AQ W
Helicops leopardinus 95 \ 0.5 M 15 AQ W
Hydrodynastini  Hydrodynastes gigas 77 (e} 0.7 H 23 AQ W
Pseudoboini Paraphimophis rustica 20 (0] 0.6 M 9 T S
Boiruna maculata 18 O 05 L 8 T S
Xenodontini Erythrolamprus jaegeri 21 (e} 0.6 L 6 T G
Erythrolamprus 93 (6] 0.6 M 8 T G
poecilogyrus
Erythrolamprus 90 (o] 0.9 H 14 AQ W
semiaureus
Lygophis anomalus 62 (o] 0.5 L 7 T S
Xenodon dorbingyi 32 (0] 07 M 11 F S
Xenodon merremii 49 (6] 0.8 H 16 T G

References: A, arboreal; AQ, aquatic; F, fossorial; Fo, forest; G, generalist; H, high; HU, habitat use; L,
low; M, medium; MF, mean fecundity; N, number of individuals; O, oviparous; RF, reproductive fre-
quency; RM, reproductive mode; RP reproductive potential; S, savanna; SU, substrate use; T, terres-
trial; V, viviparous; W, wetland.
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Coleccion del Museo de La Plata (MLP, Buenos Aires), Museo Antonio
Serrano (MAS, Entre Rios), Universidad Nacional del Nordeste (UNNE,
Corrientes), and Museo Provincial de Ciencias Naturales “Florentino
Ameghino” (MFA, Santa Fe).

Snakes were sexed by direct examination of gonads. Snakes with
vitellogenic follicles, oviductal eggs, or folded oviducts were consid-
ered to be mature and were used for the analysis (see Leite, Nunes,
Kaefer, & Cechin, 2009; Pizzatto et al., 2007a, 2008a). The diameter
of the largest ovarian follicle or oviductal egg (length and width in mm)
was recorded using a digital caliper. The snout-vent length (SVL) was
measured with a flexible ruler (in mm). We defined the reproductive
season as the period from secondary vitellogenesis to oviposition
or the bearing of young (Leite et al., 2009). Reproductive frequency
(RF) was estimated by the percentage of reproductive females in the
sample (Pizzatto, 2005). Fifty percentage or less of mature females
with no vitellogenic follicles or eggs in the reproductive season was
an evidence of biannual or multiannual reproductive cycle (Bellini,
Arzamendia, & Giraudo, 2013). By contrast, an annual frequency is as-
sumed when more than 50% of the population of mature females are
reproductively active in the breeding season. Oviductal eggs and em-
bryos were counted to estimate the mean fecundity (Almeida-Santos
et al., 2014; Pizzatto, 2005). The reproductive potential (RP), which
shows the number of potential neonates of one species per female
per year, was estimated as mean fecundity x reproductive frequency
(Trauth, 1978). The RP was classified into the following categories:
low, when the value was less than five; medium, when the value was
more than five and less than ten; and high, when the value was more

than ten.
2.3 | Statistical analysis

Following the methodology proposed by Morales and Giannini (2010),

we first carried out a redundancy analysis (RDA) to test whether the

— Philodryas olfersii

C [ Hydrodynastes gigas

Xenodontinae :
Boiruna maculata
Lygophis anomalus
Xenodon merremi

E Xenodon dorbignyi

Philodryas aestiva subcarinata
A L Philodryas patagoniensis

—— Thamnodynastes chaquensis
Thamnodynastes hypoconia
L Thamnodynastes strigatus

Helicops infrataeniatus
D _|: Helicops leopardinus

_|: Paraphimophis rustica

use of the substrate and habitat (ecological variables) was associated
with reproductive variation. RDA is an ordination technique deriving
from PCA, with a linear constraint represented by explanatory vari-
ables of an external matrix (ter Braak, 1995). In our study, the main
matrix is represented by reproductive variables: mean fecundity,
reproductive mode (oviparous, viviparous), reproductive frequency
(annual, biennial), and reproductive potential (low, medium, high),
hereafter termed the “reproduction matrix.” The external matrix is rep-
resented by the assignment of the 17 species to each of the categories
from the ecological classifications, hereafter termed the “ecological
matrix.” The ecological matrix was made with published information
from field studies in the study area (Arzamendia & Giraudo, 2009;
Bellini, Giraudo, & Arzamendia, 2014; Bellini et al., 2013; Giraudo,
2001; Giraudo, Arzamendia, Bellini, Bessa, & Costanzo, 2014; Giraudo
et al., 2007). The ecological variables were associated with the use of
substrate (aquatic, terrestrial, arboreal, fossorial) and use of habitat
(forest, wetland, savanna, generalist). Significance was evaluated using
9999 unrestricted Monte Carlo permutations for individual ecologi-
cal categories, using forward stepwise addition. In all cases, the alpha
level of significance was set at 0.05.

Then, we used a phylogenetic comparative method, canonical
phylogenetic ordination (CPO; Giannini, 2003), to determine the re-
productive variation explained by historical factors (phylogeny), and
its covariation with other factors (habitat use, substrate use). CPO is
a form of canonical ordination that uses the nested set of clades to
which the taxa of the main matrix belong as an external matrix. In
this application, CPO was a variance-covariance RDA, again with the
reproduction matrix as the main matrix. The external matrix (phylo-
genetic matrix) consisted of a set of binary variables coding the clade
membership of each individual and species (assigning Os and 1s based
on whether species belong to a group or not). The phylogenetic ma-
trix was constructed using the phylogeny proposed by Grazziotin et al.

(2012), as shown in Figure 1.

A= Philodryadini + Tachymenini
B=A+D

C= Hydrodynastini +
Pseuodoboini

D= Hydropsini + C

E= Xenodon + Erytrholamprus

Philodryadini
Tachymenini
| Hydropsini

| Hydrodynastini
Pseudoboini

Xenodontini

Erythrolamprus poecilogyrus
Erytrholamprus semiaureus

Erythrolamprus jaegeri

FIGURE 1 Phylogenetic relationships among 17 species of snakes used in the analysis. Oviparous clades are showed in black, and viviparous

clades are showed in red
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The significance of clade variables was first tested individually using
9999 unrestricted Monte Carlo permutations. A forward stepwise se-
lection of clades from the tree matrix was then performed in order to
obtain the reduced tree matrix that maximally explains the historical
share of reproductive variation (see Giannini, 2003). Finally, using the
same multivariate approach, we tested for the possible covariation of
ecology and phylogeny using partial CPO (pCPO) (Giannini, 2003). In our
example, the variation explained is partitioned into three components:
ecology alone, clades alone, and their covariation. All ordinations were

computed using Canoco for Windows 4.5 (ter Braak & Smilauer, 1998).

3 | RESULTS

When comparing the reproductive attributes between oviparous and
viviparous snakes, some patterns were found. Low and medium repro-
ductive potential did not seem to be related to the reproductive mode
or frequency (Table 1). However, high reproductive potential seemed
to follow a pattern, as it only occurred in oviparous species with an-
nual reproductive frequency (Table 1).

Monte Carlo permutation tests on ecomorphological and phy-
logenetic matrices reduced the number of significant groups to be
included in the pCPO model. The RDA using the ecological matrix
resulted in only one classification, the aquatic variable, significantly
explaining some fraction of the ecological variation (24.2% of total in-
ertia; F, = 6.1; p =.01). This variable was subsequently used in partial
CPO analysis. The first two axes of this analysis explained 97% of the
variation.

Monte Carlo permutations revealed a significant phylogenetic ef-
fect on the reproductive characteristics of the species studied. The
CPO showed that phylogeny explained 67.4% of the variation in re-
production, whereas 32.6% of the variation remained unexplained.
The first two axes of this analysis explained 73% of the variation.
The clade with the greatest variability was the tribe Hydrodynastini
(43.1%), to which the aquatic species Hydrodynastes gigas belongs.
The following significant clade was the tribe Hydropsini (20.6%). The
last clade contributing to significant reproductive divergence was the
genus Xenodon (9.8%) (Table 2). These three significant clades were

those used in the pCPO analysis.

TABLE 2 Results of canonical phylogenetic ordination for
reproduction of 17 species in a temperate South American snake
community

Taxa Contribution (%) F p

Hydrodynastini 43.1 11.4 .05
Hydropsini 20.6 8 .01
Xenodon 9.8 4.8 .03

Clades are ranked by amount of variation explained at each node.
Percentage of the contribution (relative to explains variation—67.4% -);
and F and p values for each variable are given (9,999 permutations were
used) for each main matrix. Note that no groups used for selection of vari-
ables yielded individual p < .05.
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The partial CPO showed that the overall variance in reproduction
explained by ecology and phylogeny was 73% (F, = 12; p =.0005); this
variance was partitioned into variances unique to ecology (6%; F, = 3.8;
p=.06), unique to phylogeny (49%; F,=10.2; p=.001), and the
shared variance (18%). The remaining variance was unexplained (27%)
(Figure 2). A plot of this analysis showed that the CPO axis 1 divided
the oviparous from the viviparous species, because these reproductive
variables were negatively correlated (Figure 3). In addition, the plot re-
vealed that viviparous species were positively correlated with medium
reproductive potential and mean fecundity, while the oviparous ones
were positively correlated with high and low reproductive potential.
On the other hand, the aquatic ecological variable was highly and pos-
itively correlated with the tribe Hydropsini, but not as strongly, though
positively correlated, with Hydrodynastini. On the contrary, the only
significant ecological variable (aquatic) was negatively correlated with
Xenodon, a genus composed of terrestrial and fossorial species (Table 1).

When the response variables (reproduction) were evaluated to-
gether with the explanatory variables (ecology and phylogeny), more
comprehensive results were obtained. On the one hand, there was a
high positive correlation between the tribe Hydropsini and the vivipa-
rous reproductive mode, whereas the correlation was positive, though
not as strong with the mean fertility, and weaker but still positive with
the medium reproductive potential. On the other hand, the correlation
of the tribe Hydrodynastini was high and positive with the mean fe-
cundity, as it also was with the oviparous reproductive mode. Finally,
we obtained near-zero correlation of both tribes with reproductive fre-
quency, although it was positive for Hydrodynastini and negative for
Hydropsini. The aquatic variable was highly and positively correlated
with the viviparous reproductive mode, while the correlation was high
but negative with the oviparous mode. Finally, we can see in the plot
how the different species were associated with different reproductive,

ecological, and phylogenetic variables (Figure 3).

4 | DISCUSSION

Retrieving the evolutionary history of Xenodontinae using ecologi-
cal clues is a very difficult task, as they display such a high degree of

f s
= P
3 >
2 0 0, | =
= 4904 18% 6% =

&
2 S

= 27% Unexpleined

FIGURE 2 Diagram from a partial canonical phylogenetic
ordination (pCPO). Compared groups are represented by circles,
and the letters represent individual estimated fractions. A, exclusive
variance of phylogeny; B, exclusive variance of ecology; C, shared
variance
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FIGURE 3 Triplot of snake reproduction from a partial canonical
phylogenetic ordination (pCPO). Ecological and phylogenetic variable
arrows (red): Each arrow points in the direction of the steepest
increase of variable values. The angle between arrows indicates

the correlation between individual variable. Reproduction variable
arrows (blue): Each arrow points in the direction of the steepest
increase of the values for corresponding reproduction variable. The
angle between arrows indicates the sign of the correlation between
the reproduction variables: The approximated correlation is positive
when the angle is sharp. Species are represented by green circles.
Bm, Boiruna maculata; Ej, Erythrolamprus jaegeri; Ep, Erythrolamprus
poecilogyrus; Es, Erythrolamprus semiaureus; Hg, Hydrodynastes gigas;
Hi, Helicops infrataeniatus; HI, Helicops leopardinus; La, Lygophis
anomalus; MF, mean fecundity; Pa, Philodryas aestiva; Po, Philodryas
olfersii; Pp, Philodryas patagoniensis; Pr, Paraphimophis rustica;

RP, reproductive potential; Tc, Thamnodynastes chaquensis; Th,
Thamnodynastes hypoconia; Ts, Thamnodynastes strigatus; Xd, Xenodon
dorbingyi; Xm, Xenodon merremii

plasticity that their history is almost “erased” whichever trait is consid-
ered (i.e., hemipenis, maxillary dentition, habitat) (Vidal et al., 2000).
However, the characteristics of the species are determined by their
history, and the events that occurred in the remote past may have
strongly influenced much of the squamate biodiversity observed today
(Bellini et al., 2015; Cadle & Greene, 1993; Colston et al., 2010; Franca
et al,, 2008; Vitt & Pianka, 2005; Vitt, Pianka, Cooper, & Schwenk,
2003). Hence, comparing ecological data of species in a phylogenetic
framework, allow us to investigate whether there is a relationship be-
tween ecological and phylogenetic similarities. (Losos, 2008). The as-
semblage studied is, to a significant extent, the result of an admixture
of evolutionarily clades, each contributing a set of species with differ-
ent reproductive traits, giving the assemblage a particular and com-
plex phylogenetic structure. Our results suggest that the reproductive
characteristics strongly depend on the PH of each species, reflecting
the clade to which it belongs. Our findings also provide new evidence
of how the evolutionary history is embodied in the traits of living spe-
cies, as other studies have already shown (Bellini et al., 2015; Cadle &
Greene, 1993; Franca et al., 2008; Kraft, Cornwell, Webb, & Ackerly,
2007; Webb, Ackerly, Mcpeek, & Donoghue, 2002). However, the EF
also influenced the reproduction of South American Xenodontines,
although to a lesser extent. According to Shine (2003), reproductive

tactics are clearly linked to features of the environment or of the spe-
cies’ morphology and ecology.

The prevalent reproductive mode of the Xenodontinae subfamily
is mostly oviparous, with few viviparous species (see Pizzatto et al.,
2008a). The reproductive mode determines other reproductive char-
acteristics of a snake’s life history (Shine, 2003). When comparing the
reproductive frequency, an important difference arose between ovip-
arous and viviparous species. Oviparous species had an annual fre-
quency of reproduction; that is., the same individual could potentially
reproduce every year (Giraudo et al., 2007, 2014). By contrast, the vi-
viparous had longer reproductive cycles, it being practically impossible
for a single female to reproduce in two consecutive years (Bellini et al.,
2013, 2014; Gregory, 2009; Ibarguengoytia & Casalins, 2007; Shine,
2003). The biennial reproductive frequency is probably a consequence
of late parturition (Edwards, Jones, & Wapstra, 2002; Ibarguengoytia
& Casalins, 2007).

The reproductive season of most reptiles of the Middle Parana
River starts at the beginning of spring and extends throughout the
summer (Giraudo et al., 2007). Viviparous species give birth to their
young between summer and early autumn, and the available time to
accumulate energy before winter is very short (Bellini et al., 2013,
2014). On the other hand, the oviparous species of our assemblage
oviposit their eggs in spring, so the time to accumulate energy for
the next breeding season is much longer, enabling annual egg laying
(Giraudo et al., 2007, 2014).

In addition, viviparity is considered a strategy for species that live
in aquatic and unpredictable habitats (Giraudo et al., 2007; Shine,
1985). It is not surprising that the two viviparous tribes of our com-
munity are composed of aquatic species, or that they adjust their re-
productive cycle to the hydrological cycles of the Parana River (Bellini
et al, 2013, 2014; Giraudo et al., 2007). Most births and neonates
of aquatic species (Tachymenini and Hydropsini) are found in March
(early autumn) before spring or summer, coinciding with the maximum
historical values in the hydrometric and precipitation cycles (see pre-
vious works: Giraudo et al., 2007; Bellini et al., 2013, 2014). It is prob-
able that newborns and gravid females of these aquatic snakes could
find a greater availability of aquatic environments in floodplain lakes
and marshes, optimizing the possibilities to find refuge and feeding
areas (Giraudo et al., 2007). This was evident in the graph, in which
a high association of reproductive mode with the aquatic variable
(positive with the viviparity and negative with the oviparity) was ob-
served. This may be because, within South American Xenodontines,
all nonterrestrial macrohabitat associations have evolved repeatedly
(Cadle & Greene, 1993). Additionally, it appeared that each differ-
ent tribe of South American Xenodontines was able to invade many
ecological niches (Vidal et al., 2000). For example, the sister group to
Pseudoboini, the genus Hydrodynastes, is aquatic while members of
the Pseudoboini tribe are mainly terrestrial and arboreal (Gaiarsa, de
Alencar, & Martins, 2013; Giraudo et al., 2014).

Despite the influences of EF on reproduction, phylogenetically
related snakes were found to have more similar reproductive traits
among them than with those species that are not related. When per-
forming the analysis, these concepts became even more evident. We
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found significant reproductive differences among the clades that com-
pose our assemblage due mainly to phylogenetic causes. The effect of
PH was always greater than the effect of EF. In the case in which ecol-
ogy and phylogeny were evaluated separately, the former explained
only 24% of the variation, whereas the second explained 67% of the
variation. On the other hand, it is not accidental which variables were
significant in both analyses. In the CCA, the only significant ecological
variable was the aquatic use of the substrate, while the first two vari-
ables that contributed the most (63%) from the phylogeny were two
tribes (Hydrodynastini and Hydropsini) composed of aquatic species.
Besides, it is also noteworthy that one of the tribes was composed of
an oviparous species (Hydrodynastini) and the other, several vivipa-
rous forms (Hydropsini). Further elucidation of the effects of phylog-
eny was seen in the pCPO analysis, which accounted for 49% of the
variability of reproductive characteristics in the assemblage, whereas
the ecology only explained 6%. Nevertheless, together they explained
18% of the variability; which means that some of the variability in
reproduction was determined by both the phylogeny and ecology.
However, 27% of the variability in reproductive characteristics still
could not be explained by PH, EF or a combination of both.
Evolutionary history is believed to largely influence similarity
across lineages (Cavalheri, Both, & Martins, 2015; Franca et al., 2008;
Losos, 2008), and so was demonstrated by our results. We found that
the reproductive traits under study had a strong phylogenetic signal in
South American xenodontines of a temperate region of South America,
the ancestry playing a relevant role in reproduction. The EF also influ-
enced the reproduction, although to a lesser extent. Furthermore, this
same pattern is repeated in other important biological attributes such
as diet, at least in part of the same community (Bellini et al., 2015).
This allows us to suggest that this is a generality that may be applied
to other life-history traits. Finally, although the EF provided some ex-
planation, we can say that evolutionary history, more than ecology,
appears to have played a profound role in determining the reproduc-
tion of our temperate snake community. It is expected that the same
pattern occurs in others clades of snakes, but it should be tested in
different communities of snakes from around the world. Our findings
provide new evidence of how the evolutionary history is embedded in

the traits of living species, even at the end of the world.

ACKNOWLEDGMENTS

The following supported the work: CONICET (PIP 2011-0355),
Universidad Nacional del Litoral (CAID- 2011-524-UNL) y ANPCYT
(PICT 2011-1526 y PICT-2013-2203 FONCYT). We thank the
Consejo Nacional de Investigaciones Cientificas y Técnicas. We thank
Maria Eugenia Rodriguez, Juan Andrés Sarquis, Maximiliano Cristaldi,
Carla Bessa, and Maria Belén Costanzo, and also the staff and infra-
structure of the Instituto Nacional de Limnologia (CONICET-UNL)
that allowed our work. We thank the provinces of Santa Fe, Chaco,
Corrientes, Entre Rios, and Misiones for the permission to collect
snakes on the field. Museum curators J. Faivovich (MACN), J. Williams
(MLP), B. Alvarez (UNNEC), C. Virasoro (MFA), and G. Bahler (MAS)

Fcology and Evolution 269
= e WI LEY- 2

were also very helpful. We thank Norman Scott and Norma Gordo
for their help with the English and for making suggestions to improve

this manuscript.

CONFLICT OF INTEREST

None declared.

REFERENCES

Almeida-Santos, S. M., Braz, H. B., Santos, L. C., Sueiro, L. R., Barros, V. A,,
Rojas, C. A. & Kasperoviczus, K. N. (2014). Biologia reprodutiva de ser-
pentes: recomendacdes para a coleta e andlise de dados. Herpetologia
Brasileira, 3, 14-24.

Arzamendia, V., & Giraudo, A. R. (2009). Influence of large South American
rivers of the Plata Basin on distributional patterns of tropical snakes: A
panbiogeographical analysis. Journal of Biogeography, 36, 1739-1749.

Barros, V. A., Rojas, C. A., & Almeida-Santos, S. M. (2014). Is rainfall season-
ality important for reproductive strategies in viviparous Neotropical pit
vipers? A case study with Bothrops leucurus from the Brazilian Atlantic
Forest. The Herpetological Journal, 24, 69-77.

Barros, V. A., Sueiro, L. R., & Almeida-Santos, S. M. (2012). Reproductive bi-
ology of the neotropical rattlesnake Crotalus durissus from northeastern
Brazil: A test of phylogenetic conservatism of reproductive patterns.
The Herpetological Journal, 22, 97-104.

Bellini, G. P., Arzamendia, V., & Giraudo, A. R. (2013). Ecology of the vivip-
arous snake Thamnodynastes hypoconia (Dipsadidae: Tachymenini) in
subtropical-temperate South America. Herpetologica, 69, 67-79.

Bellini, G. P., Giraudo, A. R., & Arzamendia, V. (2014). Comparative ecol-
ogy of three species of Thamnodynastes (Serpentes, Dipsadidae) in
subtropical-temperate South America. The Herpetological Journal, 24,
87-96.

Bellini, G. P., Giraudo, A. R., Arzamendia, V., & Etchepare, E. G. (2015).
Temperate snake community in South America: Is diet determined by
phylogeny or ecology? PLoS ONE, 10, e0123237. doi: 10.1371/journal.
pone.0123237

ter Braak, C. J. F. (1995). Ordination. In R. H. G. Jongman, C. J. F. ter Braak,
& O. F. R. van Tongeren (Eds.), Data analysis in community and landscape
ecology (pp. 91-173). Cambridge: Cambridge University Press.

ter Braak, C. J. F., & Smilauer, P. (1998). CANOCO reference manual and user’s
guide to Canoco for windows: Software for canonical community ordination
(version 4.5). New York: Microcomputer Power.

Cabrera, A. L. (1994). Regiones fitogeograficas argentinas. Enciclopedia
Argentina de Agricultura y Jardineria, 2, 1-85.

Cadle, J. E. (1984). Molecular systematics of neotropical xenodontine
snakes: I. South American Xenodontines. Herpetologica, 40, 8-20.
Cadle, J. E., & Greene, H. W. (1993). Phylogenetic patterns, biogeography,

and the ecological structure of neotropical snake assemblages. In R. E.
Ricklefs, & D. Schluter (Eds.), Species diversity in ecological communities:
Historical and geographical perspectives (pp. 281-293). USA: University

of Chicago Press.

Cavalheri, H., Both, C., & Martins, M. (2015). The interplay between envi-
ronmental filtering and spatial processes in structuring communities:
The case of neotropical snake communities. PLoS ONE, 10, e0127959.
doi:10.1371/journal.pone.0127959

Colston, T. J., Costa, G. C., & Vitt, L. J. (2010). Snake diets and the deep his-
tory hypothesis. Biological Journal of the Linnaean Society, 101, 476-486.

Desdevises, Y., Legendre, P., Azouzi, L., & Morand, S. (2003). Quantifying phylo-
genetically structured environmental variation. Evolution, 57, 2647-2652.

Di-Bernardo, M. (1998). Histdria natural de uma comunidade de serpentes
da borda oriental do planalto das araucdrias, Rio Grande do Sul, Brazil.
Unpublished MS Thesis. Sdo Paulo, Brazil: Universidade Estadual
Paulista.


https://doi.org/10.1371/journal.pone.0123237
https://doi.org/10.1371/journal.pone.0123237
https://doi.org/10.1371/journal.pone.0127959

BELLINI €T AL.

270 WI LEY_ECO|Ogy and Evolution

Open Access,

Edwards, A., Jones, S. M., & Wapstra, E. (2002). Multiennial reproduction
in females of a viviparous, temperate-zone skink, Tiliqua nigrolutea.
Herpetologica, 58, 407-414.

Feldman, A., Bauer, A. M., Castro-Herrera, F., Chirio, L., Das, I., Doan, T.
M., et al. (2015). The geography of snake reproductive mode: A
global analysis of the evolution of snake viviparity. Global Ecology and
Biogeography, 24, 1433-1442.

Franca, F. G. R., Mesquita, D. O., Nogueira, C. C., & Aradjo, A. F. B. (2008).
Phylogeny and ecology determine morphological structure in a snake
assemblage in the Central Brazilian Cerrado. Copeia, 1, 23-38.

Freckleton, R. P. (2000). Phylogenetic tests of ecological and evolution-
ary hypotheses: Checking for phylogenetic independence. Functional
Ecology, 14, 129-134.

Gaiarsa, M. P,, de Alencar, L. R., & Martins, M. (2013). Natural history of
Pseudoboine snakes. Papéis Avulsos de Zoologia, 53, 261-283.

Giannini, N. P. (2003). Canonical phylogenetic ordination. Systematic
Biology, 52, 684-695.

Giraudo, A. R. (2001). Diversidad de Serpientes de la Selva Paranaense y del
Chaco Humedo. Taxonomia, Biogeografia y Conservacion. Buenos Aires:
Literature of Latin America.

Giraudo, A. R., Arzamendia, V., Bellini, G. P,, Bessa, C. A., & Costanzo, M. B.
(2014). Ecologia de una gran serpiente sudamericana, Hydrodynastes
gigas (Serpentes: Dipsadidae). Revista Mexicana de Biodiversidad, 85,
1206-1216.

Giraudo, A. R., Arzamendia, V., & Lopez, M. S. (2007). Reptiles. In J. Parma,
J. C. Paggi, & M. Iriondo (Eds.), The Middle Parand River: Limnology of a
subtropical wetland (pp. 341-362). Berlin: Springer.

Grazziotin, F. G., Zaher, H., Murphy, R. W., Scrocchi, G., Benavides, M. A.,
Zhang, Y., et al. (2012). Molecular phylogeny of the new world dipsadi-
dae (Serpentes: Colubroidea): A reappraisal. Cladistics, 1, 1-23.

Gregory, P. T. (2009). Northern lights and seasonal sex: The reproductive
ecology of cool-climate snakes. Herpetologica, 65, 1-13.

Gregory, P. T., & Larsen, K. W. (1993). Geographic variation in reproduc-
tive characteristic among Canadian populations of the common garter
snake (Thamnophis sirtalis). Copeia, 4, 946-958.

Ibarguengoytia, N. R., & Casalins, L. M. (2007). Reproductive biology of
the southernmost gecko Homonota darwini: Convergent life-history
patterns among southern hemisphere reptiles living in harsh environ-
ments. The Herpetological Journal, 41, 72-80.

Iglesias de Cuello, A.1982. Atlas fisico de la Reptiblica Argentina. Atlas total de
la Republica Argentina, Centro Editor de América Latina, Buenos Aires.

Kraft, N. J. B., Cornwell, W. K., Webb, C. O., & Ackerly, D. D. (2007). Trait
evolution, community assemblage, and the phylogenetic structure of
ecological communities. The American Naturalist, 170, 271-283.

Legendre, P. (2007). Studying beta diversity: Ecological variation parti-
tioning by multiple regression and canonical analysis. Journal of Plant
Ecology, 1, 3-8.

Leite, P. T., Nunes, S. F,, Kaefer, I. L., & Cechin, S. Z. (2009). Reproductive
biology of the Swamp Racer Mastigodryas bifossatus (Serpentes:
Colubridae) in subtropical Brazil. Zoologia, 26, 12-18.

Lépez, M. S., & Giraudo, A. R. (2004). Diet of the large water snake
Hydrodynastes gigas (Colubridae) from northeast Argentina. Amphibia-
Reptilia, 25, 178-184.

Lépez, M. S., & Giraudo, A. R. (2008). Ecology of the snake Philodryas pa-
tagoniensis (Serpentes, Colubridae) from Northeast Argentina. The
Herpetological Journal, 42, 474-480.

Lépez, M. S., Giraudo, A. R., Arzamendia, V., & Chiaraviglio, M. (2009).
Biologia reproductiva de la serpiente semiacuatica Liophis semiaureus
(Serpentes, Colubridae) en el nordeste de Argentina. Revista Chilena de
Historia Natural, 82, 233-244.

Losos, J. B. (2008). Phylogenetic niche conservatism, phylogenetic signal
and the relationship between phylogenetic relatedness and ecological
similarity among species. Ecology Letters, 11, 995-1003.

Mesquita, D. O., & Colli, G. R. (2010). Life history patterns in tropical South
American lizards. In O. Hernandez-Gallegos, F. R. Méndez de la Cruz,

& J. F. Méndez-Sanchez (Eds.), Reproduccién en reptiles: morfologia,
ecologia y evolucién (pp. 45-71). México: Universidad Auténoma del
Estado de México.

Mesquita, D. O., Mattos, P. C., Sa-Polidoro, G. L., & Cechin, S. Z. (2013).
Reproductive biology of Philodryas olfersii (Serpentes, Dipsadidae) in a
subtropical region of Brazil. The Herpetological Journal, 23, 39-44.

Morales, M. M., & Giannini, N. P. (2010). Morphofunctional patterns in
Neotropical felids: Species co-existence and historical assembly.
Biological Journal of the Linnaean Society, 100, 711-724.

Morrone, J. J. (2014). Cladistic biogeography of the Neotropical region:
Indentifying the main events in the diversification of the terrestrial
biota. Cladistics, 30, 202-214.

Paoli, C., Iriondo, M., & Garcia, N. (2000). Caracteristicas de las cuencas
de aporte. In C. Paoli, & M. Schreider (Eds.), El rio Parand en su tramo
Medio. Contribucién al conocimiento y prdcticas ingenieriles en un gran Rio
de Llanura (pp. 27-68). Argentina: Santa Fe. Centro de Publicaciones,
Secretaria de Extension, Universidad Nacional del Litoral.

Pizzatto, L. (2005). Body size, reproductive biology and abundance of the
rare pseudoboini snakes genera Paraphimophis and Boiruna (Serpentes,
Colubridae) in Brazil. Phyllomedusa, 4, 111-122.

Pizzatto, L., AlImeida-Santos, S. M., & Marques, O. A. V. (2007b). Biologia re-
produtiva de serpentes Brasileiras. In L. B. Nascimento, & M. E. Oliveira
(Eds.), Herpetologia no Brasil Il. Belo Horizonte:Sociedade Brasileira de
Herpetologia.

Pizzatto, L., Almeida-Santos, S. M., & Shine, R. (2007a). Life-history adapta-
tions to arboreality in snakes. Ecology, 88, 359-366.

Pizzatto, L., Cantor, M., Lima De Oliveira, J., Marques, O. A. V., Capovilla,
V., & Martins, M. (2008b). Reproductive ecology of Dipsadine snakes,
with emphasis on South American species. Herpetologica, 64, 168-179.

Pizzatto, L., Jordao, R.S., & Marques, O. A. V. (2008a). Overview of reproduc-
tive strategies in Xenodontini (Serpentes: Colubridae: Xenodontinae)
with new data for Xenodon neuwiedii and Waglerophis merremi. The
Herpetological Journal, 42, 153-162.

Shine, R. (1985). The evolution of viviparity in reptiles: An ecological analy-
sis. In B. C. Gans, & F. Billet (Eds.), Biology of the Reptilia (pp. 605-694).
New York: Development John Wiley and Sons Inc.

Shine, R. (2003). Reproductive strategies in snakes. Proceedings of the Royal
Society of London, Series B: Biological Sciences, 270, 995-1004.

Shine, R. (2005). Life-history evolution in reptiles. Annual Review of Ecology
Evolution and Systematics, 36, 23-46.

Trauth, S. E. (1978). Ovarian cycle of Crotaphytus collaris (Reptilia, Lacertilia,
Iguanidae) from Arkansas with emphasis on corpora albicantia, follicular
atresia, and reproductive potential. The Herpetological Journal, 12,461-470.

Tulli, M. J,, Cruz, F. B., Herrel, A., Vanhooydonck, B., & Abdala, V. (2009). The
interplay between claw morphology and microhabitat use in neotropi-
cal iguanian lizards. Zoology, 112, 379-392.

Van Dyke, J. U., Brandley, M. C., & Thompson, M. B. (2014). The evolution of
viviparity: Molecular and genomic data from squamate reptiles advance
understanding of live birth in amniotes. Reproduction, 147, R15-R26.

Vera Candioti, M. F,, & Altig, R. (2010). A survey of shape variation in kerati-
nized labial teeth of anuran larvae as related to phylogeny and ecology.
Biological Journal of the Linnaean Society, 101, 609-625.

Vidal, N., Kindl, S. G., Wong, A., & Hedges, S. B. (2000). Phylogenetic rela-
tionships of xenodontine snakes inferred from 12S and 16S ribosomal
RNA sequences. Molecular Phylogenetics and Evolution, 14, 389-402.

Vitt, L. J., & Pianka, E. R. (2005). Deep history impacts present-day ecology
and biodiversity. Proceedings of the National Academy of Sciences of the
United States of America, 102, 7877-7881.

Vitt, L. J., Pianka, E. R., Cooper, W. E., & Schwenk, K. (2003). History and the
global ecology of squamate reptiles. The American Naturalist, 162, 44-60.

Vitt, L. J., & Vangilder, L. D. (1983). Ecology of a snake community in north-
eastern Brazil. Amphibia-Reptilia, 4, 273-296.

Webb, C. O., Ackerly, D. D., Mcpeek, M. A., & Donoghue, M. J. (2002).
Phylogenies and community ecology. Annual Review of Ecology,
Evolution, and Systematics, 33, 475-505.



BELLINI ET AL.

Westoby, M., Leishman, M. R, & Lord, J. M. (1995). On misinterpreting the
“phylogenetic correction”. Journal of Ecology, 83, 531-534.

Zaher, H., Grazziotin, F. G., Cadle, J. E., Murphy, R. T. W., Moura-Leite, J.
C., & Bonato, S. L. (2009). Molecular phylogeny of advanced snakes
(Serpentes, Caenophidia) with an emphasis on South American
Xenodontines: A revised classification and descriptions of new taxa.
Papéis Avulsos de Zoologia, 49, 115-153.

Zuffi, M. A,, Gentilli, A., Cecchinelli, E., Pupin, F., Bonnet, X., Filippi, E., et al.
(2009). Geographic variation of body size and reproductive patterns

Fcology and Evolution 271
= e W1 LEy- -2

in Continental versus Mediterranean asp vipers, Vipera aspis. Biological
Journal of the Linnaean Society, 96, 383-391.

How to cite this article: Bellini, G. P., Arzamendia, V. and Giraudo, A.
R. (2017), Is xenodontine snake reproduction shaped by ancestry,
more than by ecology?. Ecology and Evolution, 7: 263-271.

doi: 10.1002/ece3.2557


https://doi.org/10.1002/ece3.2557

