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ABSTRACT.—The use of fluctuating asymmetry (FA) estimates in animal research is
increasing, but most studies thus far have focused on birds, amphibians and insects. Turtles
have bilateral shell scutes that can be easily measured with modern imaging techniques and,
therefore, should serve as ideal candidates for FA research, although identifying the most
appropriate characters to measure must first be determined. With this issue in mind we
undertook the current project to assess levels of plastron scute asymmetry in a common
freshwater turtle species, specifically examining the level of variation among scutes and the
effects of age (size) and gender on our estimates of scute FA. We photographed 86 museum
specimens of adult yellow-bellied sliders, Trachemys scripta (32 males, 54 females) and used
image analysis software to measure their carapace lengths and absolute differences in leftright surface areas of plastron scutes. We found that scutes varied in the degree of FA, but the
magnitude of the variation tended to be higher among males and there was higher FA in
general in the forward-most plastron scutes. We also found that scute asymmetry increased
with carapace size, indicating that turtle shells become increasingly asymmetrical with age.
This may be the result of adjacent scutes growing against each other over time, leading to
random flux in symmetrical growth, or from age-related bioaccumulation of pollutants, which
could interfere with normal symmetrical shell production.

INTRODUCTION
Minor differences in the degree of symmetry of bilateral characters can signal the
developmental stability of an organism (Polak, 2003) and the measurement of such
‘fluctuating asymmetry’ (FA) is being increasingly used to assess the impacts of a variety of
stress-inducing conditions. These conditions include disease (Parris and Cornelius, 2004),
pollutants (Gallant and Teather, 2001; Bustnes et al., 2002; Lauck, 2006; Söderman et al.,
2007), habitat fragmentation (Anciães and Marini, 2000) and nutritional stress (Swaddle
and Witter, 1994), and most studies to date have been conducted on bilateral animals such
as birds, insects and herpetofauna. However, there has been little work thus far examining
FA in turtles, which is surprising, since all turtles carry with them a bilateral shell which
prominently displays all major and minor perturbations in growth for the duration of their
lives (Lynn and Ullrich, 1950). Furthermore, there is evidence that inbreeding or
suboptimal environments can lead to asymmetries in the number of turtle scutes
(Fernandez and Rivera, 2004), which further demonstrates the potential of this species in
FA research. Moreover, with recent image analysis techniques (Davis and Grayson, 2007;
Davis and Maerz, 2007), bilateral scute pairs in turtle shells, especially those on the flat
ventral plastrons, can now be easily photographed and measured digitally which should
allow researchers to record even subtle deviations in left-right scute sizes. However, before
estimates of FA in turtle shells can be obtained, a thorough examination of the possible
factors influencing these estimates is warranted, especially given the unique nature of turtle
shells among vertebrates.
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One point to consider in estimating FA in any animal is that not all bilateral characters
experience the same degree of asymmetrical growth, perhaps because of differing
developmental complexity or differing functionality among traits (Aparicio and Bonal,
2002). Thus, selecting the most appropriate trait for measurement is a necessary first step in
any asymmetry study. In most cases where FA is assessed in animals, the characters selected
for measurement are on opposite sides of the body and grow or develop somewhat
independent of each other, such as the legs of frogs (Söderman et al., 2007), wing feathers
of birds (Bustnes et al., 2002) or spots on salamander backs (Wright and Zamudio, 2002;
Davis and Maerz, 2007). However, the scutes that make up turtle shells are immediately
adjacent to each other and the growth of one can impinge on the growth of the other. In a
large comparison of many turtle species, Magwene (2001) showed that plastron scutes grow
larger by forming new layers of tissue mostly on the anterior and proximate edges of the
previous year’s growth. In other words, plastron scutes tend to grow larger by forming new
tissue partly along the center suture line. This may result in pressure from opposing scutes
directed toward the middle. Furthermore, these pressures could eventually cause flux in
scute growth as the turtle grows. Evidence for this idea comes from the fact that in older
turtles, the suture line running down the center of the plastron tends to deviate from the
straight line normally seen in younger turtles (Fig. 1A, B). Given this fact, we could expect
shell scutes to become increasingly asymmetrical as turtles age. If this possibility is true, the
age of the turtle would need to be accounted for in any future study of shell asymmetry.
Another important point to consider in estimating FA in turtles is gender. In turtles,
males and females of certain species tend to differ in absolute growth rates, with females
growing faster than males (Congdon and Gibbons, 1983; Gibbons and Lovich, 1990; Rowe,
1997; Aresco and Dobie, 2000). This difference is either due to physiological differences in
metabolism or environmental differences associated with each sex (Gibbons and Lovich,
1990). Regardless of the cause, the difference in growth rates may have implications for the
degree of bilateral shell symmetry in either sex. There could be two possible scenarios:
female shells could be more asymmetrical than males because their increased growth rates
cause more frequent errors in symmetrical growth or females could have more symmetrical
shells than males because their faster growth rate is a product of their more efficient use of
resources and/or more efficient shell growth (i.e., less prone to errors).
In this study we examined for the first time the degree of fluctuating asymmetry in the
shell scutes of a turtle, with the intention of providing information useful for future studies
of FA in turtles. We used image analysis software to measure the surface area of all six pairs
of plastron scutes from specimens of yellow-bellied sliders, Trachemys scripta and derived
estimates of FA as the difference in scute area between left and right sides. Using these
estimates we examined three possible factors that could influence the estimation of
asymmetry in turtles: gender, size and body location (i.e., scute pair). The results of these
analyses should provide a framework for future examinations of symmetry in turtle shells.
MATERIALS AND METHODS
Photographing specimens.—We obtained 86 adult yellow-bellied slider specimens from the
Georgia Museum of Natural History. Most (67) of the specimens were collected in the state
of Georgia, with the remainder from South Carolina (13), Florida (2), North Carolina (2)
and Alabama (1). We recorded the sex of the specimen based on tail and forelimb claw
lengths (Gibbons, 1990). Photographing the specimens proceeded as follows. Specimens
were removed from preservative and air-dried for 20 min. Each specimen was placed on a
copystand and photographed from above with a Canon Powershot G6 digital camera

FIG. 1.—Specimens of yellow-bellied sliders shown in ventral photograph position. A penny was photographed with each specimen to provide a common
standard to calibrate the image analysis software. The specimen in A is smaller, and presumably younger, than in B. Note the differences in the middle
suture line of each specimen. Third image (C) is faded and has scutes outlined in black to demonstrate areas that were measured. Names of scute pairs from
anterior to posterior are gular, humeral, pectoral, abdominal, femoral and anal
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(Fig. 1). Two pictures were taken of each specimen, dorsal and ventral. Care was taken to
ensure that the specimen was centered directly under the camera so that the left and right
sides were equally in view in each picture.
Measuring scutes.—We used image analysis procedures to measure the size of the turtles
(carapace length) and the 6 plastron scute pairs of each specimen (gular, humeral, pectoral,
abdominal, femoral and anal) following digital procedures used for measuring characters of
other species (Davis et al., 2004; Davis and Grayson, 2007; Davis and Maerz, 2007). This
involved importing the images into Adobe Photoshop with Fovea Pro (Reindeer Graphics,
Inc) plugins installed. We then calibrated the image using features in the images that were
of known length (1 cm grid squares of the copystand for dorsal pictures and a penny placed
on the plastron for ventral). After calibration, our first digital measurement was the size of
each specimen, for which we measured the straight-line length of the carapace (in mm)
from the dorsal images. From the ventral images we traced the outline of each plastron scute
(six scute pairs or 12 total plastron scutes per turtle; Fig. 1C). In most plastron scutes the
outer edges were clearly identifiable, however the abdominal (and pectoral to a lesser
degree) scutes in turtles have both a flat surface as well as a lateral extension that wraps
around the sides of the body, forming the ‘bridge’ (Ernst et al., 1994). As these bridge
sections were not always visible to us in the images, we confined our outlines of these scutes
to their flat ventral sections, and if the ventral side of the scute did not have a defined outer
edge to trace (frequently in the abdominal scute) we drew a straight line from the point
where the adjacent anterior and posterior scutes meet the scute in question (Fig. 1C).
When all scutes were outlined a Fovea Pro measurement routine was initiated that
measured the surface area (in mm2) of each scute outline and saved the information to a
text file. From these data we calculated the absolute difference in surface area between the
left and right scute for each of the 6 scute pairs. We then transformed the scute asymmetries
into percentages of the average scute pair area to account for the fact that larger scutes (or
larger turtles) may have larger asymmetries than smaller scutes (or smaller turtles) and to
place asymmetry estimates of all turtles on the same scale. We were left with the following
variables for each specimen: gender, size (carapace length), and six measures of scute
asymmetry (expressed as a percentage, one for each scute pair).
As this was our first attempt to measure asymmetry in turtle scutes using image analysis, at
the end of the photographing session we conducted a follow-up test to determine if our
method produced repeatable estimates of asymmetry. We selected a random set of 20
specimens of varying sizes, and the plastron of each was photographed twice, in nonconsecutive, randomized orders, using the same camera setup as before. The scute pairs
were then digitally measured from all images as before, but in this case the turtle
identification was hidden from the observer. When all measurements were obtained, we
compared the estimate of asymmetry (absolute right minus left area) for each scute pair
between the first and second photo of each specimen using a series of paired t-tests. There
were no significant differences in our estimate of asymmetry between the first and second
photo for any of the six scute pairs (P . 0.05 for all tests). These results gave us confidence
in our digital measures of scute areas obtained earlier, and suggest that there was minimal
observer error in our estimates of FA.
Data analysis.—We initially tested for possible geographic variation in size using analysisof-variance with carapace length as the dependent variable and the state where the
specimen was collected as the independent variable. Sex as included in this analysis to
account for possible gender-related effects. We also graphically examined the distribution of
raw asymmetry scores for each scute pair to ensure that their distributions centered around
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zero, which is a necessary criteria that must be first met for any measure to be considered
true fluctuating asymmetry (van Dongen et al., 1999). For the main analyses of FA we initially
transformed the percent asymmetry measures (arcsine square root transformation) to
approximate a normal distribution. Next we tested for homogeneity of variance in
asymmetry scores between sexes using Levene’s test on each scute pair, to ensure that the
assumptions of homoscedasticity were not violated. Then to determine the variation in
asymmetry due to sex, size and scute location, we used repeated measures analysis-ofvariance, with scute as the within-subject factor (with six levels), sex as a categorical
independent, and carapace length as a continuous covariate. The estimate of asymmetry
(transformed) was the dependent variable. All two-way interactions were also included. All
tests were conducted using Statistica (2003) software.
RESULTS
General results.—Of the 86 turtle specimens we measured, 32 were males while 54 were
females. Males ranged in size from 114–249 mm with an average of 162 mm. Females
ranged from 98–314 mm with an average of 180 mm. In our analyses of geographic
variation in size we found no significant variation in carapace length among states (F4,84 5
1.98, P 5 0.105). There was also no significant difference in size between males and females
(F1,84 5 1.22, P 5 0.272). There was no evidence of differing variance in asymmetry between
sexes for any of the 6 scute pairs; all P values from the Levene’s test of homogeneity of
variances were greater than 0.1. Thus, the assumptions of homoscedasticity were not
violated in comparisons of asymmetry between sexes. Raw scute asymmetry scores (right
scute area minus left scute area, in cm2) of all 86 specimens were approximately normallydistributed and centered around zero (Fig. 2).
Results of FA analysis.—Results of our repeated-measures ANOVA revealed a significant
difference in scute FA between males and females (Table 1) with males showing greater
asymmetry than females in all scute pairs except the gular scutes (Fig. 3). The degree of
difference between sexes tended to vary among scutes however, reflected by the nearsignificant interaction between sex and scute (Table 1). Overall, the humeral scute showed
the greatest sex-related difference, followed by the femoral. While there was no overall effect
of scute on levels of FA (Table 1), it is apparent from Fig. 3 that scutes near the front of the
turtle generally showed higher levels of asymmetry than those near the back, for both sexes.
Finally, there was a significant effect of carapace length on scute FA in our study (Table 1)
and examination of parameter estimates indicated this effect was positive, such that larger
turtles tended to have higher levels of scute FA. Further, since the estimate of scute FA was
initially corrected for scute size, this relationship was not an artifact of allometry.
DISCUSSION
Our data indicate that estimations of FA in plastron scutes of yellow-bellied sliders depend
on the turtle’s gender, size, and which scute is measured. The influence of gender was such
that female had more symmetrical scutes than males (Fig. 3). Females of this species, like
many other turtle species, have a faster absolute growth rate than males (Congdon and
Gibbons, 1983; Gibbons and Lovich, 1990; Rowe, 1997; Aresco and Dobie, 2000), thus it
could be argued that faster growth in turtles is indicative of more ‘efficient’ (i.e.,
symmetrical) growth, with fewer bilateral errors. Interestingly, higher levels of FA in males
than females has also recently been found in frogs (Söderman et al., 2007) and was
attributed to the possibility of growth interference by steroid hormones, such that males
were considered under more developmental ‘stress’ than females. This possibility can not be
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FIG. 2.—Distribution of raw scute asymmetry scores (right minus left scute area, in cm2) for all 86
specimens in this study

discounted in the turtles examined here, although we can only speculate as to the exact
cause. Nevertheless, this sex-related difference is an important component of shell growth
that must be taken into account in future studies of FA in turtles.
We also found that as turtles grow their degree of plastron scute asymmetry increases, a
result not unexpected based on the nature of scute growth. Magwene (2001) showed that
plastron scutes of many turtle species grow larger by forming new layers of tissue mostly on
the anterior and proximate edges of the previous year’s growth. In other words, plastron
TABLE 1.—Results of repeated measures ANOVA examining effects of scute location (within-subject
factor with 6 levels), sex and size (carapace length) on levels of fluctuating asymmetry in plastron scutes
of yellow-bellied sliders. The between-subject interaction of sex*carapace length was initially included in
the model but removed when found not significant (P . 0.1)
Source of variation

Variable

df

MS

F

P

1
1
83

0.089
0.048
0.010

8.44
4.56

0.005
0.036

Scute Location
5
Scute Location*Sex
5
Scute Location *Carapace Length
5
Error
415

0.014
0.017
0.016
0.008

1.81
2.23
2.03

0.109
0.051
0.073

Between-subject

Sex
Carapace Length
Error

Within-subject
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FIG. 3.—Level of scute area asymmetry (absolute difference in left-right scute area, as a percentage of
the average scute area) of all scute pairs for male (n 5 32) and female (n 5 53) sliders in this study.
Error bars represent 95% confidence intervals

scutes tend to grow larger in part by forming new tissue along the turtle’s center suture line.
This may result in pressure from opposing scutes directed toward the middle and would
explain the frequent observations of ‘squiggly’ center suture lines in the plastrons of older
individuals (Fig. 1A, B). This pressure could in time cause random flux in the normally
symmetrical growth of scute pairs, and based on this idea we expected scute asymmetries to
increase with turtle size (as a proxy for age). However, it is also possible that turtle scutes
may become increasingly asymmetrical with age, not necessarily because of increasing
pressures between scutes, but because longer lived individuals simply have more
opportunities for erroneous growth. Still another possibility is that older specimens may
bioaccumulate toxins over time, which have been found in slider turtles (Tryfonas et al.,
2006), and which may interfere with normal physiological processes such as tissue growth.
Regardless of the reason, these data point to the importance of also accounting for the
effect of age (or size) in future studies of scute symmetry.
The degree of fluctuating asymmetry varied among the six plastron scute pairs in our
study with greater asymmetries toward the front of the turtles (Fig. 3). Meanwhile, anal
scutes varied the least, both in raw asymmetry (Fig. 2) and size-corrected asymmetry (Fig. 3).
Since we knew that turtle scutes can vary in growth rates (Ernst et al., 1998), we were
unsurprised at this variability. However we had no a priori expectations of which scutes would
be most variable in terms of FA. Part of the difficulty in making predictions on this variation
stems from the paucity of studies examining growth patterns in plastron scutes in turtles, but
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it also is because we did not envision possible differences in scute functionality. In other
words, plastron scutes serve to protect the lower portion of the turtle and we suspected that
all scutes have this same function and no others. However, since our result indicate a degree
of variation in FA among scutes, it is, therefore, possible that this variation is driven simply
by flux in shell growth. If so, this variation would make scutes ideal for estimation of FA in
turtles, although our data suggest that more anterior scutes show the highest levels of FA
and would be most appropriate for measurement.
Fluctuating asymmetry has been shown to be an important predictor of fitness in multiple
species of organisms (e.g., Møller, 1996; Møller, 1999; Møller and Manning, 2003; Johnson et
al., 2004; Davis and Maerz, 2007). Because of this, measures of fluctuating asymmetry at the
individual or population level are well-recognized as important tools in animal research and
conservation (Leary and Allendorf, 1989; Clarke, 1995). As long-lived animals that can face
lengthy exposures to pollutants and toxins, we suggest that future examinations of FA in
turtles are warranted, especially given the ease at which turtle shells can be measured using
current image analysis software. The methodology used here should provide a framework
for such studies, but our results highlight the importance of accounting for size, gender and
body location in future work.
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