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ABSTRACT

Body coloration of emydids can be triggered by different types of factors. Therefore, the current study aimed to
investigate the changes in plastron color of Florida Red-bellied Turtle Pseudemys nelsoni (P. nelsoni Carr, 1938), an
emydid of North America. In the current study, 15 (3 males and 12 females) fresh corpses of captive-reared adult
specimens of P. nelsoni were analyzed using digital images as well as applying geometric morphometrics and color
photo processing techniques. Plastron color had no relationship with size nor fluctuating asymmetry, which could be
considered as a negative proxy for stress. Moreover, there were no significant differences between males and
females in this regard. It can be suggested that reddish on plastron for P. nelsoni was highly related to feeding,
compared to other external factors, such as age, size, or stress. In wild P. nelsoni populations, reddish plastral
coloration was related to body size probably due to ontogenetic differences in the diet, as juveniles are omnivorous.
Since adults are herbivores, reddish fading observed in the samples of the current study would be a mere expression
of unnatural colors, which can probably be linked to unbalanced feeding. The results of the current research could
contribute to the understanding of the ways color changes appear in captive turtles in response to differences in
dietary access to carotenoids.
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INTRODUCTION

Developmental instability (DI) appears when there are disturbances to normal development (Benitez and Parra, 2011).
The DI is commonly measured through fluctuating asymmetry (FA, Van Valen, 1962), which represents a deterioration
in morphological developmental homeostasis (Coster et al., 2013; Ducos and Tabugo, 2014). Fluctuating asymmetry
results from the difference between left and right in bilaterally symmetrical organisms or parts of them, and it provides a
measure of how well an individual can buffer its development against genetic or environmental stress during ontogeny
(Klingenberg and Mcintyre, 1998).

Animal coloration is a complex morphological trait produced by biochemical and biophysical interactions
originating from environmental factors (Brejcha et al., 2019; Surasinghe et al., 2019). The color variation among
emydids occurs particularly on the head, limbs, and shell (Surasinghe et al., 2019). The function of the color is not
exactly known, but in studies of other vertebrates, chromatic changes are the basis of a visual trait that is sexually
selected (Steffen et al., 2019).

Pseudemys is a genus of freshwater turtles (family Emydidae, subfamily Deirochelyinae) from several species
distributed throughout the southeastern region of the United States and south into northern Mexico (Cline Dillard, 2017).
It is generally accepted that the genus can be broken down into two distinct subgeneric clades, including the red-bellied
cooters and the river cooters (Cline Dillard, 2017). Florida Red-bellied Turtle (Pseudemys nelsoni Carr, 1938; Figure 1)
belongs to the first lineage, the rubriventris series, sometimes referred to as subgenus Pseudemys (Ptychemys, Ward and
Jackson, 2008; Jackson, 2010). It is a moderately large turtle (carapace length to 37.5 cm) that is relatively abundant in
freshwater wetlands throughout peninsular Florida and extreme southeastern Georgia (Jackson, 2010; Rhodin et al.,
2017). The species is one of the largest emydids in North America, with females (to 37.5 cm) typically growing larger
than males (to 30 cm). Pseudemys nelsoni (P. nelsoni) is known for its red-colored ventral shell, or plastron, of juveniles
(Jackson, 2010; Rhodin et al., 2021). As animals age, this reddish tint tends to fade and become less distinct (Rhodin et
al., 2021).

Animal body coloration is a complex trait resulting from the interplay of multiple color-producing mechanisms
(Brejcha et al., 2019). Protein excess and low calcium-phosphorus ratios can lead to the development of pyramidal-
shaped scutes among some Chelonia species (Gerlach, 2004). Integument color changes in response to differences in
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dietary carotenoid access of Emydid turtles have been relatively unstudied and to date, no research has been done to
document objectively the changes in plastron color of captive-reared P. nelsoni. It is interesting to see how aspects of
health can interact with the exogenous provision of carotenoids. Therefore, the current study aimed to investigate if color
plastron in P. nelsoni is correlated to size (interpreted as age) and gender, however also to FA, among captive animals.

\(
"x‘,:.l\'
<§ _q

t;
‘..\-:A"o’ -

Figure 1. Florida Red-bellied Turtle Pseudemys nelsoni (P. nelsoni Carr, 1938). Picture: Albert Martinez-Silvestre.

MATERIALS AND METHODS

Ethical approval

Corpses were from animals whom private keepers had released into the wild. They had been captured and
euthanized, according to the official control of invasive species in Spain, therefore no specific ethical approval was
necessary for the use of these collection specimens.

Samples

A total of 15 euthanized corpses of adult specimens (3 males and 12 females) of P. nelsoni were obtained from
Catalonia Reptiles and Amphibians Rescue Center (CRARC) Catalonia, Spain, collection. None of the corpses presented
malformations or lesions that could influence the symmetry of the studied region._All animals were healthy and in good
corporal condition.

Imaging

Each turtle was leveled dorsally in accordance with a horizontal plane. Image capture was performed with a Nikon®
D70 (Japan) 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 on a stand so that the focal axis of the camera was parallel to the horizontal plane
and centered on the plastral (ventral) aspect. A scale was put over each specimen.

Geometric morphometrics

Each picture (including a total of 15 images) was then transported to TPSULtil (Rohlf, 2015) to convert the files. The
digitation process was followed utilizing TPSDig2 (Rohlf, 2015). A set of 13 landmarks (3 mid-sagittal and 5 per side)
were located on each plastron (Figure 2) on intersections of different scutes. This process was carried out twice to
estimate the measurement error (Fruciano, 2016).

A Generalized Procrustes Analysis (GPA) eliminated scale, translational, and rotational differences of the coordinate
data of the landmarks (Webster and Sheets, 2010). The coordinate data of each specimen was then scaled by Centroid
Size (CS), a dimensionless parameter computed as the square root of the sum of squared distance between each landmark
and the plastron centroid (Bookstein, 1991). The CS and GPA-scaled coordinates represent surrogates of size and shape,
respectively (Webster and Sheets, 2010). Centroid size was considered as an age proxy for the interpretation of results.
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To detect the components of variances and deviations, a Procrustes ANOVA was used. In Procrustes ANOVA, the
individual effect denotes the individual variations of shape and size, the main effect of sides indicates the variation
between sides and is considered as the measure of directional asymmetry (DA), the individuals x sides is the mixed
effect, indicating FA in the data, and the measurement error represents the variation due to measurement error in taking
landmarks of the same individual in separate sessions (Klingenberg and Mclintyre, 1998).

Figure 2. Landmark configuration used in the study composed of 13 discrete on 2D pictures of Pseudemys nelsoni
plastron (3 mid-sagittal and 5 pairs). The right side corresponds to gular scutes. Color was analyzed on the squared area,
close to the midsagittal line of the left femoral scute.

Color analysis

Plastron color was represented by a combination of RGB values for red, green, and blue color channels, having
percentual values, which were registered individually on the same scute area for each animal. A linear fit tested the
correlation between reddish and size. Finally, multivariate regression was performed on reddish color on asymmetric
values. Values of colors were log,,-transformed for analyses.

Gender differences

Since P. nelsoni is sexually dimorphic, differences in terms of gender were previously determined. An
NPMANOVA (Non-Parametric Multivariate Analysis of Variance) test was applied to detect differences between
genders for three colors and for asymmetry (using Euclidean distances) and a Mann-Whitney U test was applied to detect
size differences between genders.

For all statistical analysis, MorphoJ software version 1.07a (Klingenberg, 2011) and PAST software v. 2.17c
(Hammer et al., 2001) were used. P values less than 0.05 were considered statistically significant. For color analysis,
GIMP 2.6.11 software was utilized (Reinke et al., 2018). As no normal distribution across individuals was expected,
permutation tests were used to sample from 10,000 random iterations without replacement.

RESULTS

The variance associated with asymmetry was significantly greater than the variance produced by measurement error,
which represented a 3% (Table 1) so data allowed precise estimation of asymmetries. Wilcoxon paired test reflected no
statistical differences between two color replicas, which presented on average a 6.7% of the difference. As gender had no
significant effect on colors, asymmetry, and size (p > 0.05), males and females were clustered for ulterior analysis.
Procrustes ANOVA for shape showed a significant effect of FA, however not of DA (Table 1). The Pillai trace
confirmed these results (0.69 and 7.78 for DA and FA, respectively). Reddish color ranged from 53 to 89% (average
71.9%), not being correlated with size (p > 0.05). Individual asymmetric values were not correlated to reddish color
(multiple R*=0.083; Wilk’ A = 0.317; Fa316 = 0.559; p < 0.05).
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Table 1. Summary of Procrustes ANOVA for the shape of plastral scute asymmetry for Pseudemys nelsoni. Values are
dimensionless and were taken from males and females.

Effect SS MS Df F P values
i Individuals 253973.49 18140.96 14 4.16 0.0048
ize
Error 65419.98 4361.33 15
Individuals 0.0423 0.0002 154 7.24 <0.0001
DA 0.0002 0.00002 11 0.6 0.825
Shape
FA 0.0058 0.00003 154 3.31 <0.0001
Error 0.0037 0.00001 330

*FA: Fluctuating asymmetry for size and shape. DA: Directional asymmetry, FA: Fluctuating asymmetry, SS: Sums of squares, MS: Mean squares.
Units are in Procrustes distances (dimensionless). Df: Degrees of freedom. The individuals effect denotes the individual variations, the main effect of
DA indicates the variation between sides. FA is the mixed effect. The error represents the variation due to measurement error in taking landmarks of
the same individual in two separate sessions. P values less than 0.05 were considered statistically significant.

DISCUSSION

Although normally undetectable by visual inspection, a perfect balance between opposing sides is not the reality of
bilaterally symmetric biological bodies. It is widely thought that FA is a useful proxy of wellbeing, as it indicates
developmental stress (Niemeier et al., 2019). Fluctuating asymmetry has been widely used to detect stress among turtles
(Rivera and Claude, 2008; Parés-Casanova et al., 2019; Ibrahim, 2020). As an initial hypothesis, it was thought that
reddish plastron and bony exoskeletal FA for the ventral side of the turtle in P. nelsoni would be related to fitness. The
reason is that animals with the lower corporal condition would absorb less light and thus were unable to deposit
carotenoids. In other words, since plastron coloration is phenotypically plastic (Ibafiez et al., 2017; Steffen et al., 2019;
Surasinghe et al., 2019), less stressed animals would increase plastral reddish chroma. However, according to the
obtained results, although FA in adult P. nelsoni was significant, asymmetry and size were not correlated with reddish
plastral color. Therefore, reddish plastral color was not either correlated to gender and size (aging).

Colorful dots, patches, and stripes of many chelonians are made up, at least in part, of carotenoids (Ibafiez e al.,
2017). Animals cannot synthesize carotenoids, therefore the production of carotenoid-based coloration is ultimately
linked to its ability to obtain dietary carotenoids (Surasinghe et al., 2019) by eating algae and a variety of aquatic plants
from their environment (Steffen et al., 2019). Integument color changes in response to differences in dietary carotenoid
access in other wild species (Steffen et al., 2019). In wild P. nelsoni populations, reddish plastral coloration is related to
body size (age) probably due to ontogenetic differences in the diet (Ibafiez et al., 2017), as juveniles' diet is omnivorous,
while adults are vegetarians (Jackson, 2010). This observation suggests that natural feeding promotes carapace pigment
production, however, the causal factor (food) is not found in the captive environment. It is suggested that feeding affects
this condition. Carotenoid-based pigmentation has been suggested for other species, such as European pond turtles (Emys
orbicularis, Ibafiez et al., 2017) and Eastern painted turtles (Chrysemys picta, Surasinghe et al., 2019). Plastron reddish
color seems to vary considerably within captive animals of the current study regardless of their gender and age. Red
chromatism appeared to be under the same cause for both genders. Red-bellied turtles are predominately herbivorous, but
juveniles tend to primarily consume small insects (Jackson, 2010). According to the study of De Vosjoli (1991), loss of
color in captive box turtles would be partially due to a diet lacking plant pigments so supplementing the diet with plant
pigments helps maintain color therefore reddish fading observed in the samples from captive animals would be a mere
expression of unnatural colors, probably be linked to unbalanced feeding.

CONCLUSION

In Red-bellied turtles, Pseudemys nelsoni, the absence of related-age reddish fading on plastron would be an expression
of unnatural colors when animals are reared in captivity, probably linked to artificial feeding. Studies correlating
terrapins color and sexual dichromatism with artificial management are yet in their infancy. The results of our research
can contribute to the understanding of how emydids show an integumentary color change in response to differences in
dietary access.
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