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Abstract

This study aimed to contribute to a better understanding of the role of asymmetric shape changes related to variation in size
in the yellow-bellied slider turtles (Trachemys scripta scripta), imported in Spain as pets. Values were obtained from geometric
morphometric analysis of 17 anatomical landmarks on plastron (ventral aspect of the body) from 33 males and 63 females.
The allometry was described by a multivariate regression where the independent variable was size, expressed as centroid size,
and dependent variables was the set of shape coordinates. The results demonstrated the existence of sex-related differences in
plastron asymmetries, but, interestingly, the allometric slopes were not sexually dimorphic. The expression of these allometric
trajectories may be the reflection of some functional features, such as feeding or movement.

Keywords: Development; Directional Asymmetry; Growth; Sexual Size Dimorphism; Testudines

Abbreviations: GM: Geometric Morphometrics; PC: from being fully understood. For its capacity of evaluating

Principal Component; MS: Means Squares; PCA: Principal
Component Analysis.

Introduction

Turtles show a very large difference from hatchling
to adult size [1], ranging from a few centimeters to over
three meters in length, and this provides the basis for large
ontogenetic variations of shape in this group [1].

Static allometry refers to the relationship between the
shape of a trait and body size across individuals at the same
developmental stage [2,3]. Changes in body proportions
(length vs. width) have been observed in aquatic turtle species
and are explained as an antipredator adaptation [4]. External
linear morphometry, mainly head and carapace, have been
used to investigate allometry in turtles [5-7], but for some
species, morphological variation, in terms of allometry, is far
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shape [8]. we consider geometric morphometrics (GM)
having a great potential to the study of allometry in turtles,
without the limitations and the laboriousness of linear
morphometrics. GM is based on the Cartesian coordinates
of landmarks (measurement points) that are homologous
across all measured individuals [9].

The plastron of turtles contains, as general pattern,
twelve bilateral scutes (gular, humeral, pectoral, abdominal,
femoral and anal) and one central (intergular) [10]. It
is ideal for object asymmetry studies due to its bilateral
characteristics and relative flat surface, which allows for easy
digital measurements from photographs. Sliders, specifically,
possess a very dorsoventrally flattened body shape and lives
on water but also on land, thus providing an easy model for
evaluating the effects of morphological design. Another pro
of sliders is that many species are easily available for studies,
because they are commonly kept as pets.
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The yellow-bellied slider (Trachemys scripta Schoepff
1792) belongs to the family of true pond turtles (Emydidae;
subfamily Emydinae) [5,11]. It is native to the southeastern
United States, being the most common turtle species in its
range [5], and occupy a wide variety of habitats, including
slow-moving rivers, floodplain swamps, marshes, seasonal
wetlands, and permanent ponds [5,10].

Yellow-bellied sliders are very popular as pets [11].
From 1983 to 1997 500,000 to 900,000 specimens were
introduced to Spain where many escaped or were released
into the wild, where it seems to have established stable
populations [12]. But, as the species has negative impacts on
native pond turtle population fitness and can act as parasite
and disease vectors, non-captive specimens are captured
and legally euthanized [12], so these corpses could be used
in studies like the presented here with no ethical restriction.

In order to contribute to the current knowledge about
some allometric aspects of sliders, we applied a geometric
morphometrics approach to yellow-bellied slider plastron
of a wide size range, and from two genders, with the aim
of illustrating the role of changes in proportions related
to variation in size in shaping the external morphology. In
particular, the purposes of the research were: (1) quantifying
and determining the types of shape asymmetry of plastron;
and (2) assessifthis asymmetry hasan allometric component.
Our final goal is to provide some additional information
that can facilitate a better understanding of expression of
asymmetry of this species, complementing previous studies
on this same species [13,14].

These findings will represent a contribution to the study
of growth modelsin freshwater turtles and serve as abaseline
for (1) comparisons with other wild and captive populations
and species, and (2) future ecomorphological investigations
aimed at understanding the adaptive meaning of different
developmental trajectories in this group of testudines. This
study is part of a larger project to study morphology in exotic
and local land and water tortoises by means of geometric
morphometric techniques.

Materials and Methods

Specimen Collection

A sample of 33 males and 63 females belonging to
Trachemys scripta scripta were obtained from the CRARC.
They had been collected as invasive species and so
euthanized. Sex was determined visually by: 1) general size
-females beinglarger-, 2) position of cloaca and thickness and
length of tail -males having enlarged tails-, 3) claws -males
having elongated foreclaws [5,11]. All specimens used in the
study were adult turtles without any detectable abnormality,
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such as injuries or unusual additional scutes or plates. As
study was done on specimens euthanized according to
the European law, authors considered not necessary the
obtention of an ethical agreement.

Data Collection and Geometric Morphometric
Analyses

Turtles were labelled and levelled on a horizontal plane,
and then photographed on the ventral view (plastron). Image
capture was performed with a Nikon® D70 digital camera
(image resolution of 2,240 x 1,488 pixels) equipped with a
Nikon AF Nikkor® 28-200 mm telephoto lens. The camera
was placed parallel to the ground plane so the focal axis of
the camera was parallel to the horizontal plane and centered
on each plastron. A scale was included in the images to
standardize each specimen size (mm unit). Pictures were
posteriorly digitized using tpsDig version 2.04 [15]. In total,
17 two-dimensional (2D) landmarks (LMs, i.e., discrete and
homologous loci in the space characterized by their x- and
y-coordinates, and identified without ambiguity as the same
loci in all investigated specimen) were used on the ventral
side of plastron (Figure 1), excluding exterior marginal
scutes. Ten of them were bilateral and seven were midline.
These landmarks corresponded to the intersections between
bony plates or epidermal scutes, and thus were type 1 or
2 according to Bookstein's nomenclature [16]. A double
digitalization was done for assessing the measurement error.

Figure 1: Landmarks digitized on the ventral side pf the
plastron. In total, 17 two-dimensional (2D) landmarks
were used on the ventral side of plastron. Ten of them were
bilateral and seven were midline landmarks.

Cartesian x-y coordinates were then extracted with a full
Procrustes fit in order to remove information about position,
orientation and rotation and standardize each specimen to
unit centroid size (CS -computed as the square root of the
summed squared Euclidean distances from each landmark to
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the specimen centroid, and providing the estimation of the
size [16]. Following the Procrustes fit, we used Procrustes
ANOVA (ANalysis Of VAriance), to quantify the amount of
asymmetric variation; results are reported as sum of squares
(SS) and means squares (MS) [17]. The coordinates of the
superimposed landmarks to assess asymmetry of shape
were in relation to individuals (symmetric component
of variation), plastron sides (directional asymmetry, DA,
occurring when there is a greater development of a character
atoneside ofthe body plan of symmetry than at the other, with
most individuals being asymmetrical in the same direction),
their interaction (fluctuating asymmetry, FA, small and
random deviations in the symmetry of bilateral characters of
organisms, with a mean equal to zero and variation normally
distributed around that mean) [18], and measurement error.
To avoid making the assumption of equal, independent
and isotropic variation of landmarks, we added a MANOVA
approach to test for asymmetries; significance was assessed
with the Pillai trace statistic [17].

Then, we used PCA (Principal Component Analysis)
to summarize the sample shape variation into fewer
components. The first principal component (PC) is the shape
pattern (linear combination of shape coordinates) with
maximum variance in the sample and it can be visualized as
a shape deformation or a series of shapes, and a score along
the PC could be computed for each individual. The second PC
is geometrically orthogonal (perpendicular) to the first one
and accounts for the second most variance, and similarly for
all subsequent components.

Then we performed a multivariate regression of the
Procrustes coordinates as shape variables (being used to
calculate the regression score) on the log-transformed
centroid size values (CS, the square root of the sum of

squared distance between each landmark and the skull
centroid) as a size variable to analyze the allometry trend of
each gender [16]. Results are reported as a percentage value
of the explained total shape variation from the size variation.
Allometric trajectories were compared using the angular
vectors. Results are reported as angular values of the pairwise
angular comparisons. Levels of statistical significance
were computed by permutation tests, using 9,900 random
permutations. Analyses were done using Morpho] version
1.05 [19] and PAST version 2.17 c [20] packages.

Results

The studied turtles ranged from 92.8 to 193.6 mm in total
length for males (mean=143.4 mm; SD=19.72; n=33; mean
CS=3318.69), and from 95.2 to 256.5 mm in total length for
females (mean=183.3; SD=33.22; n=63; mean CS=3862.81).

The ANOVA tests whether individual variation is
significantly larger than error. This could be potentially a very
serious issue because random measurement error can inflate
the amount of variance and, since many statistical analyses
are based on the amount of “explained” relative to “residual”
variance, can result in loss of statistical power. However, it
shouldbenoted thatitwasfoundahighly significantindividual
variation (mean squares=0.0001346881, p<0.001) larger
than measurement error (mean squares= 0.0000455997).
Procrustes ANOVA for the carapace were statistically
significant, showing individual variability, DA and FA (Table
1). Similar results were obtained by analyzing the two sexes
separately (data not shown here). DA accounted for the bulk
of morphological variation (mean squares=0.0004735205,
71.0 % of the total variance). MANOVA tests confirmed only
DA (Table 2).

Effect SS Df MS F p
Individual 0.1411436 930 0.00015177 9.89 <0.0001
Sides 0.0050113 15 0.00033409 21.8 <0.0001
Individual*Sides 0.0142745 930 1.5349E-05 0.34 1
Measurement error 0.0865653 1890 4.5802E-05

Table 1: Output for Procrustes ANOVA for plastron asymmetry. Sums of squares (SS) and mean squares (MS) are in dimensionless

units of Procrustes distance. Df=Degrees of freedom.

Effect Pillai trace p
Side 0.87 <0.0001
Individual*Sides 8.9 <0.0001

Table 2: Output for Procrustes MANOVA for plastron
asymmetry.

In PCA, PC1 and PC2 explained a 28.7% and a 25.4%
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of plastron asymmetric shape variance, respectively;
they did not discriminate between males and females,
thus corroborating the independent sexual asymmetric
dimorphism. The graphical representation of PC1 and PC2
revealed the existence of directional differences mainly on
gular and humeral plaques, indicating a greater development
of the right side (Figure 2).
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Figure 2: First Principal Component (PC1) and second Principal Component (PC2) of joint variation in landmark positions for
individual directional asymmetry for males (n=33) and females (n=63), using the set of 17 landmarks. PC1 and PC2 explained
a 28.7% and a 25.4% of plastron asymmetric shape variance, respectively; they did not discriminate between males and
females. The graphical representation of PC1 and PC2 revealed the existence of directional differences between the left and
right body shell sides mainly on gular and humeral plaques, indicating a greater development of the right side.

Regression of shape of size for symmetric component
was not significative for males (P=0.652, 1.97 % of shape
variation explained by size variation) but significative for
females (P=0.0008), although it explained only a 6.80 % of
shape variation, due probably to the larger shape variation.
Correlation coefficients R? for both genders were low (0.019
and 0.6 for males and females respectively). So relationships
between centroid size of carapace and the ventral body parts
suggest possible isometry in plastron for both genders. The

angular comparisons between genders showed no significant
distinction between their ontogenetic trajectories (P=0.813),
with an angular value of 103.81, indicating similar patterns of
joint displacements of landmarks (Figure 3). As it is thought
that traits under sexual selection exhibit positive allometric
relative to traits that are not under sexual selection [21,22].
detected isometry in sliders could indicate that DA cannot
be interpreted as conferring sexual advantages, but rather
being adaptative traits.

explained by size variation).

Figure 3: Regression trajectories for both genders of yellow-bellied slider turtle (Trachemys scripta scripta) by relating the
centroid size Log-transformed values (Log Centroid Size) vs. the shape scores (that is. the regression score obtained from the
Procrustes coordinates). Regression of shape of size for symmetric component was not significative for males (n=33; P=0.652;
1.97 % of shape variation explained by size variation) but significative for females (n=63; P=0.0008; 6.80 % of shape variation
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Discussion

In this study, the body shape asymmetric variation along
size was described by comparing individuals of different
sizes by multivariate regressions in yellow-bellied slider
turtle (Trachemys scripta scripta). The method has allowed
us to maintain the relative spatial configuration of landmarks.
Here we used the entire body (the entire plastron), which
considers the variation in form holistically and allowed us a
more realistic view of the variation in shape in a deformation
network. Nevertheless, our results differ from those by other
authors [13]. Who did find no DA on this species.

Turtles used in the present study were kept in captivity,
where they had to adapt to artificial environmental
conditions. This factor could cause stress to animals, but the
results of statistical analyses, indicating a low presence of
FA cannot support the hypothesis that detected asymmetry
is interpreted as a reaction to non-optimal environmental
conditions [23]. DA was manifested as the main source of
variation, and not being an indicator of stress, it must be
interpreted as an adaptative trait.

The permutation test indicating the occurrence of
ontogenetic allometries for each sex, although being
significant, accounted for a low variation for both genders.
Proportional changes occurred in several morphometric
characters simultaneously from small to big specimens.
Interestingly, the allometric slopes were not sexually
dimorphic. So, the expression of these allometric trajectories
seems to be not associated with age-specific shifts but
linked to functional features such as feeding efficiency and
movement.

Static allometry could be heavily influenced by
management, as sliders have indeterminate growth
influenced by variation in local conditions and feeding. Our
study has been performed with initially captive (and then
released) individuals, so it could be interesting to perform
studies including other management conditions (such wild
populations). Finally, the information obtained through such
studies could be used to plan correct management strategies
for local species. This research was not financially supported.
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