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the carapace using digital measurements of each plastron and the
accompanying scale (Regis and Meik 2017). Each plastron was
digitized twice to determine if the technique produced repeatable
estimates. Measurement error was estimated from a Procrustes
ANOVA by considering individual as the main source of variation and residuals representing variation in digitized replicates as
the second source of error (Cocilovo et al. 2006).
We superimposed landmark configurations using a
Generalized Procrustes Analysis, which removes the spatial
variation that does not correspond to form. This analysis also
provides information on size and shape through centroid size
(CS) and Procrustes distance (PD) estimates. CS was calculated as the square root of the sum of squared distances of
each landmark from the centroid of the landmark configuration (Mitteroecker and Gunz 2009). For allometry, shape
(Procrustes coordinates) was plotted against CS.
We performed a Procrustes analysis of variance (ANOVA)
to study the asymmetric component of shape. The “individual*side” variation stood for FA and the “side” variation for
DA (Cocilovo et al. 2006). Finally, we conducted a Principal
Component Analysis (PCA) from regression residuals.
For all statistical analyses, we used MorphoJ software version 1.07a (Klingenberg 2011) with a = 0.05.
Results
Variation attributable to digitizing error represented only
2.4% of total variance. Procrustes ANOVA indicated that
both DA and FA were significant (P < 0.01; Table 1), with
DA accounting for 37.9% of variation and FA for 5.6%. The
regression of asymmetric components against log-transformed
CS revealed that asymmetry increased significantly during
ontogeny (P = 0.0020) and that size explained only 1.42% of
the asymmetric shape changes for asymmetric components.
The PCA indicated that PC1 and PC2 accounted for 22.04%
and 15.91% of the variation (PC1 + PC2 = 37.95%), respectively. Along the first axis, changes involved mainly the more
anterior scutes (gular, humeral, pectoral), whereas along
the second axis, changes were mainly on abdominal scutes.
Collectively, changes were right-biased.

Fig. 2. Ventral view of a young European Pond Turtle (Emys orbicularis)
with 19 landmarks scored in plastral junctions and used for morphometric
analysis. We examined six pairs of plastral scutes in each specimen (gular,
humeral, pectoral, abdominal, femoral, and anal) as well as seven medial
landmarks.

TPS file. We examined six pairs of plastral scutes (gular, humeral,
pectoral, abdominal, femoral, and anal) and seven median landmarks. The selection of landmarks was based on those used in
previous studies (Davis and Grosse 2008; Băncilă et al. 2012;
Barros et al. 2012). We determined the straight-line length of

Table 1. Procrustes analysis of variance of plastral shape asymmetry. DA = directional asymmetry; FA = fluctuating asymmetry. DA
accounted for substantially more variation than FA (37.9 versus 5.6%, respectively). Variation attributable to digitizing error represented
only 2.4% of total variance. Mean squares (MS) indicate the amount of variation one level higher in the hierarchy. The F value represents
the comparison of each MS to one level lower of MS, which could be a source of error. d.f. = degrees of freedom.
Effect
Individual
Side (DA)
Individual*Side (FA)
Error

Sum of Squares

Mean Squares

d.f.

F

P

0.5549702
0.0027822
0.0578137
0.0503445

0.000233180
0.000163661
0.000024291
0.000010501

2380
17
2380
4794

9.60
6.74
2.31

<0.0001
<0.0001
<0.0001
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Discussion
We used landmark-based geometric morphometric analysis to
detect significant fluctuating and directional plastral asymmetry in young Mediterranean Pond Turtles, with DA accounting for substantially more variation than FA. Low FA might
indicate that environmental stress factors affecting the Ebre
National Park population are still negligible. One possible
explanation for high DA is that this might be a product of
lateralization of locomotor function (McCall 2014).
Size accounted for only a low percentage of asymmetric
shape changes, although regression was significant. This confirmed a slight detectable asymmetric change during growth
and the presence of asymmetry from early stages of development. If paired plastral scutes grow by forming new tissue
partly along the central suture line, the growth of one can
impinge on the other; so, in older turtles, the central plastral suture line tends to deviate (to the right in our sample)
from a straight line (Rivera et al. 2006; Davis and Grosse
2008). However, such a deviation must not alter the elliptical
shape of the plastron in order to not affect its hydrodynamics (Claude et al. 2003). Otherwise, turtles with a deformed
plastron are likely to swim poorly and would be quickly eliminated by natural selection.
As studies of DA in reptiles are scarce, more research is
needed, with future studies, for example, focusing on a possible relationship of DA and sexual dimorphism in order to
reveal if asymmetries occur equally in both sexes. An unexpected conclusion is that in biometrical studies of turtle shells,
bilateral characters should not be examined on only one side.
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