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A major goal in evolutionary biology is to determine the mechanisms responsible for
maintaining phenotypic variation. Species that have evolved intersexual differences
provide an opportunity to increase our understanding of trait evolution. We hypothe-
size that phenotypic diversity is related to reproductive strategies of female lizards and
therefore, to their reproductive potential. Consequently, we evaluated sexual dimor-
phism in several morphological traits and assessed phenotypic variability and selec-
tion on body traits of female lizards in a model species (Tupinambis merianae). The
results support our hypothesis that certain phenotypic traits of body shape are sexually
dimorphic and that females present large continuous variation in these traits. Moreo-
ver, some morphological traits in females favor the increment of energetic reserves
and reproductive output. These results contribute to the identification of characters
upon which selection may have acted and suggest that phenotypic variation in female
lizards are related to a diversity of reproductive strategies. Therefore, we fill part of
the knowledge gap on the proximate mechanisms that link maternal morphology and
reproductive potential in female lizards.

Introduction

The mechanisms underlying intraspecific phe-
notypic diversity of species have evolutionary
importance because they make diverse pheno-
types visible to selection (Lee 2011, Shine ef
al. 2011). A major goal in evolutionary biology
is to determine the mechanisms responsible for
maintaining phenotypic variation (Calsbeek et
al. 2010a). Moreover, an organism’s phenotype

is considered a causal link with its reproductive
output and hence to its microevolutionary fit-
ness (Brown & Shine 2005, Vergara et al. 2012).
Therefore, assessing phenotypic diversity in the
reproductive context of species might contribute
to our understanding of microevolutionary pro-
cesses.

Species that have evolved sexual dimorphism
provide an opportunity to increase our under-
standing of trait evolution because dimorphic
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traits result from selective forces that act dif-
ferentially on individuals of each sex (Cox ef al.
2003, Corl ef al. 2009). Sexual dimorphism in
body size (Gienger & Beck 2007) as well as the
relative size of different body parts (i.e. abdo-
men, tails and limbs) can be very informative of
the selective pressures imposed (Butler & Losos
2002, Kratochvil er al. 2003). The causes of
sexual dimorphism are complex, but most sexu-
ally dimorphic traits are believed to be directly
linked to the reproductive role of each sex (Bulté
et al. 2008, Naretto et al. 2014).

How females determine their reproductive
output is an important question that has been
scarcely studied (Du & Lu 2010). Fat reserves
may constrain reproductive investment in Squa-
mata (Shine 1992, Olsson & Shine 1997, Du et
al. 2005, Lourdais et al. 2006) and body volume
can determine the upper physical limit up to
which females can fill themselves up with eggs
(Du & Lu 2010). However, little is known about
the proximate mechanisms that link maternal
morphology and reproductive potential. There-
fore analyzing how diverse phenotypic traits of
female body shape are related to the storage of
fat bodies and to clutch size may be an inter-
esting approach to understand sexual selection
mechanisms acting on the morphology of female
lizards.

Selection for increasing female body size
plays a central role in the evolution of fecundity,
resulting in the evolution of female-biased sexual
size dimorphism (Cox ef al. 2003, Lourdais ef al.
2006, Corl et al. 2009, Cardozo & Chiaraviglio
2011, Pincheira-Donoso & Tregenza 2011, Liao
2013). Accordingly, Brown and Shine (2005)
found strong links between maternal phenotype
and reproductive success using path analysis.
Moreover, species with a high relative clutch
mass that produce a single clutch per repro-
ductive season are more constrained by body
size than species with low relative clutch mass.
Therefore, they are excellent subjects for explor-
ing the phenotypic variation of female body
morphology (Du et al. 2005, Du & Lu 2010).

The evolutionary dynamics of reproductive
variation involves complex selection-medi-
ated interactions among life-history traits that
coevolve to increase reproductive success (Sin-
ervo et al. 2000, Butler & Losos 2002, Lancaster

et al. 2010). Accordingly, Karsten ef al. (2009)
showed that it is selection for multiple traits
rather than for a single individual trait that best
predicts reproductive success. For female liz-
ards, trunk length, abdominal volume and tail
robustness might be important phenotypic traits.
A greater trunk length would provide females
with more space to hold abdominal fat bodies
and then eggs (Olsson ef al. 2002, Kaliontzopou-
lou et al. 2007, Boretto & Ibargiiengoytia 2009).
Moreover, increased reproductive output may
result from a relative increase in abdomen width
(Goodman et al. 2009, Bastiaans ef al. 2013, Sun
et al. 2012, Scharf & Meiri 2013). In addition,
in several lizard species fat reserves were also
found to be stored in the proximate section of
the tail; indeed, variations in tail circumference
in mature females over the active season have
been reported (Fitzgerald et al. 1993). Limb
robustness may help to carry the weight of stout
females (Dubey er al. 2011). Therefore, what
traits are sexually dimorphic and how sexual
selective pressures influence them are interesting
questions that may help to understand pheno-
typic selection in female lizards. Although phe-
notypic variation related to reproductive strate-
gies is often partitioned into discrete morphs
(Calsbeek et al. 2010b), continuous phenotypic
variation may also be related to reproductive
potential and selection should benefit phenotypic
traits that maximize energy storage and clutch
size.

Procedures for phenotypic selection analysis
within a generation are standardly used to reveal
the relationship between phenotypic traits and
reproductive success (Arnold & Wade 1984,
Brodie et al. 1995). Functional correlates of
trait evolution are important to understand phe-
notypic evolution (Irshick er al. 2007, Losos
2011, Galeotti er al. 2013). Accordingly, the
model of Lande and Arnold (1983) is a suitable
approach to estimate multivariate selection gra-
dients. When direct measures of the offspring
are unavailable or scarce, fitness-related traits
are commonly used to estimate the reproduc-
tive success of individuals (Aubret ef al. 2002,
Molnar et al. 2012). Moreover, the relationship
between these traits and reproductive output is
useful to understand the proximate mechanisms
underlying fecundity selection. In reptiles, body



ANN.ZOOL.FENNICI Vol.52 -

Female body shape and reproductive strategies in lizards 131

condition is commonly considered a measure
of fitness (Bulté et al. 2008) and because body
condition is influenced by fat body storage, it is
a reliable predictor of the reproductive potential
of individuals (Bertona & Chiaraviglio 2003,
Cardozo & Chiaraviglio 2008). Fat storage is an
indicator of the reproductive effort of females
because of its close relationship with ovarian
follicle development and vitellogenesis (Hans
&Tinkle 1965, Smith 1968, Derickson 1976,
Guillette & Casas-Andreu 1981, Guillete & Sul-
livan 1985, Amat ef al. 2000, Aguilar-Kirigin &
Naya 2013, Verrastro & Rauber 2013, Naretto
2014).

The form and strength of selection on mor-
phological traits may also depend on the social
context (Shine et al. 2006, Procter et al. 2012).
The choice of a social context may depend on
the relative attractiveness, given by the pheno-
type of competitors or potential mates (Gasparini
et al. 2013). Temporal variation in the presence
of females and males might be associated with
the variation in social context over the reproduc-
tive season (Vercken et al. 2006, Lancaster et
al. 2010, McLean et al. 2012, Hughes 2013).
Therefore, analyzing patterns of reproductive
phenotypes in relation to the temporal presence
of potential mates may provide insights into how
sexual selection influences phenotypic traits.

Squamata includes interesting model systems
for examining evolutionary changes in body
shape because of their strong intra- and interspe-
cific variation in body size and shape. Although
this variation could be explained by several
ecological factors, evolutionary forces linked
to the reproductive performance of individuals
are likely to be responsible for phenotypic vari-
ability (Bulté er al. 2008, Goodman et al. 2009,
Cardozo & Chiaraviglio 2011, Naretto ef al.
2013). Our study model, Tupinambis merianae,
a large teiid lizard, is particularly interesting
because females invest greatly in a single clutch
per reproductive season (Fitzgerald ef al. 1993).

We hypothesize that phenotypic diversity of
female lizards is related to reproductive strate-
gies and therefore, we expect certain phenotypic
traits to be sexually dimorphic and related to
fat storage and reproductive potential. Conse-
quently, we tested sexual dimorphism in total
body size and body parts, and assessed the phe-

notypic diversity of body shape in females by
analyzing the variability and correlation between
morphological traits. Moreover, we tested how
phenotypic selection shapes female traits in rela-
tion to fat storage and clutch size. We also evalu-
ated temporal variation in the presence of female
and male phenotypes throughout the reproduc-
tive period. Our findings may help to better
understand the evolutionary dynamics of female
body shape in the context of sexual selection.

Material and methods
Study species and data collection

The life history of 7. merianae presents seasonal
cyclic reproduction (Mercolli & Yanosky 1990,
Noriega ef al. 1996). The species spends the
cold winter months sheltered in burrows in the
ground (Andrade ef al. 2004, Winck & Cechin
2008). Reproductive activities such as courtship
and mating are restricted to spring (Fitzgerald et
al. 1993).

The specimens were captured in cen-
tral Argentina (31°257597°S, 63°41°04”'W to
31°40755°°S, 63°22730°"W), which corresponds
to the southernmost distribution area of the spe-
cies (Cardozo et al. 2012, Lanfri et al. 2013).
Tupinambis merianae is included in Appendix
II of the Convention on International Trade of
Endangered Species of Wild Fauna and Flora
(CITES); commercial harvest 1s allowed in
Argentina (Porini 2006). Scientific studies based
on the examination of specimens collected for
the international skin trade provide important
knowledge of the biology of the species (Shine
et al. 1999). During the reproductive season, we
worked with authorized local people who harvest
Tupinambis lizards from the wild to be killed in
accordance with AVMA Guidelines on Eutha-
nasia (AVMA 2007). Methods comply with the
current laws of Argentina. We are authorized
by the government environmental agencies for
scientific capture.

Male and female lizards were captured near
caves where they performed sexual activity,
and sampling included the entire size range of
mature individuals. To classify the individuals
as mature, we set a minimum snout—vent length
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(SVL) threshold, following the criterion of the
smallest reproductive female and male, respec-
tively (Madsen et al. 2006, Cardozo & Chiara-
viglio 2011, Naretto ef al. 2014). We included in
the analyses receptive females during a 3-month
period (October through December); therefore,
we discarded females with calcareous eggs in
oviducts or with signs of recent oviposition,
such as conspicuous corpora lutea. A total of 199
mature females and 274 mature males were ana-
lyzed. We recorded the following variables from
each specimen: total SVL; interlimb length con-
sidering the linear distance between the insertion
of forelegs and hind legs; abdominal perimeter
and proximate tail perimeter, measured at the
respective widest transversal sections; foreleg
and hind leg circumference measured at the
middle of the upper arm and upper leg, respec-
tively. All these variables were recorded to the
nearest 0.5 cm using a ruler. Body mass was
determined to the nearest 50 g using a balance.
We dissected both abdominal fat bodies and
weighed their masses to the nearest 0.1 g using
an electronic balance (Traveler TA302; OHAUS;
New Jersey, USA) following Fitzgerald et al.
(1993) and Herrera and Robinson (2000). Clutch
size was estimated based on the number of
> 7 mm ovarian vitellogenic follicles.

Statistical analyses

A variety of parametric statistical tests were
applied after checking data for normality and
equality of variances. When these assumptions
were not satisfied we applied nonparametric tests.
To test sexual dimorphism, we examined if there
were sexual differences in SVL, interlimb length,
abdominal perimeter, tail perimeter, and foreleg
and hind leg circumference. To do so, we applied
a Dummy-Variable Regression Model with Inter-
action in order to compare the slopes of the linear
regressions between the size of the morpho-
logical traits and SVL (SVL was the quantitative
regressor; the factor sex was represented by the
dummy regressor; and the interaction regressor
was the product of the other two regressors; p
value of interactions were reported) (Fox 2015).
To assess female morphological variability,
we evaluated position and dispersion measures

(mean, range and standard deviation for all
quantitative variables). To compare the relative
amount of variation in ftraits that had different
measurement units we used the coefficient of
variation. Statistical dispersion of the data was
also measured by assessing kurtosis, considering
that widely dispersed data present platykurtic
distribution (kurtosis < 0), whereas data concen-
trated around the mean present leptokurtic distri-
bution (kurtosis > 0). Spearman’s (r,) correlation
was used to analyze the relationships between
the morphological characters. Allometry of these
characters with body size was tested with regres-
sion analysis. The In-transformed body measure-
ments were regressed on In-transformed SVL.
The slope (b) of these regressions estimated the
relative relationships: for linear dimensions, a
slope of 1 indicated isometry, a slope greater
than 1.0 indicated positive allometry, and a
slope less than 1.0 indicated negative allometry
(Huxley 1932, Gayton 2000, Araujo & Tschinkel
2010, Cabrera ef al. 2013). We applied a 7-test to
evaluate if the observed slopes were significantly
different from b = 1.

To explore functional correlates of morpho-
logical traits we assessed for differences between
sexes in the contribution of the aforementioned
traits to fat storage for reproduction. To do this,
we tested sexual dimorphism in the relationships
between morphological trait size and weight of
fat bodies using a Dummy-Variable Regression
Model with Interaction (each morphological trait
was used as quantitative regressor; the factor
sex was represented by the dummy regressor;
and the interaction regressor was the product of
the other two regressors; p value of interactions
were reported) (Fox 2015).

Differences in multiple phenotypic traits
between males and females were evaluated
using principal component analysis (PCA). We
assessed how changes in multivariate morphol-
ogy were associated with changes in fitness
according to the capacity of individuals to store
fat for reproduction and according to their repro-
ductive output. Therefore, we correlated body
condition, weight of fat bodies and clutch size
with the scores of the principal components (PC)
using Spearman’s correlation ). To obtain a
measure of lizard’s body condition (mass relative
to length), we calculated residual scores from the
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general linear regression of In-transformed body
mass to SVL (Madsen & Shine 1999, Bertona &
Chiaraviglio 2003). Then, we tested if body con-
dition was influenced by body size using linear
regression between the obtained residual scores
and SVL.

We evaluated variations in the presence
of female and male phenotypes by examining
monthly temporal variations in multivariate mor-
phology (October to December) with MANOVA
using the scores on the first and second principal
components. A posteriori Hotelling’s test was
also performed.

We evaluated phenotypic selection following
Lande and Arnold’s (1983) model, i.e. we esti-
mated multivariate selection gradients on female
morphological traits using a multiple regression
linear model. We measured female fitness as
body condition, since it is related to fat stor-
age, which contributes to follicle development
(Derickson 1976, Fitzgerald ef al. 1993). We
evaluated linear gradients, non-linear gradients
and correlational gradients. Linear gradients for
higher or lower phenotypic values assess the
association between the mean of a trait and fit-
ness; non-linear gradients assess the effect of
selection on the variance of the trait producing
stabilizing or disruptive patterns; and correla-
tional gradients assess the covariance between
two traits. To avoid over-parametrization of the
model we used SVL, interlimb length, abdomi-
nal perimeter and tail perimeter as independent
terms, considering their role in the increment of
body space for fat storage (Fitzgerald et al. 1993,
Olsson et al. 2002, Lourdais et al. 2006). Lande
and Arnold’s model was performed using R (R
development core team 2013). Finally, we tested
the relationship between the variables selected in

this model and clutch size by applying a multiple
linear regression model. All statistical analyses
were conducted using Infostat (2013).

Results

Snout—vent length was a sexually dimorphic
character (female mean = 37.8 cm, SD = 2.56,
n = 199; male mean = 394 cm, SD =358, n =
274; W = 38561.5; p <0.001). Regression analy-
ses between morphological traits and SVL also
showed significant differences between sexes
(Fig. 1) (interlimb length: slope: F = 6.32, p =
0.013; abdominal perimeter: slope: F = 8.69,p =
0.003; tail perimeter: slope: F =4.29, p = 0.039;
foreleg circumference: slope: F = 1038, p =
0.001; hind leg circumference: slope: F = 5.35,
p=0.021).

Frequency distributions of morphological
traits in females are presented in Fig. 2. Body
mass and abdominal perimeter expressed the
highest phenotypic variability based on the coef-
ficient of variation, whereas SVL expressed the
lowest variability (Table 1). Morphological traits
often presented platykurtic distributions.

Spearman’s correlations revealed that some
traits covaried, being highly correlated (ry >
0.75), whereas others were less correlated (rg <
0.75) (Table 2). Abdominal perimeter showed
positive allometry (b = 1.35; p < 0.01), whereas
the other characters showed isometry (interlimb
length b = 1.07, p = 0.44; foreleg circumference
b =103, p =0.72; hind leg circumference b =
0.88, p =0.1; tail perimeter b = 0.86,p = 0.07).

Females stored more fat mass than males
(slopes: F = 8.70, p = 0.003). The size of the
morphological traits was directly related to the

Table 1. Morphological traits estimated in mature females of Tupinambis merianae (Shapiro test: For SVL, AP and
IL p> 0.05; for FLC, HLC, TP and BM p < 0.05).

Trait n Mean SD CcVv Min Max Median Kurtosis
Body mass (BM, kg) 199 1.76 0.45 25.74 0.95 3.10 1.70 -0.26
Snout-vent length (SVL, cm) 199 37.80 257 6.79 32.00 4450 38.00 -0.40
Abdominal perimeter (AP, cm) 199 2562 3.47 13.56 18.00 37.00 25.00 -0.25
Tail perimeter (TP, cm) 199 15.30 1.42 9.26 12.00 19.50 15.50 -0.24
Foreleg circumference (FLC, cm) 199 7.22 0.71 9.80 5.50 9.00 7.00 -0.11
Hind leg circumference (HLC, cm) 199 11.42 1.07 9.36 9.00 14.00 11.50 -0.38
Interlimb length (IL, cm) 116 17.81 1.63 9.13 13.00 2250 18.00 0.37




134 Cardozo etal + ANN.ZOOL.FENNICI Vol.52

40.0-
24+
39.5 o
] o
214 .
39.0- 2 >
§ 4
§ 5 )
; 385 § 184 ..
2 £
£
]
S

37.5+ .
®
12¢
37.0- . - N r T T T T 1
Females Males 27 31 35 - )39 43 47
cm,
a7 o 20+
e Qeese
o) ceseee o
= 32 .o 18- O¢ @0 CE@@es o o
§ . g [0lCOCOROES
= H
g : 5 .
£ T
g 2 : g 16
£ g
g K
§ 21 " 13-
.
.. 4
2 .
154, toe ; . : ; 11, : ; ; : ;
27 31 35 39 43 47 27 31 35 39 43 47
SVL (cm) SVL (cm)
10+ . . e esee 16+
. LR NN ) . . ¢
5 %
¢ ce@e@es@e o . .
s 'g ve o @e@ee@e o o
E S Q0 e@ee@® oo o
8- 8 13- .
8 8 .
£ E
8 8
S K3
g 6- . 5’ 10-
j )
ese =
w T .e
. :
oo
.
4 . . ' ; ) 7 ' : ‘ ; )
27 31 35 39 43 47 27 31 35 39 43 47
SVL (cm) SVL (cm)

Fig. 1. Sexual dimorphism in morphological traits of Tupinambis merianae. Circles: females, black dots: males.
Lines represent the adjusted models for females (solid line) and males (dotted line).

weight of fat bodies and these relationships were  slope: F =26.81, p <0.001), except for interlimb
sexually dimorphic (abdominal perimeter: slope:  length (slope: F = 0.0008, p = 0.977; intercept: F
F =418, p = 0.042; tail perimeter: slope: F = =0.08,p =0.775) (Fig. 3).

42.13, p < 0.001; foreleg circumference: slope: The principal component analyses performed
F = 2922, p < 0.001; hind leg circumference: on the original morphological variables yielded
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two significant factors both for females and males  dispersed than male points, indicating greater
(Table 3). Female points in the biplot were more  phenotypic diversity in females than in males

Table 2. Spearman’s correlation coefficients for correlations between morphological traits in mature females of
Tupinambis merianae. All correlations are significant (at p < 0.05). BM = body mass, SVL = snout-vent length, AP =
abdominal perimeter, TP = tail perimeter, FLC = foreleg circumference, HLC = hind leg circumference, IL = interlimb
length.

BM (kg) SVL (cm) AP (cm) TP (cm) FLC (cm) HLC (cm)
SVL (cm) 0.80
AP (cm) 0.89 0.67
TP (cm) 0.85 0.64 0.71
FLC (cm) 0.78 0.72 0.70 0.79
HLC (cm) 0.79 0.62 0.68 0.87 0.83

IL (cm) 0.64 0.77 0.54 0.43 0.46 0.44
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(Fig. 4). All morphological variables of females
contributed similarly to PC 1. Abdominal perim-
eter was more related to PC 1 than to PC 2.
According to PC 2, female phenotypic varia-
tion was also explained by interlimb length, tail
perimeter, foreleg circumference and hind leg
circumference. Phenotypic diversity in females
was related to their body condition according to

Hind leg circumference (cm)

PC 1 and PC 2. Body condition was positively
related to PC 1 (ry=049,p <001), and nega-
tively related to PC 2 (ry =-0.43,p <0.01). Body
condition was not influenced by SVL (F = 0,
p > 0.999). Fat body weight was also positively
correlated to PC 1 (ry= 0.61, p <0.01) and nega-
tively related to PC 2 in females (r = -0.41,p <
0.01). Finally, clutch size was influenced by PC 1
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(ry = 053, p < 0.01), with no relationship with
PC2 being observed (r; = 0.25, p = 0.16).

We observed that reproductive females and
males were present coordinately according to
their morphology during the reproductive season
(Fig. 4). At the beginning of the season (Octo-
ber), the most robust males with big abdo-
men, tail and legs appeared consistently with
females with the highest body condition, which
were medium-large females with big abdominal
perimeter (according to PC 1) and with short
interlimb length and robust tail and legs (accord-
ing to PC 2). Later in the reproductive season
(November) males and females with intermedi-
ate traits were present (according to both PC 1
and PC 2). At the end of the reproductive season
(December), females with small SVL, the largest
interlimb length, the smallest circumference of
tail and legs, and the smallest abdominal perim-
eter were the most frequent (Fig. 4). These vari-

PC 1 (85.3%)

ations among months were significant, according
to the scores on PC 1 and PC 2 (Table 4).

The relationships between morphological
traits of females and body condition, accord-

Table 3. First and second axes of the principal com-
ponent analyses performed on morphological traits in
mature females and males of Tupinambis merianae.
For abbreviations see Table 2.

Females Males
PC1 PC2 PC1 PC2
Eigenvalue 4.02 089 5.12 0.85
Explained Variation 0.67 0.15 0.41 0.07
SVL 0.40 047 0.41 0.24
AP 0.40 0.08 040 -0.38
TP 043 037 042 -0.21
FLC 042 032 042 -0.17
HLC 044 035 042 -022
IL 0.36 0.64 0.37 0.82
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ing to the model of Lande and Arnold (1983),
are presented in Table 5 (Multiple 7>: 0.840,
F-statistic: 37.73, p < 0.001). Snout—vent length,
tail perimeter and abdominal perimeter were
selected directionally for increased body con-
dition, whereas interlimb length was margin-
ally selected. Snout—vent length had a signifi-
cant negative effect on body condition, whereas
abdominal perimeter and tail perimeter had a
positive effect on body condition. We did not
find effects of non-linear gradients or corre-
lational gradients. We tested the relationship
between the selected variables and clutch size
in a multiple linear regression model and found
that SVL and abdominal perimeter were the most
important predictors of the reproductive output
of females (SVL: coefficient: 0.36, F = 15.12, p
< 0.001; abdominal perimeter: coefficient: 1.19,

F =3.73, p = 0.0580; tail perimeter: coefficient:
195,F=131,p=0257;r"=0.25;n=66).

Discussion

Our study contributes to fill part of the knowl-
edge gap on the relationship between phenotype
and reproductive strategies in female lizards.
The main results allowed us to identify char-
acters upon which selection may have acted
differentially between sexes and supported our
hypothesis that continuous phenotypic variation
in females may be related to variation in their
reproductive potential. Moreover, we found cor-
relates among morphological ftraits, energetic
reserves (fat bodies) and reproductive output
(clutch size).

Table 4. Monthly phenotypic variation of mature females and males of Tupinambis merianae based on scores on
PC 1 and PC 2 (MANOVA). Different superscript letters indicate significant differences between months (a poste-

riori Hotelling’s test).

Month n Mean SD Median F P
Females
PC 1 October? 40 0.36 2.24 0.20 11.77 <0.001
November® 36 0.58 2.20 0.81
December® 40 -0.89 1.95 -0.87
PC 2 October? 40 -0.60 0.77 -0.55
November® 36 0.09 0.93 0.07
December® 40 0.52 0.78 0.45
Males
PC 1 October? 73 0.28 2.09 0.23 542 <0.001
November® 40 -0.11 2.25 -0.24
December® 62 -0.26 2.46 -0.13
PC 2 October? 73 -0.23 0.56 -0.18
November® 40 0.08 0.59 -0.05
December® 62 0.23 0.68 0.20

Table 5. Multivariate analysis of phenotypic selection in mature females of Tupinambis merianae with body condition
as a measure of fitness (Lande & Arnold 1983). Standardized linear selection gradients (£), non-linear selection gra-
dients (y,), correlational selection gradients (y,) and standard errors (in parentheses) are given. ** p < 0.001; * 0.05
< p<0.1. Abbreviations: snout vent length (SVL) abdominal perimeter (AP), tail perimeter (TP), interlimb length (IL).

Traits B Vs Yy

TP AP IL
SVL —0.23 (0.02)** 0.03 (0.06) 0.06 (0.04) —0.05 (0.04) -0.04 (0.03)
TP 0.14 (0.01)* —0.002 (0.04) —0.007 (0.02) -0.03 (0.03)
AP 0.12 (0.01)* 0.007 (0.03) 0.02 (0.03)
IL 0.02 (0.01)* 0.03 (0.03)
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Morphological ftraits studied here differed
between the sexes. Notable differences between
sexes were detected in SVL, interlimb length and
abdominal perimeter. Females were shorter than
males but had larger interlimb length and bigger
abdominal perimeter. These results suggest that
different selective pressures have been acting
on each sex, shaping the studied morphological
traits as sexually dimorphic. Interpreting the
proximate causes that lead to morphological dif-
ferences between and within males and females
is important to elucidate the evolutionary pres-
sures acting on each sex (Kaliontzopoulou et al.
2007). It has been observed that large interlimb
length and wide abdomen would provide females
with larger body cavities for storing fat reserves
that will be used during reproductive processes
(Lourdais ef al. 2006). We did not observe a dif-
ferential contribution of interlimb length to fat
storage between sexes but increments of abdom-
inal capacity and leg robustness were associated
with larger fat storage in females than in males.
Therefore, according to the functional signifi-
cance of these characters, the increment in their
size might be favored in female lizards.

Although phenotypic variation involved in
reproductive strategies is usually partitioned into
discrete morphs (Calsbeek ef al. 2010b), explor-
ing continuous phenotypic variation linked to
reproduction as observed in females of Tupi-
nambis merianae may contribute to understand
the biological meaning of phenotypic variability,
which is a major question in evolutionary biol-
ogy (Calsbeek er al. 2010a, Cox & Calsbeek
2011). Females showed phenotypic variabil-
ity in diverse morphological traits that present
platykurtic distributions, with values dispersed
among the distribution classes. The evolution of
polymorphisms in a population is probably an
important consequence of the co-existence of
diverse reproductive strategies (Gray & McKin-
non 2006, Corl et al. 2009, Vercken et al. 2010,
Cox & Calsbeek 2011, Galeotti et al. 2013).
Similarly, the continuous variation of phenotypic
traits might reveal variability of female repro-
ductive tactics.

Whether or not the length reached by indi-
viduals is an advantage for fitness is a widely
debated question in reptilian lineages (Fitch
1985, Cox et al. 2003, Shine 2005, Stephens

& Wiens 2009, Pincheira-Donoso & Tregenza
2011). According to the tested sexual body size
dimorphism, females were shorter than males.
Moreover, considering the coefficient of var-
iation, SVL was the trait that expressed the
lowest variability in females. The SVL mean
and median (ca. 38 cm) (Table 1) and the fre-
quency histogram (Fig. 1) showed that the most
frequent body size for females corresponds to
the intermediate value within the SVL range. As
Bonnet ef al. (2000) suggested for viperids, an
intermediate body size would balance ecologi-
cal and reproductive advantages, maximizing
reproductive output. Accordingly, Cardozo and
Chiaraviglio (2011) showed that the optimum
body size in boids might be shaped by trade-
offs among life-history parameters to maximize
fitness. Body size has a strong influence on
reproductive output, but also on the ecologi-
cal consequences for an organism, since overall
energy balance is strongly affected by body size
(Baird 2008).

By contrast, body mass and abdominal
perimeter showed the highest variability, which
supports the fact that females can differ greatly
in the storage of energy reserves. Moreover, the
close relationship between these traits (Spear-
man’s correlation coefficient = 0.89) and the
high contribution of abdomen size to fat storage
in females suggest that the external morphol-
ogy of females might work as an honest visual
signal to males in the context of sexual selection
(Irschick et al. 2007), reflecting their reproduc-
tive potential. Accordingly, given the high cor-
relation observed between body mass and tail
perimeter (Spearman’s correlation coefficient =
0.85) and the association between tail perimeter
and fat storage in females, tail appearance would
provide additional evidence of the ability of
females to store energetic reserves that might be
allocated to reproduction. Moreover, the strong
correlation obtained between tail perimeter and
hind leg circumference, other significant cor-
relations between limbs and body mass, and the
dimorphic relationship between the circumfer-
ence of legs and the weight of fat bodies suggest
that limb robustness might play an important role
in supporting the body of females when their fat
reserves increase (Kaliontzopoulou et al. 2010,
Lancaster ef al. 2010, Dubey ef al. 2011).
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Exploring the relationship between sexual
morphological traits and allometry is an essential
step toward understanding phenotypic diversi-
fication in a sexual selection context (Bonduri-
ansky 2007) and, specifically, toward interpret-
ing the biological meaning of the variability in
female phenotypes. Abdominal perimeter pre-
sented positive allometry, indicating that females
exacerbate this trait. Furthermore, although part
of the sexual phenotypic variability is often
explained by allometric relationships, the studied
morphological traits are also combined, produc-
ing diverse non-allometric variability in female
phenotypes. According to PCA results, PC 1
might be understood as body size variation, since
all the morphological variables contributed simi-
larly to this axis; however, PC 2 revealed another
source of variation in the phenotypic variability
of females, indicating a gradient of alternative
phenotypes from females with enlarged inter-
limb and thin limbs and tail to females with
shortened interlimb and robust limbs and tail.
Although positive allometry is a typical attribute
of some sexual traits, diversity of allometric pat-
terns has been found in traits under sexual selec-
tion (Bonduriansky 2007).

Morphological trait variation has been fre-
quently reported at a regional scale (Cardozo &
Chiaraviglio 2011, Kelly ef al. 2013). However,
syntopic variation is likely to convey socially
important information regarding reproductive
behaviors (Vercken et al. 2006, Formica & Tuttle
2009, Roughgarden & Akcay 2010). In species
in which sexual dimorphism is related to sexual
selection, within-sex phenotypic variability is
expected to be related to reproductive dynamics
(Vercken et al. 2006). Accordingly, we observed
that female and male phenotypes vary coor-
dinately during the reproductive season. The
syntopic temporal variations found could be
expressing behavioral components in relation to
sexual and social contexts of mate preference.

Direct measurements of selection or inves-
tigations of the functional correlates of trait
evolution are important to understand pheno-
typic evolution (Irshick et al. 2007, Losos 2011,
Galeotti et al. 2013). Reproductive tactics in
female lizards are generally related to variation
in yolk-provisioning strategies (Sinervo 1994),
which depend on body condition and fat reserve

mass (Bertona & Chiaraviglio 2003, Cardozo
& Chiaraviglio 2008). Accordingly, we found
an association between fat storage and mor-
phological traits. Moreover, correlation of PC 1
and PC 2 with body condition showed a posi-
tive correlation of the former, indicating that, in
general, larger females with wide abdomen have
more capacity to accumulate energy reserves
in fat bodies than smaller females. Probably
these reserves favor reproductive success, since
clutch size was also positively correlated with
PC 1. In addition, the trade-off between growth
and reproduction could be biased toward repro-
ductive efficiency in larger females, in which
growth has decreased (Cox & Calsbeek 2010;
Cardozo & Chiaraviglio 2011). However, PC 2
explained that females can present alternatively
enlarged or shortened interlimb phenotypes.
These morphs vary in their capacity to store
reserves, since females with enlarged interlimb
and thin limbs and tail showed lower body con-
dition than females with shortened interlimb
and robust limbs and tail. Although we did
not find a relationship between clutch size and
PC 2, variation in energy stores associated with
female phenotype variation explained by PC 2
may be revealing variability in other features of
the reproductive strategies. Although selection
would produce long trunk in some lizard species
(Schwarzkopf 2005), our data suggest that body
elongation might be associated with low body
condition. Further research exploring the repro-
ductive value of enlarged interlimb is necessary.

The phenotypic selection linear model
obtained in this work, based on the model of
Lande and Arnold (1983), helps to interpret the
ultimate causes of phenotypic variation; indeed,
the model revealed that selection is acting direc-
tionally on SVL, tail perimeter and abdominal
perimeter of female 7. merianae. The incre-
ment of SVL has a significant negative effect
on body condition, suggesting that in large indi-
viduals energy storage might be lower than in
short individuals, which is in agreement with the
hypothesis of intermediate body size (Bonnet
et al. 2000). Additionally, abdominal perimeter
and tail perimeter have a positive effect on body
condition, whereas selection influences inter-
limb length marginally. Therefore, considering
the presented results, we suggest that although
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T. merianae females present phenotypic diver-
sity, selection would favor intermediate-sized
females, with ample abdominal capacity and big
tail perimeter. These findings are important to
interpret how selection shapes female morpho-
logical traits to increase fitness.

Conclusion

Our results contribute to the identification of
characters upon which selection may have acted,
suggesting that phenotypic variation in female
lizards would be related to diversity in repro-
ductive strategies. We identified the phenotypic
traits of body shape that are sexually dimorphic.
Females present continuous variation in these
traits. Moreover, we determined the morphologi-
cal traits that contribute to increment energetic
reserves, which are directly involved in vitello-
genesis in lizards, and the traits that contribute to
an increase in reproductive output. These results
are interesting because they help to elucidate the
proximate mechanisms that link maternal mor-
phology and reproductive potential.
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