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Abstract.—Shape variation is widespread in nature and embodies both a response to and a source for evolution and
natural selection. To detect patterns of shape evolution, one must assess the quantitative genetic underpinnings of
shape variation as well as the selective environment that the organisms have experienced. Here we used geometric
morphometrics to assess variation in plastron shell shape in 1314 neonatal slider turtles (Trachemys scripta) from 162
clutches of laboratory-incubated eggs from two nesting areas. Multivariate analysis of variance indicated that nesting
area has a limited role in describing plastron shape variation among clutches, whereas differences between individual
clutches were highly significant, suggesting a prominent clutch effect. The covariation between plastron shape and
several possible maternal effect variables (yolk hormone levels and egg dimensions) was assessed for a subset of
clutches and found to be negligible. We subsequently employed several recently proposed methods for estimating
heritability from shape variables, and generalized a univariate approach to accommodate unequal sample sizes. Uni-
variate estimates of shape heritability based on Procrustes distances yielded large values for both nesting populations
(h?2 = 0.86), and multivariate estimates of maximal additive heritability were also large for both nesting populations
(h2. = 0.57). We also estimated the dominant trend in heritable shape change for each nesting population and found
that the direction of shape evolution was not the same for the two sites. Therefore, although the magnitude of shape
evolution was similar between nesting populations, the manner in which plastron shape is evolving is not. We conclude
that the univariate approach for assessing quantitative genetic parameters from geometric morphometric data has
limited utility, because it is unable to accurately describe how shape is evolving.

Key words.—Additive genetic covariance matrix, clutch effects, geometric morphometrics, Procrustes distance, quan-
titative genetics.
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To understand morphological evolution, one must first doc-
ument patterns of variation and then examine the relative
influence that environmental and genetic factors play in the
development and maintenance of these patterns. Although
natural and sexual selection are important forces that shape
proximate patterns of morphology, for these patterns to be
realized through evolutionary time there must be heritable
genetic variation of the morphological traits under selection
(Lande 1979; Lande and Arnold 1983; Janzen and Stern
1998). A fruitful way to examine this process, characterizing
both genetic and phenotypic variation, isto integrate thetools
of evolutionary quantitative genetics and morphometrics.

The field of evolutionary quantitative genetics was devel-
oped to characterize, quantify, and predict the waysin which
in traits can and do respond to natural and sexual selection
(Roff 1997; Lynch and Walsh 1998). Univariate quantitative
genetics has been used to determine the degree of heritability
for a trait, as well as predict how traits will respond to se-
lection. To examine such a trait however, one must first ac-
curately quantify its phenotype, whether in the form of size,
color, and/or shape. Shape, in particular, is important to ex-
amine because it is likely a major aspect of phenotype upon
which natural selection can act. However, summarizing shape
alone can be challenging because such analyses are also in-
fluence by other aspects of phenotype such as size. The tools
of geometric morphometrics can be used to quantify shape
variation and assess covariation in shape with other variables

(Bookstein 1989; Rohlf and Marcus 1993; Adams et al. 2004;
see Material s and Methods section below). In particular, these
methods allow shape to be quantified after the potentially
confounding effects of size, position, and orientation inherent
in biological data, have been held mathematically constant
(Rohlf and Slice 1990). Recently, several methods have been
proposed to combine geometric morphometric data with the
powerful tools of evolutionary quantitative genetics. One ap-
proach is a univariate approximation based on Procrustes
distance (Monteiro et al. 2002: see also Klingenberg and
Monteiro 2005), while a second is a multivariate generaliza-
tion of the standard breeders’ equation (Klingenberg and L ea-
my 2001; Klingenberg 2003).

The slider turtle, Trachemys scripta, is an ideal speciesin
which to study shape variation in offspring at several eco-
logical levels. Clutch sizes are substantive (X = 13, 6-27 for
the focal populations in this study; Tucker et al. 1998a) and
female shell morphology differs among local populations
(Tucker et al. 1998b). Moreover, females are philopatric, re-
turning to the same nesting area year after year, presenting
an opportunity for genetic differentiation and differential se-
lection on both mother and offspring between nesting sites
(J. K. Tucker and F. J. Janzen, unpubl. data). Furthermore,
body size of young sliders experiences strong selection from
avian predators (Janzen et al. 2000a,b).

The turtle shell, comprised of a dorsal portion (carapace)
and ventral portion (plastron), constitutes ahighly novel mor-
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phological trait (Gilbert et al. 2001). The carapace and plas-
tron are of neural crest origin (Clark et al. 2001), deriving
from vertebral and rib elements and lying superficial to both
limb girdles (Burke 1989). The shell provides a significant
measure of protection from predation (Greene 1988), partic-
ularly in adult turtles, and al so can strongly impact locomotor
performance (e.g., Zani and Claussen 1995). A number of
genes are involved in guiding development of the shell (Lo-
redo et al. 2001; Vincent et al. 2003; Kuraku et al. 2005),
potentially providing ample genetic substrate for evolution-
ary modification of this unique trait. In this study, we chose
to examine shape of the plastron because variation in this
trait may contribute to fitness variation within a population.
Shell shape could influence individual survival and fitness,
particularly in the early life-history stages where avian pre-
dation is often intense and locomotor performance on land
or inwater iscritical (e.g., Janzen et al. 2000a,b). Theplastron
also possesses ideal characteristics for morphometric anal-
ysis, with unambiguous landmark locations and relatively flat
shape.

Based on this knowledge of the plastron and of our study
organism, we generated two related predictions about plas-
tron shape: (1) plastron shape should be variable among
hatchling turtles at the level of the individual, clutch, and
nesting area, as aresult of potential differential selection and
inheritance, and (2) that the variation has a heritable genetic
component. To address these predictions, we used recent ad-
vances in the fields of evolutionary quantitative genetics and
geometric morphometrics. We quantified the shape of hatch-
ling plastrons to address potential variation, examined en-
vironmental and genetic influences on shape variation, and
estimated the degree of heritability for plastron shape.

MATERIALS AND METHODS

Specimens

A total of 1314 slider hatchling turtles (Trachemys scripta)
from 162 clutches (families) was used in this study. These
individuals were obtained from one nesting area in Calhoun
County, Illinois (Swan Lake: 735 individuals from 92 fam-
ilies) and one nesting area in Jersey County, Illinois (Dabbs
Road: 579 individuals from 70 families), which are <5 km
apart on the lllinois River (Tucker 1997). Samples were ob-
tained in 1996 and 2003. For the 1996 sample, 22 gravid
females were hand captured in the field, and from them 267
eggs were obtained. From each nesting female, a subset of
eggs was used to assess levels of yolk testosterone. The re-
maining 195 eggs were incubated in the laboratory under
approximately constant temperature and hydric conditions to
control for environmental effects (for details of incubation
regime see Janzen et al. 1998). Upon hatching, neonates were
maintained for 2—3 monthsin individual containers, and were
then euthanized and preserved as voucher specimens (see
Janzen et al. 1998). For the 2003 sample, 1119 individuals
from 140 families were obtained and incubated under con-
trolled conditions similar to those used in 1996. After hatch-
ing, each individual was photographed for morphological
quantification (see below), and was then returned to its natal
site for release in the wild.
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Fic. 1. (A) Ventra view of hatchling slider turtles (Trachemys

scripta) showing the landmarks used in this study. (B) Generalized
Procrustes superimposition of 1314 hatchling turtles showing the
total variation at each landmark. (C) Average hatchling shape shown
as a thin-plate spline deformation grid (specific scutes are noted).

Morphological Data Collection

Plastron shape was quantified using landmark-based geo-
metric morphometric methods (Rohlf and Marcus 1993; Ad-
ams et al. 2004). These methods allow a rigorous quantifi-
cation of shape, after the effects of nonshape variation have
been mathematically held constant. First, digital images of
the plastron of each specimen were obtained using a Nikon
DXM-1200 high-resolution digital camera. From each image,
the x, y coordinates of 12 anatomical landmarks (Fig. 1A)
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were then recorded using TpsDig (Rohlf 2002a). Landmarks
included the intersections of the lines delineating the gular,
humeral, pectoral, abdominal, femoral, and anal scutes, and
are biologically repeatable (i.e., operationally homologous)
anatomical points. Using the set of X, y coordinates, a gen-
eralized Procrustes analysis (GPA) was performed to super-
impose the specimens to a common coordinate system, and
mathematically remove the effects of digitizing position, ori-
entation, and scale (Rohlf and Slice 1990). From the aligned
specimens (Fig. 1B), the average specimen was calculated
(Fig. 1C), and shape variables were then generated as partial
warp scores from the thin-plate spline (Bookstein 1989; 1991)
and the two standard uniform components (Bookstein 1996;
Rohlf and Bookstein 2003). Together, these variables (called
the weight matrix) capture the linear and non-linear aspects
of shape variation, and can be used to test hypotheses of
shape variation and covariation within and among groups
using standard multivariate statistical procedures (see e.g.,
Adams and Rohlf 2000; Ruber and Adams 2001; Adams
2004). All superimposition and thin-plate spline computa-
tions for generating morphometric shape variables were per-
formed in TPSRelw (Rohlf 2002b).

Satistical Analyses

To assess variation in plastron shape at the nesting area
levels, we performed a nested multivariate analysis of vari-
ance (MANOVA) on the weight matrix, where the beach
effect was tested against the clutch effect. Clutch variation
was also assessed using a MANOVA. We then examined
patterns of shape variation using a principal components anal-
ysis (PCA), where individual hatchlings were coded by area.
For assessing whether plastron shape variation exhibited a
heritable component, we performed several analyses. First,
we examined whether plastron shape covaried with possible
nongenetic maternal effects, including egg dimensions and
levels of yolk testosterone, using data obtained from the 1996
sample. For the egg dimensions (length and width), a two-
block partial |east squares analysis was performed (Rohlf and
Corti 2000), which assessed the degree of association be-
tween plastron shape and egg dimensions. For levels of yolk
testosterone, a different procedure was used because values
of yolk testosterone levels were obtained for each clutch,
rather than for each hatchling (see Janzen et al. 1998). Con-
sequently, here we were obliged to calculate the mean plas-
tron shape for each clutch and then determine the association
between plastron shape and yolk testosterone level using a
Mantel test of matrix correlation (Mantel 1967). Analyses
were performed in NTSY Spc (Rohlf 2000), JMP (SAS In-
stitute Inc. 2002), and TPSPLS (Rohlf 2002c).

Second, we investigated whether variation in plastron
shape among clutches had a genetically heritable component.
We used several recent protocols that have been proposed
for estimating heritability of shape variation derived from
landmark data. The first approach is a univariate approxi-
mation of shape heritability based on Procrustes distance
(Monteiro et al. 2002), the measure of shape difference used
in geometric morphometric analyses (Bookstein 1991). A
second method is a modification of this approach (Klingen-
berg and Monteiro 2005), while a third technique (Klingen-
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berg and Leamy 2001; Klingenberg 2003) is based on the
multivariate generalization of the breeders’ equation (Lande
1979), and thus investigates shape heritability using the orig-
inal multivariate data set (the weight matrix). Because prior
fieldwork revealed that these two nesting areas are allopatric
with respect to female nesting and reproductive behavior (J.
K. Tucker, unpubl. data), heritability estimates were obtained
for each nesting area separately, and were subsequently com-
pared to one another. We explicitly justify the reliability of
these heritability estimates in the Discussion based on the
large sample sizes, common-garden design, likelihood of
high incidence of multiple paternity, tests for maternal ef-
fects, and low probability of dominance effects.

One significant concern with the univariate approach pro-
posed by Monteiro et al. (2002) is that it is only appropriate
when sample sizes among families are equal. Because this
constraint is unrealistic even for controlled breeding exper-
iments, we have formulated a generalization of their method
that is suitablefor designswith equal or unegual samplesizes.
For this approach, we first superimposed all specimens using
GPA, and calculated the mean for each family (clutch), as
well as the overall mean. The partial Procrustes distances
between each specimen and its family mean, as well as each
family mean versus the overall mean, were then calculated
as:

p.k

Aproc (X1, X) = \/ E

(Xgij = Xazij)? D

i=1,j=1

where X; and X, are the aligned x, y coordinates of two
specimens, k is the number of dimensions of the landmark
coordinates (here k = 2), and p is the number of landmarks.
From these, estimates of variation among and within families
were calculated as:

M —_— =
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where misthe dimensionality of shape space (i.e., the number
of shape variables), M is the number of families, and L; is
the number of individuals in the jt family. The variance
component among families was then calculated as:

_ Msamong — MSpooIedwithin
L

where L is the harmonic mean of the family sample sizes.
The intraclass correlation, expressing the proportion of
among-family variance relative to total variance, was cal-
culated as t = s%/(s5 + 2) (see eg. (5) of Monteiro et al.
2002). Because our data could be modeled as a full-sibling
design, heritability (h?) was then found as t/2 (see Falconer
and Mackay 1996; Lynch and Walsh 1998). Note that this
approach is conservative, because a large fraction of turtle
clutches exhibits multiple paternity (e.g., >30% in the paint-
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ed turtle, a close relative of T. scripta; Pearse et al. 2002).
The significance of this estimate was assessed using a per-
mutation test, where individuals were randomly assigned to
clutches and h? wasrecal culated. This procedure wasrepeated
9999 times to generate a theoretical distribution of possible
h2 for comparison to the observed h2. Additionally, the dif-
ference in observed heritability estimates for the two nesting
populations was calculated (D = hf — h3), and was compared
to a distribution of possible difference scores obtained from
the permutation procedure. This approach allowed us to de-
termine whether the observed h2 estimates for the two nesting
populations differed significantly from one another (for an
analogous procedure see e.g., Adams 2004).

Our equations for MS;mong and MS;gojedwithin (€0S. 2 and 3
above) differ from the estimates derived from the F-ratio of
Monteiro et al. (2002: eg. 3) in two important respects. First,
m was not present in their original equation, because it can-
celed out of the numerator and denominator in their F-ratio.
For accurate estimation of MS;nong @d MS,qoiedwithin NOW-
ever, mmust be included (L. Monteiro pers. comm.). Second,
the sample size term, L of their approach is only useful when
sample sizes among families are equal. When this is not the
case, L in their equation has no meaning, as it differs among
families. To account for this, we have adapted a generalized
MS,mong formula based on those used in analysis of variance
with unequal sample sizes (see Sokal and Rohlf 1995, p. 208).
This formulation includes L; for each family, and thus cor-
rectly accounts for unequal sample sizes. A similar adjust-
ment is required for MS,qojedwithin, Where the denominator is
based on the L; for each family, rather than on the harmonic
mean (L). These alterations do not affect estimates for data
with equal sample sizes among families, but are generaliza-
tions of the original procedure that permit the analysis of
data with unequal sample sizes among families.

One advantage of the univariate approach of Monteiro et
al. (2002) isthat it isintuitive, and relatively straightforward
to implement. However, by representing shape differences
among specimens by their Procrustes distance, it necessarily
makes important simplifying assumptions. For instance,
whereas Procrustes distance may reflect the magnitude of
shape difference between two objects, it does not describe
how the two objects differ (i.e., the direction of shape dif-
ference in shape space: see Klingenberg 2003). Thus, the
univariate approach is able to identify whether two groups
have similar levels of shape heritability, but is unable to
detect whether the shape features themselves are evolving in
similar ways in the two groups (for a discussion see Klin-
genberg 2003). Additionally, simplifying the multivariate
breeders' equation to a univariate estimate is only possible
by imposing the restrictive assumption that shape variation
follows an isotropic model, in which variation at each land-
mark is equal and independent of other landmarks (Goodall
1991). Although it is difficult to assess the assumption of
isotropic error and the resulting covariance among landmarks
(Rohlf and Slice 1990; Adams et al. 2004), it is widely ac-
cepted that this is an unrealistic assumption for biological
datasets (see e.g., Klingenberg 2003).

As a result of these shortcomings and the restrictive as-
sumptions required to implement the univariate approach, an
alternative has been proposed that examines shape heritability
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using a multivariate framework (Klingenberg and Leamy
2001; Klingenberg 2003). Because shape can vary by the
relative shifting of landmarks, treating shape asamultivariate
dataset throughout the analysis is particularly appropriate
(Klingenberg 2003). For this approach, we first superimposed
all specimens using GPA, and calculated the weight matrix
(the set of shape variables for all specimens). We then used
restricted maximum likelihood (REML) to estimate the ge-
netic and phenotypic variance components for each nesting
population (e.g., Lynch and Walsh 1998, ch. 26; Milner et
al. 2000; Klingenberg and Leamy 2001). This approach
makes fewer assumptions than traditional regression methods
(Milner et al. 2000), and can better accommodate the un-
balanced designs typically found in experiments performed
on wild populations. We implemented a full-sib ‘animal’
model design using the software package VCE5 (Neumaier
and Groeneveld 1998; Kovat and Groeneveld 2003). From
this, the additive genetic (G) and phenotypic (P) covariance
matrices of shape were obtained. Using the multivariate gen-
eralization of the breeders’ equation: Az = GP-1s (Lande
1979; Lande and Arnold 1983), we obtained GP-1, which
can be thought of as the multivariate version of heritability.
If selection istreated as approximately constant, the left dom-
inant eigenvector of GP-1 describes the direction in the phe-
notype space that will yield the maximal responseto selection
(Klingenberg and Leamy 2001). The dominant eigenvalue
associated with this direction describes the maximum addi-
tive heritability (Efimov et al. 2005) of a set of phenotypic
traits (hZ.). This value is also the multivariate equivalent of
realized heritability (e.g., Falconer and Mackay 1996, p. 197),
and allows one to predict the maximum phenotypic response
to the selection differential (see Klingenberg and Leamy
2001).

Because the multivariate approach to shape evolution cap-
tures both the magnitude and direction of heritable shape
change, statistically assessing both of these components of
shape change is possible. To examine the magnitude of shape
heritability, we calculated the dominant eigenvector and
h2 .. for each nesting population. We then assessed the sta-
tistical significance of each hZ,, estimate using a permutation
procedure, in which individuals were randomly assigned to
clutches, the G and P matrices recalculated in VCE5, and
hz,ax Obtained. Because the calculations of the variance com-
ponents using REML were computationally intensive, 999
permutations were used to generate a theoretical distribution
of possible hZ, for comparison to the observed hZ, esti-
mates. We also calculated the difference in hZ,,, estimates (D
= h7 — h3) to determine whether the observed hZ,,, estimates
for the two nesting populations differed significantly from
one another. We also assessed differences in heritability be-
tween the two nesting populations (D = h? — h3) using her-
itability estimates computed as: h?2 = tr(G)/tr(P) (Klingen-
berg and Monteiro 2005). This approach estimates herita-
bility as the total genetic variation relative to the total phe-
notypic variation, although genetic and phenotypic
covariationisignored. Asbefore, thedifferencein heritability
estimates between populations obtained from this approach
was compared to a distribution of possible difference scores
obtained from the permutation procedure.

To examine the direction of shape evolution, we cal cul ated
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Fic. 2. Plot of first two dimensions of a principal components analysis of plastron shape for 1314 Trachemys scripta hatchling turtles.
The first two dimensions explain 36% of the total variation in shape. Closed circles represent individuals from Dabbs Road, and open

squares represent individuals from Swan Lake.

the correlation between the dominant eigenvectors for each
of the two nesting areas as the cosine of the angle between
the two vectors. If shape variation had evolved in a similar
manner within each population (i.e., the direction of inher-
itance was the same), the correlation between these two vec-
tors should be larger than expected by chance. To statistically
assess this possibility, we compared the observed correlation
between dominant eigenvectors to a set of random values,
which were obtained from iterations of the permutation pro-
cedure above. This approach was used to determine whether
the observed correlation was different from what is expected
under random chance (see e.g., Klingenberg and L eamy 2001,
M. L. Collyer and D. C Adams, unpubl. ms.). The average
of the random angles, as well as the smallest angle between
vectors obtained through the simulation, were also observed.
Finally, to anatomically describe the shape feature most likely
to respond to selection, we projected the shape variables for
each specimen onto the left dominant eigenvector of GP-1
to generate thin-plate spline deformation grids for specimens
from both the negative and positive sides of this vector. This
procedure was performed for both nesting populations, and
the resulting graphics of shape deformation along this direc-
tion were qualitatively compared.

RESULTS

Patterns of Shape Variation

Using a nested MANOVA, we found no significant dif-
ferences in plastron shape between the two nesting areas
(Wilks A = 0.854, F = 1.2, P = ns). Examining patterns
of shape variation among nesting locations using a PCA re-

vealed this pattern, as there was substantial overlap in plas-
tron shape between Swan Lake and Dabbs Road turtles (Fig.
2). However, there was significant shape variation among
clutches (Wilks' A = 0.000043, F = 4.635, P <« 0.0001).
Thus, significant variation in plastron shape was observed in
these data, and appears due to differences between individual
clutches.

Association of Shape with Other Factors

We examined possible nongenetic maternal effects by as-
sessing the degree of association between plastron shape and
several additional variables on a subset of clutches (n = 22).
Using a Mantel test of matrix correlation (Mantel 1967), we
found no relationship between plastron shape and yolk tes-
tosterone levels (ry = 0.20, P > 0.05). Thus, hormone al-
location to egg yolks by nesting females was not a predictor
of hatchling plastron shape. We did find a significant asso-
ciation between plastron shape and egg dimensions (r =
0.435, Prang = 0.001) using atwo-block partial least squares
analysis, and an ANOV A on PL S scores reveal ed differences
among clutches (Dabbs: F = 23.85, df = 8,73, P < 0.0001,;
Swan: F = 18.34, df = 12,100, P < 0.0001). The egg di-
mension axis described a contrast between relatively longer
and wider eggs, whereas the plastron shape axis described a
contrast between relatively longer, skinnier turtles and rel-
atively shorter, wider turtles. Therefore, thisanalysisrevealed
that relatively longer turtles were hatched from elongate eggs,
whereas more rounded turtles were hatched from more cir-
cular eggs (Fig. 3). This pattern is not surprising, given the
constraints of egg dimensions on hatchling size and shape.
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Fic. 3. Results from atwo-block partial least squares analysis showing the association between plastron shape (X) and egg dimensions
(Y) for Trachemys scripta. Thin-plate spline deformation grids are shown along the negative and positive sides of the plastron shape

axis.

However, it is unlikely that females directly influence this
relationship through nongenetic maternal effects, unless they
provision their offspring by manipulating the relative shape
of their eggs (see Discussion).

Assessment of Plastron Shape Heritability and Predicted
Response to Selection

Using the univariate estimate of shape heritability based
on Procrustes distance (Monteiro et al. 2002), we found a
large and significant heritable component of plastron shape

TaBLE 1. Procrustes estimates of shape variance components, in-
traclass correlation, and heritability for hatchling Trachemys scripta
plastrons from two nesting areas. The significance level for heri-
tability was based on a permutation test with 9999 iterations.

Variance Intraclass

Source MS component  correlation h2 Prand
(A) Nest analysis for Dabbs Road (n = 70 families)
Clutch 0.004807 0.000567 0.42948 0.8589 0.0001
Error 0.000754 0.000753
(B) Nest analysis for Swan Lake (n = 92 families)
Clutch 0.004555 0.000561 0.42987 0.8597 0.0001
Error 0.000744 0.000744

variation for both nesting areas (Dabbs Road: h? = 0.858,
Prang = 0.0001, N = 70 families; Swan Lake: h? = 0.859,
Prand = 0.0001, N = 92 families: Table 1). Further, these
valueswere not statistically distinguishablefrom one another,
implying that the amount of shape heritability was equivalent
for the two nesting populations (h — h3 = 0.00077, Pgang
= 0.273). Using the multivariate approach (Klingenberg and
Leamy 2001; Klingenberg 2003), we found large and sig-
nificant levels of hZ, for both nesting areas (Dabbs Road:
h2..x = 0.575, Pgrang = 0.022; Swan Lake: h,,, = 0.519, Prayq
= 0.030), and like the univariate analyses, these values were
not statistically distinguishable (h — h3 = 0.056285, Praqg
= 0.320). Similarly, the proportional variance approach
(Klingenberg and Monteiro 2005) revealed that the magni-
tude of shape heritability was not distinguishable between
populations (hf — h3 = 0.002557, Pga,q = 0.112). Therefore,
regardless of which approach is used to estimate heritability,
plastron shape appears to have a substantive heritable genetic
component, whose magnitude is similar for the two nesting
areas.

From the multivariate heritability matrix (GP-1) we cal-
culated the dominant eigenvector for each nesting population
and estimated the shape feature with the most potential to
respond evolutionarily to linear selection. We found that the



PLASTRON SHAPE HERITABILITY

I
J AV
Y

569

Fic. 4. The shape feature exhibiting the maximal evolutionary response to linear selection, as calculated by the dominant eigenvector
of GP-1. Figure represents shapes along this vector in both the negative and positive directions for (A and B) Dabbs Road and (C and
D) Swan Lake populations of Trachemys scripta (deformation grids are displayed at 3X the range of the observed shape variation in the
dataset). Arrows are used to draw attention to those areas of increased shape deformation.

dominant eigenvectors for the two nesting populations were
not significantly correlated with one another (r = 0.195, Prang
= 0.631). This lack of correlation of vectors corresponds to
adifference of 78° in the direction of the two vectorsin shape
space. Further, the smallest angle between vectors generated
by randomly assigning specimens to families was 40°. Taken
together, these results suggest that although the level (mag-
nitude) of shape heritability in the two nesting populations
was concordant, the direction of shape evolution was not.
This difference was evident when the shape features de-
scribed by each vector were depicted graphically (Fig. 4).
Interestingly, in both nesting populations this feature gen-
erally described contrasts in shape between laterally expand-
ed and laterally compressed plastrons (i.e., long-and-skinny
vs. short-and-stout shapes). However, the manner in which
these general features are achieved was different in both pop-
ulations. For the Dabbs Road nesting area, laterally com-
pressed shapes were achieved by a relative anterior-posterior
compression of the femoral and humeral scutes along the
midline of the plastron (Fig. 4a and 4b), whereas the same
overall shape was achieved in the Swan Lake nesting area
more through an anterior-posterior compression of the ab-
dominal and pectoral scutes along the perimeter of the plas-
tron (Fig. 4c and 4d). Therefore, if the selection differential
is proportional to this vector (Klingenberg and Leamy 2001),
it would likely drive the evolution of length and width of
hatchling plastrons similarly in both populations, but would
accomplish this overall morphological convergence through
differential changes in central scute size and shape in each.

Discussion

In this study we used geometric morphometric methods to
examine patterns of plastron shape variation in hatchling tur-
tles from 162 familial clutches from two aquatically contig-
uous nesting areas. We detected significant differences in
plastron shape between the two nesting areas, as well as
among clutches. We also evaluated and discounted the po-

tential impact of two nongenetic maternal effects on these
differences and proceeded to apply severa recent methods
for estimating heritability from shape variables. Our analyses
revealed substantial heritability of plastron shape in both
nesting areas, but that the direction of shape evolution was
strikingly different in each. We explore the evolutionary im-
plications of these findings below.

The relationship between plastron shape and several non-
genetic maternal effects was examined, revealing that levels
of yolk testosterone did not predict hatchling shape. This
observation is important for our subsequent heritability anal-
yses, because yolk testosterone correlates with egg sizein a
related turtle, Chrysemys picta (Bowden et al. 2004). In C.
picta, smaller eggs are more testosterone-laden and tend to
be laid by younger (although not necessarily smaller) fe-
males. In T. scripta, no such correlation exists (Janzen et al.
1998). Egg dimensions were correlated with hatchling shape
in our study, and these egg dimensions differed among clutch-
es. However, these findings are not unexpected, given the
constraints imposed on hatchling size and shape through egg
size. Differences in general egg dimensions could conceiv-
ably be dueto variation in size of the maternal pelvic aperture
during oviposition, although such constraints are more likely
to exist only in species of turtles smaller than T. scripta
(Tucker et al. 1978; Congdon and Gibbons 1987; Clark et
al. 2001). Although there can be differences in egg dimen-
sions dueto relative position in the order of egg laying (Tuck-
er and Janzen 1998), it is likely that these effects are mini-
mized because all eggs from each clutch were analyzed in
our study. In sum, there is no evidence in these turtles to
suggest that femal es manipulate egg dimensions prior to ovi-
position so as to subsequently alter plastron shape of the
neonates and thereby serve as a nongenetic maternal effect
underlying the patterns we noted.

Quantitative genetic analyses of wild animals are fraught
with difficulties. The required time, effort, and financial cost
to generate good quantitative genetic estimates has meant
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such studies constitute only a small fraction of the literature,
yet it isprecisely these datathat provide us with the necessary
geneticinsight to fully understand microevolutionin thewild.
We designed our study of a free-ranging turtle to minimize
confounding variables and thereby to obtain reasonable es-
timates of quantitative genetic parameters: (1) the large sam-
ple size (162 families averaging over eight offspring each)
improves the accuracy of the estimates; (2) the common-
garden experimental design minimized the otherwise infla-
tionary contribution of environmental variance to heritability
estimates; (3) assuming the offspring in each clutch are full
siblings renders our analyses conservative because multiple
paternity (i.e., half sibs) is high in turtle clutches (e.g., >30%
in C. picta; Pearse et al. 2002); (4) statistical analyses of a
subset of clutches assessed two of the most likely nongenetic
maternal effects and largely discounted any substantive in-
flationary impact of those factors on the heritability estimates;
and (5) dominance effects are generally small for morpho-
logical traits of free-ranging organisms (Crnokrak and Roff
1995), leading to similar heritability estimates from full sib-
ling and parent-offspring designs (Mousseau and Roff 1987).
Consequently, we have strong confidence in our heritability
estimates and their comparability to other quantitative genetic
estimates from breeding designs.

Possible genetic effects on plastron shape were examined
using several recent methods for landmark data. With these
univariate and multivariate approaches, asignificant heritable
component was revealed, and estimates were statistically the
same for each population (h2 = 0.86 and h,, = 0.57, re-
spectively). The concordance of these estimates indicates
that, for this dataset, the general magnitude of shape heri-
tability is the same for the two populations. These relatively
high heritability estimates are in accord with, although some-
what higher than, typical valuesfor morphological characters
(reviewed in Roff 1997). It should be noted, though, that the
individuals used in our experiment derived from eggs reared
under constant thermal and hydric conditions in the labora-
tory. This artificial incubation environment could reduce the
environmental variance associated with plastron shape under
natural conditions and, hence, artificially influence the her-
itability estimates. However, an experiment designed to test
this hypothesis in common snapping turtles detected no dif-
ferences in phenotypic variances between hatchlings from
eggs reared in the laboratory compared to their siblings de-
riving from the natal nests (J. R. St. Juliana and F. J. Janzen,
unpubl. data), therefore these environmental effects may, in
fact, be negligible. After having accounted for possible con-
founding nongenetic maternal effects, our quantitative ge-
netic analyses thus suggest that plastron shape possesses sig-
nificant potential for microevolutionary response to linear
selection.

We adopted a novel approach for estimating the shape
feature with the most potential to respond evolutionarily to
linear selection, using the dominant eigenvector of the her-
itability matrix (Klingenberg and Leamy 2001). We found
that the general features of this morphological change were
similar between the two nesting populations, describing a
lateral expansion or compression of the plastron. However,
the manner in which this was accomplished anatomically
differed considerably between the two populations. Previous
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studies have shown that other aspects of morphology (e.g.
linear size and mass) of hatchling turtles exert a significant
impact on performance and survival in nature (Janzen et al.
20004, b). Although not included in these studies, body shape
may also have important consequences for hatchling perfor-
mance and survival (e.g., swimming ability or avoidance of
avian predation). The relatively high heritability of plastron
shape implies an ability to rapidly respond to selection pres-
sures in a changing environment, such as variable water lev-
els, predator populations, and weather conditions along the
Mississippi River (Tucker 1997; Janzen et al. 2000b; Filor-
amo and Janzen 2002). Alternatively, this high heritability
might suggest that selection acting on plastron shape is gen-
erally weak, compared with size variation, but is still a con-
tributing factor. Measurements of the plastron and carapace
are tightly correlated (r = 0.77 to 0.88) in other species of
turtles, suggesting that carapace shape may also be geneti-
cally correlated with plastron shape and thus exhibit an in-
direct evolutionary response to selection on plastron shape
(Martin and Layne 1987). Further studies are directly ex-
amining hatchling fitness in association with shape, rather
than size alone, to determine what role hatchling performance
and survivorship play in shaping the plastron (Myers and
Tucker, unpubl. data).

The integration of evolutionary quantitative genetic and
geometric morphometric approaches in our study produced
results that also have significant implications for systematics
and phylogenetics. Despite the growing use of molecular
characters in systematic and phylogenetic studies, morpho-
logical traits remain a significant component of these im-
portant evolutionary analyses, particularly those involving
fossil material (e.g., Shaffer et al. 1997). Shell morphology
has played a substantial role in this regard for turtles (re-
viewed for plastron morphology in Lovich and Ernst 1989;
Lovich et al. 1991), including sliders and their relatives,
which have had a contentious history regarding their system-
atics (Ernst 1990; Legler 1990; Seidel and Jackson 1990).
To the extent that the plastron shape features are retained
into adulthood, our study implies that, in concert with sub-
stantial heritable variation, selection on plastron width in
particular (as well as abdominal, pectoral, femoral, and hu-
meral scute morphology) should readily yield substantial
morphological evolution. In addition to genetic constraints
on plastron shape evolution, other morphometric studies ex-
amining shell shape have shown that environmental shifts
can contribute to plastral shape change (Claude et al. 2003).
The potential ease with which taxonomically important char-
acters like plastron shape can evolve should give pause to
systematic studies of these turtles that involve fossil material
or only focus on morphology.

In sum, we extended the univariate method of assessing
heritability from geometric morphometric shape variables to
encompass analyses with unequal sample sizes. Using this
generalized approach and a proportional variance technique
we have shown that thereisagreat deal of heritable variation
in plastron shape. When compared to the multivariate ap-
proach, we found that all methods yielded similar results,
and the same was true when comparing heritability estimates
between both nesting populations. However, using the mul-
tivariate approach we found that the direction of shape her-
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itability differed significantly between nesting populations.
This finding is an empirical demonstration of the concerns
raised by Klingenberg (2003), who argued that univariate
approaches are unable to detect important aspects of how,
and in what direction, shape is evolving. For this reason, we
advocate the use of the multivariate approach in morpho-
metric heritability studies. Interestingly, in our example, the
shape feature most likely to respond to linear selection was
concordant between the two nesting populations, describing
a genera contrast between elongated and stout plastron
shapes. However, the specific manner by which these shapes
were achieved was different in each nesting population. Thus,
the microevolutionary trajectory of plastron shape likely dif-
fers between the two populations. Our research suggests that
further studies on the relationship between plastron shape
and fitness of turtles would be useful to test the evolutionary
hypotheses generated herein.
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