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Miniaturization, or the evolution of a dramatically reduced body size compared to related lineages, is an
extraordinarily widespread phenomenon among metazoans. Evolutionary biologists have been fascinated by
miniaturization because this transition has occurred numerous times, often among close relatives, providing a
model system for studying convergent evolution and its underlying mechanisms. Much of the developmental work
describing the ontogeny of miniature species suggests that paedomorphosis is the predominant avenue of
miniaturization. Nevertheless, specific alterations to ontogeny appear highly variable, so that even related lineages
with similar miniaturized traits produce those similarities via distinct ontogenetic paths. One major vertebrate
group that has been overlooked in research on miniaturization is turtles. In the present study, we examined
patterns of shape change in the plastron (the ventral part of the shell) over the course of ontogeny in a small clade
of turtles (Emydinae) aiming to investigate whether two independently evolved diminutive members of the clade
(Glyptemys muhlenbergii and Clemmys guttata) should be considered as miniaturized. We employ geometric
morphometric methods to quantify the patterns of shape change these potentially miniaturized species and their
relatives undergo during ontogeny, and use molecular phylogenetic trees to reconstruct ancestral conditions and
provide information on the polarity of shape changes. We find that differing changes in ontogenetic parameters
relative to ancestral conditions accompany the evolution of small size in emydines: G. muhlenbergii changes the
duration of ontogeny and rate of shape change, whereas C. guttata changes growth rate. The observed ontogenetic
repatterning of these species is reminiscent of changes in ontogeny and life history often found in miniaturized
taxa. However, we conclude that C. guttata and G. muhlenbergii are not truly miniaturized because they still
produce typical adult shell morphologies, and larger emydines display comparable ontogenetic flexibility. Because
no emydines carry juvenile shell features forward into adulthood, we speculate that few, if any turtles, will show
paedomorphic shell traits without corresponding changes in defensive strategy because such shells may offer
insufficient protection. © 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013,
108, 727–755.
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INTRODUCTION
Miniaturization, or the evolution of a dramatically
reduced body size compared to related lineages or
ancestors, is a remarkably widespread phenomenon
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among metazoans (Hanken, 1985; Hanken & Wake,
1993; Rundell & Leander, 2010). The causes and
consequences of miniaturization are often the subject
of evolutionary research because this transition is
usually accompanied by dramatic changes in life
history, behaviour, ecology, physiology, and anatomy
(Hanken & Wake, 1993; Miller, 1996; Britz, Conway
& Ruber, 2009). Miniaturization is posited as
an important source of evolutionary novelty and
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subsequent diversification, allowing dwarfed forms to
partition resources and occupy ecological niches that
are otherwise inaccessible to or unsustainable for
their larger relatives (Hutchinson & MacArthur,
1959; Hanken, 1985; Hanken & Wake, 1993; Blanckenhorn, 2000; Wake, 2009). Indeed, minimum body
size is strongly correlated with species diversity
across metazoan clades (Hutchinson & MacArthur,
1959; Dial & Marzluff, 1988; Blanckenhorn, 2000;
McClain & Boyer, 2009). This pattern is not simply an
artefact of small sized groups being the most diverse
(such as insects); total range in body size across
clades is also strongly correlated with diversity
(McClain & Boyer, 2009). Therefore, clades with dramatic minimum size limits also tend to be more
diverse.
Evolutionary biologists have also been fascinated
by miniaturization because this transition has
occurred numerous times, often among close relatives, providing a model system for studying convergent evolution and its underlying mechanisms
(Wake, 1991, 2009; Hanken & Wake, 1993). Developmental work describing the ontogeny of miniature
species has frequently pointed towards heterochronic
changes to ontogeny as a major mechanism of miniaturization (Hanken & Wake, 1993). In particular,
miniaturized taxa are often paedomorphic, resulting
from changes to ontogeny such as neoteny (i.e.
slowing of growth rate relative to the ancestral condition) or progenesis (i.e. shortening of the temporal
duration of growth relative to the ancestral condition) (sensu Alberch et al., 1979). These ontogenetic
modes promote the early expression of certain adult
traits while depressing or arresting the development
of other traits, ultimately producing sexually mature
organisms that otherwise retain many aspects of a
juvenile morphology, including small size (Gould,
1977). Nevertheless, as a greater number of examples
have been examined, and our framework for describing changes to ontogeny has progressed (Webster &
Zelditch, 2005), the specific modes of ontogenetic
alteration appear highly variable, so that even
related lineages with similar miniaturized features
often achieve those similarities via distinct ontogenetic paths (Wake, 1991, 2009; Hanken & Wake,
1993). In turn, these systems have been influential in
our understanding of the wide range of roles that
development plays in generating morphological diversity, and whether patterns of morphological convergence are the result of evolutionary constraints or
natural selection (Wake, 1991, 2009; Carroll, Grenier
& Weatherbee, 2005; Brakefield & Roskam, 2006;
Feldman et al., 2012).
One major vertebrate group that has been overlooked in research on miniaturization is turtles, presumably because no turtle reaches the extremely

small sizes seen in other vertebrates such as teleosts
(Kottelat et al., 2006; Ruber et al., 2007), frogs
(Estrada & Hedges, 1996; Yeh, 2002; Rittmeyer et al.,
2012), salamanders (Hanken & Wake, 1994; Wake,
2009), lizards (Hedges & Thomas, 2001), birds
(Cotton, 1996) or mammals (Bloch, Rose & Gingerich,
1998), which may approach physiological or structural limits of vertebrate design. Nevertheless, turtles
display a remarkable range of body sizes, especially
for a relatively species-poor group. For example, two
of the smallest extant turtles, Homopus signatus
[maximum carapace length (MaxCL) 9.5 cm; adult
mass 140–160 g] and Glyptemys muhlenbergii
(MaxCL 11.5 cm, mass 85–150 g), are an order of
magnitude smaller in linear dimensions and three
orders of magnitude smaller in mass than the largest
extant terrestrial turtle (Chelonoidis nigra; MaxCL
130 cm, mass up to 300 kg) and approximately 20
times smaller in linear dimensions and nearly four
orders of magnitude smaller in mass than the largest
extant turtle (Dermochelys coriacea; MaxCL 245 cm,
mass up to 916 kg) (measurements from Arndt, 1977;
Boycott & Bourquin, 1988; Ernst & Barbour, 1989;
Bonin, Devaux & Dupré, 2006; Ernst & Lovich, 2009).
This contrast in sizes is even more dramatic when we
include fossil turtles such as Stupendemys geographica (MaxCL 318–330 cm; Bocquentin & Melo,
2006; Scheyer & Sanchez-Villagra, 2007), which was
approximately 30 times larger in linear dimensions
than the diminutive G. muhlenbergii and H. signatus.
Given that the smallest turtles are nearly four
orders of magnitude smaller (in body mass) than the
largest (Jaffe, Slater & Alfaro, 2011), an important
question to consider is whether any of these smallest
species can be considered truly miniaturized. Hanken
& Wake (1993) noted that miniaturization involves
not only the evolution of small body size from a larger
ancestor, ‘but also the consequent and often dramatic
effects of extreme size reduction on anatomy, physiology, ecology, life history, and behavior’ (p. 502).
Little research has been undertaken on the smallest
turtles to determine whether any of these aspects of
their biology have been affected by the evolution of
small body size. In the present study, we consider the
prospect of miniaturization in turtles by using geometric morphometrics to examine the ontogeny of
plastron (ventral shell) shape in a clade of turtles
(Emydinae) that includes two of the smallest extant
turtle species (Fig. 1), which have evolved their
diminutive sizes independently. Specifically, we investigate whether the evolution of small size has lead to
altered ontogenic pathways in these species, as would
be expected if their small sizes pose new biological
problems that were not encountered by their ancestors. We also determine whether these turtles display
heterochronic changes to ontogeny consistent with
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Figure 1. Plot of maximum body sizes for all Testudinoid species (sensu Parham, Boore & Feldman, 2006) for which
maximum carapace length data (MaxCL) were available (N = 188). Emydine turtles are highlighted in red; the two
smallest emydines (Glyptemys muhlenbergii and Clemmys guttata) fall beyond the normal distribution of Testudinoid
sizes. Data (Appendix S1) are taken from Ernst & Barbour (1989), Ernst & Lovich (1990, 2009), Obst & Reimann (1994),
Gerlach (2004), Bonin et al. (2006), Brophy (2006), Batistella (2008), Praschag et al. (2008), Shi (2008), Fritz et al. (2008),
and Ly, Hoang & Stuart (2011).

paedomorphosis, the dominant mode of miniaturization in vertebrates (Hanken & Wake, 1993). Finally,
we consider whether the two potentially miniaturized
emydines follow ontogenetic trajectories that are
more similar to each other than to their nearest
relatives, as would be expected if certain alterations
to ontogeny were developmentally constrained and/or
selectively optimal. We hypothesize that turtles are
constrained to evolve small sizes in a different
manner than other vertebrates because hatchling
turtles possess weak shells in which the bones require
weeks to months to fully develop, ossify, and fuse
(Burke, 1989; Gilbert et al., 2001; Lima et al., 2011).
Therefore, paedomorphic turtles might be highly susceptible to predation or other environmental hazards
that are typically evaded by turtles with a robust
shell, such that selection would render this ontogenetic mode inaccessible.

Our analysis focuses on the ontogeny of plastron
shape in eight species of emydines and one deirochelyine outgroup species. Emydinae is an ideal group for
studying the morphological transition to a miniature
body plan because this small clade includes two of the
smallest extant turtles (G. muhlenbergii, MaxCL
11.5 cm; Clemmys guttata, MaxCL 12.5 cm; measurements from Ernst & Lovich, 2009), as well as a
number of more ‘average’ and even robust members
(Fig. 1). In addition, phylogenetic relationships indicate that diminutive size has evolved independently
in these two species (Gaffney & Meylan, 1988;
Feldman & Parham, 2002; Spinks et al., 2009; Wiens,
Kuczynski & Stephens, 2010). Our particular interest
in plastron shape stems in part from the results of our
previous work (Angielczyk, Feldman & Miller, 2011),
which suggested that adult body size has little influence on plastron shape in emydines. This runs

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

730

K. D. ANGIELCZYK and C. R. FELDMAN

counter to expectations because miniaturized taxa in
other vertebrates generally display juvenile or novel
morphologies. The plastron is also a fundamental
component of the distinctive turtle phenotype that
may have evolved before the carapace (Li et al., 2008;
Nagashima et al., 2009), although it is relatively
understudied in comparison.

MATERIAL AND METHODS
SAMPLES
Our dataset consists of 1768 specimens: 1653 from
eight of the ten emydine species and 115 specimens
from our deirochelyine outgroup Chrysemys picta
(Table 1; see also Supporting information, Appendix
S2) Much of the morphological data come from
Angielczyk et al. (2011), although we augmented
that dataset with additional specimens from six
species, particularly improving our coverage of the
semi-aquatic box turtle Terrapene coahuila (106
specimens in the present study compared to 26 in
Angielczyk et al., 2011). We were unable to include
Terrapene nelsoni because of its scarcity in museum
collections, and we excluded Terrapene carolina
because this species displays pronounced geographic
variation, and may actually represent a paraphyletic
(and possibly admixing) assemblage of lineages
(Spinks et al., 2009). The number of specimens per
species varies greatly (Table 1) and primarily
reflects the availability of specimens in museum collections. Samples for all species include a mixture of
Table 1. Sample sizes of emydine turtles and outgroup
species used in the morphometric analyses

Clade species

Specimens
examined (N)

Emydinae
Clemmys guttata
Emys blandingii
Emys marmorata
Emys orbicularis
Glyptemys insculpta
Glyptemys muhlenbergii
Terrapene carolina
Terrapene coahuila
Terrapene nelsoni
Terrapene ornata

304
106
776
76
99
81
–
106
–
105

Deirochelyinae
Chrysemys picta
Deirochelys reticularia

115
–

Single representatives of all ten emydines and the two
deirochelyines listed were used in the molecular phylogenetic analyses.

males and females, and represent growth series
ranging from hatchlings to large adults. Although
there is reason to assume that the ontogeny of plastron shape differs slightly between males and
females (e.g. males typically develop a plastral concavity during their ontogeny whereas females do
not), we analyzed all of the specimens from a given
species together because it is difficult to sex hatchling and subadult emydines using only external
characteristics. The majority of specimens in the
dataset are alcohol-preserved, although some dried
or skeletonized specimens and live individuals were
also used. However, there do not appear to be any
consistent differences in the size or shape of turtle
shells related to preservation method.

MORPHOMETRIC

DATA COLLECTION

AND SUPERIMPOSITION

Geometric morphometrics is highly effective in analysing the factors that influence shell shape in turtles
(Claude et al., 2003; Claude, 2006; Lubcke & Wilson,
2007; Stayton, 2009, 2011; Angielczyk et al., 2011;
Vega & Stayton, 2011), and has been used previously
to quantify ontogenetic variation in shell shape
(Magwene, 2001; Angielczyk & Sheets, 2007). Thus,
we quantified plastron shape using two-dimensional,
landmark-based geometric morphometrics. The turtle
plastron is not perfectly flat, although the amount
of deformation introduced by the minor topography
it displays is relatively negligible when projecting
the three-dimensional object into a two-dimensional
plane and should not bias the subsequent analyses.
We photographed each specimen in ventral view, with
the specimen oriented so that the plane formed by the
surface of the plastron was parallel to the camera
lens, and we included a ruler in each photograph to
record scale. We then digitized a total of 19 landmarks (Fig. 2) on each digital image using TPSDIG,
version 2.04 (Rohlf, 2005). Seventeen of the landmarks are endpoints of, or intersections between, the
sulci that delineate the keratinous plastral scutes
(the enlarged, specialized scales that cover the shell);
as such they are Type 1 landmarks in the classification of Bookstein (1991). The remaining two landmarks represent distal points on the margins of the
anal scutes; as such they are Type 2 landmarks in the
classification of Bookstein (1991). Twelve of the landmarks are bilaterally symmetric. To avoid inflating
degrees of freedom in the statistical analyses, among
other problems (Klingenberg, Barluenga & Meyer,
2002), we reflected symmetric landmarks from one
side of each specimen onto the other and calculated
the average position for each pair of landmarks. We
carried out all subsequent analyses on these ‘half ’
specimens. In some cases, damage or incompleteness
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Figure 2. Drawing of the keratinous scales (scutes) on
the ventral surface of the plastron (ventral shell) of Emys
marmorata (anterior to top), and the position of the 19
landmarks digitized in the present study.

prevented digitization of both members of a symmetric pair of landmarks. In those instances, we used the
coordinates of the undamaged member of the pair
instead of an average.
Following data collection, we superimposed the configurations of landmarks for all specimens using generalized Procrustes analysis (Rohlf, 1990; Bookstein,
1991) in COORDGEN 6D (Sheets, 2002a) to remove
the effects of position, orientation, and scale from the
dataset. We then derived partial warp and uniform
component scores (Bookstein, 1989, 1991, 1996, 1998;
Rohlf, 1998; Zelditch et al., 2004) for the specimens.
Partial warp and uniform component scores describe
shape differences between specimens and a reference
shape; in this case, the shape of the grand mean
specimen in the dataset. The two uniform components
describe variation that represents uniform (or affine)
transformations of shape that affect all parts of a
specimen equally, whereas partial warp scores
describe progressively more localized, non-uniform
shape variation.

COMPARING

PLASTRON SHAPE ONTOGENIES
AMONG SPECIES

The major goal of the present study is to examine
whether the ontogenies of G. muhlenbergii and
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C. guttata have been modified relative to their ancestors and larger living relatives, suggesting that their
small body sizes have required them to solve novel
biological problems. Body size in testudinoids (tortoises and fresh water turtle allies) shows a relatively
continuous distribution (Fig. 1), and the construction
of a boxplot of these data shows that there are no
lower outliers in the dataset. Nevertheless, G. muhlenbergii and C. guttata fall below the fifth percentile
for body size (measured by carapace length), suggesting they are good candidates as potential miniaturized taxa (sensu Hanken & Wake, 1993) (i.e.
possessing divergent ecological, physiological or lifehistory characteristics associated with or dictated by
their small size).
Zelditch et al. (2004) outlined an effective approach
for comparative studies of the ontogeny of shape
using geometric morphometrics (see also Zelditch,
Sheets & Fink, 2003; Webster & Zelditch, 2005). The
method focuses on comparisons of four aspects of the
ontogeny of shape: (1) the degree of difference in
the (plastron) shapes of the species at the start of
ontogeny (in this case at the time of hatching), which
provides an estimate of whether species are beginning
their ontogenetic trajectories at equivalent points in
shape space; (2) the lengths of the species’ ontogenetic
trajectories in shape space, which provides insight
into whether species undergo similar amounts of
(plastron) shape change over the course of their
ontogenies; (3) the directions of the species’ ontogenetic trajectories through shape space, which provides insight into whether species undergo similar or
different changes in (plastron) shape over the course
of their ontogenies; and (4) the amount of shape
change the species undergo for a fixed amount of
change in size, which provides information on the
rates at which (plastron) shape changes. We add the
additional (5) comparison between the (plastron)
shapes of species at the start and end of ontogeny,
which provides insight into whether plastron shapes
converge or diverge across species during their ontogenies. The method of Zelditch et al. (2003; 2004) uses
linear regressions to model some aspects of the ontogeny of shape, allowing a straightforward method for
comparing the directions of ontogenetic trajectories
(see below). Therefore, the first step in our analyses
was to conduct multivariate linear regressions of
plastron shape versus size for all our species. Specifically, we regressed the partial warp and uniform
component scores for all specimens of a given species
against the natural logarithm of centroid size using
TPSREGR, version 1.28 (Rohlf, 2003). To ensure that
the regressions were comparable in later analyses, we
used the same mean specimen (the mean of all 1768
specimens) for the computation of the partial warp
and uniform component scores for each species.
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In addition to providing direct information about
the ontogenies of the species, we also used linear
regression to standardize the shape of specimens at
particular sizes of interest. Because hatchling and
juvenile turtles are relatively rare in museum collections, our samples are biased towards adult (i.e.
larger) specimens, often yielding comparatively few
specimens for estimates of mean plastron shape at
small body sizes. To counteract this problem, we followed previous studies (Zelditch et al., 2003; 2004;
Angielczyk et al., 2011) that used regression to predict
the shapes for all of the specimens belonging to a
given species at the smallest centroid size and largest
centroid size observed for that species. We regressed
the Procrustes superimposed landmark coordinates
for all sampled specimens of a given species against
the natural logarithm of centroid size and recorded
the residuals for each specimen. We then added the
residuals for the specimens to the shapes predicted by
the regression at the sizes of the smallest individual
and the largest individual of the species in the
dataset, essentially modelling the shape of each
individual at those (small and large) sizes, using
STANDARDIZE 6 (Sheets, 2001).
The use of multivariate linear regressions assumes
a linear relationship between plastron shape and size,
so we tested whether this assumption was met in two
ways. First, we examined the relationship between
the natural logarithm of centroid size and the partial
Procrustes distance between each specimen of a given
species and the smallest specimen of that species.
Although this is not a perfect test of a linear relationship between size and shape, it does provide an
easy graphical means to determine whether the relationship is obviously nonlinear (Zelditch et al., 2004).
The plots of partial Procrustes distance from the
smallest specimen versus the natural logarithm of
centroid size generally were consistent with a linear
relationship between size and shape (see Supporting
information, Appendix S3). Second, we tested whether
the components of shape (i.e. the partial warp and
uniform component scores) displayed multivariate
linearity using the standard technique of plotting
these variables against one another in a scatterplot
matrix (Tabachnick & Fidell, 2007). The scatterplot
matrices (see Supporting information, Appendix S4)
indicate that plastron shape does not display perfect
multivariate linearity. However, we did not attempt to
transform the data for the following analyses for two
reasons. First, because the components of plastron
shape are not truly individual variables but, instead,
are a decomposition of a single property, transforming
some or all of the variables would change the
meaning of shape and affect its error structure (Zelditch et al., 2004). Second, the species for which we had
the densest sampling (Emys marmorata and C. gut-

tata) appeared to come the closest to displaying multivariate linearity, which could indicate that the
apparent nonlinearity in the more poorly sampled
species was an artefact of sampling.
Our interpretation of these results is that size
and shape are approximately linearly related,
although a multivariate linear regression will not
provide a perfect model of the ontogenies of the
turtle species that we examined. This is an important concern for the size standardization procedure
noted above because it raises the possibility that the
shapes predicted by the regression at large or small
sizes may differ from the true shapes at those sizes.
To test whether our standardization process was
causing spurious results, we reran the various tests
in which we compared shapes standardized at
large and small sizes with only the smallest and
largest specimens of each species. We used the 13
smallest and 13 largest specimens of each species
for these tests, and we selected this sample size
because it provided a relatively restricted subset of
body sizes for all nine species without restricting
the number of individuals under consideration too
drastically.
Once the regressions and size-standardized data for
each species were in hand, we carried out a series of
analyses examining the differences in the ontogenies
of the potentially miniaturized species and their
larger relatives. For G. muhlenbergii, our ontogenetic
shape comparisons focused on Glyptemys insculpta,
the closest living relative of G. muhlenbergii
(Feldman & Parham, 2002; Spinks et al., 2009; Wiens
et al., 2010; Joyce et al., 2012). For phylogeneticallyinformed comparisons with C. guttata, we were forced
to choose a number of taxa because the placement of
C. guttata within emydines remains uncertain (see
below). Therefore, we contrasted the ontogeny of
C. guttata with those of E. marmorata, Terrapene ornata and Terrapene coahuila, as well as G. muhlenbergii, the other potentially miniaturized emydine.
With these comparisons in mind, we used the
methods described below to address the four major
questions outlined by Zelditch et al. (2004) and our
supplemental question to determine whether and how
the ontogeny of plastron shape differs across emydine
turtles.
Do species initiate and complete post-hatching
ontogeny at equivalent morphological points?
Our first test is designed to determine whether the
potentially miniaturized and ‘normal’ species begin
and end their post-hatching ontogenies at the same
points in morphospace (i.e. do hatchlings of the
species have the same mean shapes, and do adults?).
We used Goodall’s F-test (Goodall, 1991), as implemented in TWOGROUP 6H (Sheets, 2003a), to make
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pairwise comparisons between the species at their
(respective) smallest sizes and determine whether
their mean shapes at hatching were significantly different. TWOGROUP reports the partial Procrustes
distance between the species means (i.e. the distance
between the means in the linear plane tangent to
shape space when they are scaled to unit centroid
size) as a measure of the magnitude of their shape
difference, and we generated a 95% confidence interval for the distance by bootstrapping the species
samples 2500 times and comparing the mean shapes
of the replicate datasets. We repeated this procedure
with adult plastron shapes of the species to determine
whether they were significantly different as well.
Finally, if miniaturization is the result of modifications to ontogeny that follow typical patterns, then we
expect adults of the potentially miniaturized species
to possess shapes that resemble those of young specimens of their larger relatives. To test this possibility,
we calculated whether the adult shapes of the potentially miniaturized species were significantly different
from those of hatchlings of the ‘normally-sized’
species. We carried out each of these tests using the
size standardized shapes for all of the specimens of
each species, as well as using only the smallest and
largest specimens of each species (see above).
Does the magnitude of plastron shape change differ
between species over their ontogenies?
Because the distance between two shapes in shape
space or its tangent plane represents the magnitude
of the difference between the shapes, we can use the
lengths of distances between hatchling and adult
shapes for a given species to quantify the amount of
shape change it undergoes during ontogeny. To
measure the length of the ontogenetic trajectory of a
given species, we calculated the partial Procrustes
distance between its mean hatchling shape and its
mean adult shape. We determined whether the
ontogenetic trajectory lengths of different species
were significantly different using a bootstrapping procedure. First, we calculated the partial Procrustes
distances between hatchling and adult sizes for each
species, and the difference between those distances.
Then, we bootstrapped the four datasets 2500 times
and calculated the partial Procrustes distances and
the difference between those distances for the replicated datasets, as well as the 95% confidence interval
on the difference. If the confidence interval includes
zero, the lengths of the ontogenetic trajectories are
not significantly different. All analyses were carried
out in TWOGROUP 6H (Sheets, 2003a). We carried
out each of these tests using the size standardized
shapes for all of the specimens of each species, as well
as using only the smallest and largest specimens of
each species (see above).
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Do species follow the same ontogenetic trajectories
through morphological space?
The next set of tests concerns whether the species
take similar paths through shape space as they grow.
To answer this question, Zelditch et al. (2003; 2004)
suggested measuring the angle between the multivariate regression vectors that describe the ontogenies of the species. If the angle between the vectors
is zero, then two species take the same path through
shape space as they grow. On the other hand, if the
angle between the multivariate regression vectors is
larger than zero, then the two species take different
paths, with the magnitude of the difference reflected
in the size of the angle. We tested two null hypotheses
related to this question: (1) the angle between the
species’ vectors is zero (i.e. is the angle between the
vectors no larger than would be expected as a result
of random differences among the individuals of each
species we sampled, implying that the species have
the same ontogenetic trajectory?); and (2) the angle
between the species’ vectors is 90° (i.e. is the angle
between the vectors no smaller than would be
expected by chance if the vectors were unrelated,
implying that the species take completely independent paths through shape space). This approach allows
us to determine whether the species’ ontogenetic trajectories share some degree of similarity even if they
differ significantly from each other.
To determine whether the angle between the
ontogenetic trajectories was significantly different
from zero, we computed the angle between the vectors
for multivariate regressions of partial warp and
uniform component scores versus the natural logarithm of centroid size using the method outlined by
Zelditch et al. (2004), and tested whether it was
larger than expected by chance via bootstrapping.
Specifically, we resampled the multivariate residuals
for specimens belonging to each species and randomly
assigned them to the shapes predicted by the regression at the observed sizes of specimens of the species
2500 times, a procedure that maintains the covariance structure between the variables. We then calculated the angles between the replicate datasets for
each species to generate a 95% confidence interval for
variation in that species that is likely to occur by
chance. If the observed angle between the two species
is greater than the 95th percentiles of the ranges
of variation within the species, then we considered
the regression vectors to be more dissimilar than
expected by chance (i.e. the angle between the trajectories was greater than zero). We carried out these
analyses using VECCOMPARE 6C (Sheets, 2003b).
The procedure for testing whether the angle
between the regression vectors differs from 90° is
somewhat different. As noted above, if the regression
vectors are the same, the angle between them is zero
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and the vector correlation between the vectors is one.
Similarly, if the angle between the lines is 90°, then
the vector correlation between the two vectors is zero;
if the angle between the vectors is 180°, the vector
correlation will be -1. Therefore, to determine
whether the angle between the observed regression
vectors for species is smaller than expected by chance,
we need to know whether the angle is less than 90°.
Accordingly, we randomly permuted the vectors of
regression coefficients for each species 400 times,
which preserves the relative frequencies of high and
low coefficients, and positive and negative coefficients
in the original data, as well as the original range of
values (Zelditch et al., 2004). We then calculated the
mean values and 95% confidence intervals for the
vector correlations for the permuted vectors for each
species and converted them into angles between the
vectors. If the observed angle between species is
smaller than the 2.5th percentiles of the ranges for
the two species, then the angle between the vectors is
significantly smaller than 90°, implying that the
vectors share some similarities (i.e. they are not completely unrelated). We conducted these analyses using
SHUFFLEALLOMETRY 6 (Sheets, 2002b).
Do the rates of shape change relative to size differ
between species over their ontogenies?
The rate of morphological change is a critical parameter during ontogeny and can lead to major differences in form even if development proceeds over
equivalent time periods. Thus, we wanted to know
whether the amount of shape change observed in each
species occurs at an equivalent pace or whether miniature species possess lower rates of shape change.
Because we do not know the exact ages of our specimens, we used size as a proxy for age and calculated
our rates of shape change relative to size. We calculated the rate at which shape changes during ontogeny in two ways. First, we calculated the slope and its
95% confidence interval for a regression of partial
Procrustes distance between each specimen in a given
species and the smallest specimen of that species
versus the natural logarithm of centroid size, using
REGRESS 6K (Sheets, 2003c). Unlike the regressions
described above, we used the average shape of the
smallest two specimens of each species as the references for these regressions (Zelditch et al., 2004). We
also measured the size of the shape difference
between the hatchling shapes of our species and the
mean shapes of specimens 1.0 natural log units larger
than the size of the smallest specimen of each species
(an arbitrary amount chosen for convenience). We
estimated the mean shapes at each size from datasets
consisting of all of the specimens of a given species
that were standardized to the size in question using
the regression-based procedure described above. We

measured the partial Procrustes distances between
the shapes using TWOGROUP (Sheets, 2003a) and
calculated 95% confidence intervals around the distances by bootstrapping the differently sized samples
2500 times. The two approaches can give somewhat
different results because they deal with uncertainties
and potential nonlinearity of the data in different
ways. For example, the regression of Procrustes distance versus the natural logarithm of centroid size
assumes that the shape of the smallest specimen is
known without error (Zelditch et al., 2004). Similarly,
because of the different maximum sizes of the turtles,
one natural log unit of change in centroid size may
represent differing amounts of the total ontogenies
of the various species (i.e. a proportionally larger
amount for a small species such as G. muhlenbergii
and a proportionally smaller amount for a large
species such as G. insculpta).
Do plastron shapes become more similar or more
different over ontogeny?
Finally, we investigated whether the mean plastron
shapes of our various species become more similar over
the course of ontogeny, or whether their shapes
diverge. Accordingly, we measured whether the difference in partial Procrustes distances between the
species means at adult and hatchling sizes was greater
than expected by chance. We first calculated the
partial Procrustes distances between species at hatchling and adult sizes, and the difference between those
distances. We then bootstrapped the four datasets
2500 times and calculated the partial Procrustes distances and the difference between those distances for
the replicated datasets, as well as the 95% confidence
interval on the difference. If the confidence interval
includes zero, the species are no more different at
hatchling and adult sizes than expected by chance. If
the confidence interval is negative, the species become
significantly more similar in shape over ontogeny,
whereas, if the confidence interval is positive, they
become significantly more disparate in shape. All
analyses were carried out in TWOGROUP 6H (Sheets,
2003a). We carried out each of these tests using the
size standardized shapes for all of the specimens of
each species, as well as using only the smallest and
largest specimens of each species (see above).

PHYLOGENETIC

ANALYSIS

Tracking ontogenetic shape change through evolutionary time and across branching events requires a
robust phylogeny. Although the systematics of
emydine turtles have been extensively studied
(Gaffney & Meylan, 1988; Bickham et al., 1996;
Feldman & Parham, 2002; Stephens & Wiens, 2003,
2008; Spinks & Shaffer, 2009; Spinks et al., 2009;
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Table 2. Three molecular datasets used to infer phylogenetic relationships among emydine turtles, along with the total
number of aligned sites and parsimony informative characters (PI) per dataset and partition
Number of
parsinomy
informative
characters

Substitution
model

Source of dataset

Dataset partition (N)

Number
of sites

mtDNA* (4)
1st codon position
2nd codon position
3rd codon position
tRNAs

3601
1061
1062
1063
415

563
115
31
383
34

GTR + I + G
HKY + I
GTR + I + G
GTR + I

Feldman
Feldman
Feldman
Feldman

nucDNA (14)
HNFL
RAG1
RELN
TB29
TB73
TGFB
ETS
GAPD
NGFB
ODC
Vim
BDNF
R35†
Indels‡

9477
760
788
1096
586
660
939
749
409
536
545
679
670
1005
52

157
18
6
9
6
5
5
21
7
8
14
20
2
16
20

GTR
HKY
GTR
HKY
GTR
HKY
GTR + G
HKY + G
HKY + G
HKY + G
HKY + G
F81
HKY + I
Mkv + G

Spinks & Shaffer (2009);
Spinks & Shaffer (2009);
Spinks & Shaffer (2009);
Spinks & Shaffer (2009);
Spinks & Shaffer (2009);
Spinks & Shaffer (2009);
Wiens et al. (2010)
Wiens et al. (2010)
Wiens et al. (2010)
Wiens et al. (2010)
Wiens et al. (2010)
Present study
Present study
–

All DNA (18)§

13078

720

&
&
&
&

Parham
Parham
Parham
Parham

(2002);
(2002);
(2002);
(2002);

Present
Present
Present
Present

Spinks
Spinks
Spinks
Spinks
Spinks
Spinks

study
study
study
study

et al.
et al.
et al.
et al.
et al.
et al.

(2009)
(2009)
(2009)
(2009)
(2009)
(2009)

Best-fit models of DNA evolution for each partition evaluated with the corrected Akaike information criterion method in
JMODELTEST (Posada, 2008) except for indels, where the Mkv model (Lewis, 2001) was used. Note that indels were
ignored in chronophylogenetic analyses (BEAST).
*Mitochondrial (mt)DNA dataset of Feldman & Parham (2002) is composed of cytochrome b and ND4 [and adjacent
transfer (t)RNAs] to which we added COI and ND2 (and adjacent tRNAs). However, our best-fit partitioning strategy
required concatenating loci by gene type and position.
†Spinks et al. (2009) and Wiens et al. (2010) also collected R35 sequences.
‡The tRNAs (mtDNA) contained only four indels, and so we lumped these with the indels from the introns [nuclear
(nuc)DNA].
§Partitioning of concatenated dataset (all DNA) follows that of the mtDNA and nucDNA datasets.

Wiens et al., 2010; Angielczyk et al., 2011; Joyce et al.,
2012), there still remains considerable disagreement
over the affinities of certain taxa. In particular, relationships among the three species of Emys remain
obscure, as does the placement of C. guttata (Feldman
& Parham, 2002; Spinks & Shaffer, 2009; Spinks
et al., 2009; Wiens et al., 2010; Angielczyk et al.,
2011). We attempted to resolve emydine phylogeny
by combining all previously published molecular
sequence data and augmenting those data with additional markers (Table 2). We added two mitochondrial
markers to the mitochondrial (mt)DNA dataset of
Feldman & Parham (2002): ND2 (sensu Macey et al.,
1997), and COI (sensu Feldman & Parham, 2004);
and two nuclear markers to the multilocus nuclear
(nuc)DNA data of Spinks & Shaffer (2009), Spinks

et al. (2009), and Wiens et al. (2010): BDNF (sensu
Feldman, Flores-Villela & Papenfuss, 2011) and R35
(sensu Fujita et al., 2004) (GenBank KC181162–
KC181209). This provided us with three extensive
molecular datasets with multiple markers (Table 2)
that we could use to construct phylogenies: mtDNA
(3.6 kb), nucDNA (9.5 kb), and all DNA combined
(13.1 kb).
We established the evolutionary relationships of
emydine lineages using two Bayesian tree-searching
approaches: unconstrained partitioned analyses in
MrBayes (Ronquist & Huelsenbeck, 2003) and partitioned analyses in BEAST (Drummond & Rambaut,
2007) where we loosely constrained rates of molecular
evolution to follow a molecular clock, resulting in a
‘time-tree’ (chronophylogram) with the branch lengths
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separating taxa representing units of time. For all
analyses, we partitioned mtDNA by codon position,
and concatenated transfer RNAs and their indels, and
we partitioned nucDNA by locus and concatenated
intron indels (Table 2). Note, however, that we
excluded indels from BEAST analyses because the
software does not employ an appropriate model of
evolution for these characters. We then obtained the
best-fit model of evolution for each partition using the
corrected Akaike information criterion method in
JMODELTEST, version 0.1.1 (Posada, 2008).
We ran the partitioned analyses in MrBayes 3.1.2
for 25 million generations using the default temperature (0.2) with four Markov chains per generation,
sampling trees every 1000 generations. We then
computed 50% majority-rule consensus trees after
excluding those trees sampled prior to the stable
equilibrium, yielding posterior probabilities of clades
(Huelsenbeck & Ronquist, 2001).
To simultaneously estimate divergence times and
phylogeny, we constructed ‘time-trees’ in BEAST,
version 1.7.0 (Drummond & Rambaut, 2007).
Although the fossil record of emydines is known to be
problematic (Holman, 2002; Parham & Irmis, 2008),
recent discoveries and a reanalysis of earlier material
(Joyce et al., 2012) provide two justifiable calibration
points (Parham et al., 2012): a direct ancestor of
T. ornata (Terrapene paraornata) can be dated to the
Miocene/Pliocene boundary (Joyce et al., 2012); and
Terrapene extends into the mid-Miocene (Joyce et al.,
2012). We used these records as conservative
minimum divergence dates (time priors) for T. ornata
(4.5 Mya) and Terrapene (11.5 Mya). We conducted
Bayesian chronophylogenetic analyses under a
relaxed molecular clock model, allowing substitution
rates to vary across branches according to an uncorrelated lognormal distribution, with each data partition following its own (unlinked) best-fit substitution
model and clock parameters (Drummond et al., 2006;
Drummond & Rambaut, 2007). We ran analyses for
25 million generations using the Yule process tree
prior, and sampled trees every 1000 generations.
We then computed the maximum credibility tree
in TREEANNOTATOR, version 1.7.0 (Drummond &
Rambaut, 2007), after excluding trees sampled prior
to the stable equilibrium.

ANCESTRAL

STATE RECONSTRUCTIONS AND THE

POLARITY OF CHANGES TO ONTOGENY

Although our morphometric analyses are useful for
determining how the ontogenies of plastron shape in
emydine turtles differ from one another, they do not
provide insight into the polarity (direction) of the
changes. For example, if the potentially miniaturized
species differ from their larger relatives in one or

more ontogenetic parameters, do these differences
represent derived or ancestral character states relative to their common ancestors, and how much of the
ancestral ontogenetic patterns have been conserved?
These questions are not only important for understanding whether the small sizes of G. muhlenbergii
and C. guttata represent evolutionary novelties, but
also for testing whether changes in ontogeny represent rate modifications that can be characterized as
heterochrony or a more extensive re-patterning of an
ancestral ontogeny (Webster & Zelditch, 2005). In
some cases, the fossil record can be used to provide
direct insight into such questions, although the fossil
record available for many emydines is not adequate
for our needs (see Discussion). Therefore, we used
phylogenetic comparative methods to reconstruct
several ontogenetic parameters for key common
ancestors, which we then used to infer the polarity
of changes in the lineages leading to our extant
taxa.
We estimated ancestral states for a total of seven
characters related to ontogeny. Three of these characters are parameters related to our morphometric
examination of ontogeny: (1) the length of ontogeny
for each species (measured as the partial Procrustes
distance between a species’ mean hatchling shape
and its mean adult shape); (2) the slope of the
regression of partial Procrustes distance between
each specimen in a given species and the smallest
specimen of that species versus the natural logarithm of centroid size (body size); and (3) the magnitude of the shape difference (measured as partial
Procrustes distance) between the hatchling shapes of
each species and the mean shapes of specimens of
the species 1.0 natural log unit larger than the size
of the smallest specimen of the species. The remaining characters are aspects of body size and ontogeny
based on data we compiled from the literature
(Brown, 1974; Ernst, Lovich & Barbour, 1994;
Mitrus & Zemanek, 2004; Zuffi, di Benedetto &
Foschi, 2004; Bonin et al., 2006; Ernst & Lovich,
2009: (4) minimum age of female sexual maturity;
(5) maximum age of female sexual maturity; (6)
female minimum carapace length at sexual maturity; and (7) MaxCL. Because conducting our analyses using the size-standardized dataset or only the
smallest and largest specimens from each species did
not appreciably change our results (see below), we
conducted the ancestral state reconstructions using
ontogenetic parameters derived only from the sizestandardized dataset.
We used the Bayesian (Markov chain Monte Carlo;
MCMC) approach for ancestral state reconstruction
that is implemented in BayesTraits 1.1 (Pagel, 1997,
1999, 2002). The method uses a generalized least
squares (GLS) model that treats trait values for
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species as observations to be predicted from a regression of the trait versus the total path length from the
root of a phylogeny to the species at its tips, essentially estimating the correlation between the value of
a trait and the amount of phylogenetic divergence
that underlies it (Pagel, 1997). The GLS model in
BayesTraits is based on a stochastic model of evolution, although two specific implementations of this
model are available. The first is a constant-variance
random-walk (Brownian motion or neutral evolution)
and the second is a directional constant-variance
model that assumes there is a bias in evolution, as
would be expected in the case of an evolutionary
trend (Pagel, 2002). Data on phylogenetic topology
and branch lengths are incorporated into the GLS
model in the form of a variance–covariance matrix
that specifies expected patterns of similarity among
all pairs of included species based on the proportions
of their shared and independent histories (Pagel,
1997, 1999, 2002). Three parameters, l, d and k, are
available to scale the variance–covariance matrix
depending on the details of how the observed data fit
the predictions of the phylogeny (Pagel, 1997, 1999,
2002). The parameter l varies from 0 to 1 and estimates how well the phylogeny predicts similarity
among species (i.e. it is a measure of ‘phylogenetic
signal’ or ‘phylogenetic inertia’). A l of one implies a
perfect correspondence, whereas a l of zero implies
that the data are consistent with a star phylogeny.
The parameter d estimates whether trait evolution
has sped up or slowed down across the tree (i.e. rate
of change across a phylogeny). A d of one implies a
uniform rate, whereas a d < 1 implies that trait evolution was more rapid towards the base of the tree
and a d > 1 implies acceleration towards the tips of
the tree. The parameter k estimates the relationship
between individual branch lengths and trait evolution (i.e. rate of change across branches). A k of one
implies that evolution is proportional to branch
lengths, a model consistent with gradualism. A k > 1
implies that longer branches contribute more to trait
evolution, whereas a k < 1 implies that shorter
branches make greater contributions. In this framework a k of zero implies a punctuated mode of evolution, with all change occurring at branching events.
Sensu Organ et al. (2007; also see Organ, Moreno &
Edwards, 2008; Vieites, Nieto-Roman & Wake, 2009;
Montgomery et al., 2010; Gomes et al., 2011), we used
a two-step approach in our ancestral state reconstruction process in which we first determined
whether the directional or nondirectional model best
fit our data and trees and the best values for l, k,
and d. Then, we used the preferred model and
parameters to estimate the ancestral state values.
Although it can be difficult to accurately reconstruct
ancestral states in the absence of fossil data (Polly,
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2001; Webster & Purvis, 2002; Finarelli & Flynn,
2006; Slater, Harmon & Alfaro, 2012), there is some
evidence that the Bayesian approach may work relatively well compared to other methods (Montgomery
et al., 2010).
Given that ancestral state reconstructions can be
affected by whether branch lengths are estimated in
units of divergence or absolute time (Litsios &
Salamin, 2012), we used two sets of tree topologies
and branch lengths. The first set consists of ‘unconstrained’ trees generated from the MrBayes analyses
of our mtDNA data, nucDNA data, and combined
DNA data. Branch lengths for these trees are in units
of sequence divergence and, because these trees are
not ultrametric (i.e. path lengths from the root to tip
vary for species), we examined the fit of both the
unbiased random-walk model and the directional
constant-variance model to the data and trees. The
second set of trees came from our ‘constrained’ timetree BEAST analyses, again based on mtDNA only,
nucDNA only, and all DNA. Here, branch lengths
represent estimated divergence times and, because all
of the included species are extant, the trees are ultrametric. Therefore, we could only use the unbiased
random-walk model (Pagel, 1997, 1999, 2002). Note
that our molecular phylogenies include three taxa
(Deirochelys reticularia, T. carolina, T. nelsoni) for
which we had no morphometric data, and we pruned
these taxa before using trees in the ancestral states
reconstructions.
Our procedure for reconstructing ancestral states
for each of the seven ontogenetic traits consisted of
two steps: (1) determining the most appropriate
model of morphological evolution and the best fitting
model parameters for each tree and (2) using these
best fit models and parameters to estimate ancestral
trait values on each tree. In the first step, we compared how well a null evolutionary model and three
alternative models fit the data and our phylogenetic
trees. The null model was an unbiased random-walk
with l, k, and d set to one. The three alternative
models were: (1) unbiased random-walk but with
values of l, k, and d simultaneously estimated as part
of the MCMC analysis; (2) directional constantvariance model with l, k, and d set equal to one; and
(3) directional constant-variance model with l, k, and
d simultaneously estimated as part of the MCMC
analysis. Note however, that ‘time-trees’ from BEAST
are ultrametric. Therefore we only tested the fit of the
unbiased random walk with l, k, and d set to one (null
model) against this model with the values for these
parameters simultaneously estimated as part of the
MCMC analysis (model 1). We obtained results for
each model from an MCMC analysis of 20 000 000
steps sampled every 100 steps after a burn-in of
1 000 000 steps. We assumed uniform priors (-100 to

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

738

K. D. ANGIELCZYK and C. R. FELDMAN

100) and adjusted the rate deviation to obtain acceptance rates in the range of 20% to 40%. In all cases, we
used the three combinations of branch lengths and
topology from the MrBayes analyses so that the
results would take into account the phylogenetic
uncertainty arising from differences among the trees.
We compared the fit of the four models using Bayes
factors, computed as 2[log(harmonic mean of alternative model) – log(harmonic mean of null model)]. A
positive Bayes factor greater than two is considered
as positive evidence for a difference between the
models, with the better fitting model having the
higher log(harmonic mean). Similarly, a Bayes factor
greater than five is considered as strong evidence and
a Bayes factor greater than ten is considered as very
strong evidence (Kass & Raftery, 1995). For our
analyses, we considered an alternative model superior to the null if it was supported by a Bayes factor
greater than two. We then repeated this process for
each of our phylogenetic hypotheses (based on
mtDNA, nucDNA, and all DNA), thereby accounting
for phylogenetic uncertainty and differing branch
lengths arising from different datasets.
In the second step we used the preferred model and
l, k, and d values to estimate ancestral states on each
tree. Specifically, we estimated values for three ancestral taxa: the most recent common ancestor of G. insculpta and G. muhlenbergii, the most recent common
ancestor of C. guttata and T. ornata, and the most
recent common ancestor of C. guttata and E. marmorata. We ran the MCMC analyses for 20 000 000
steps, sampling every 100 steps after a burn-in of
1 000 000 steps. We assumed uniform priors (-100 to
100) and adjusted the data deviation to obtain acceptance rates in the range of 20–40%. From the resulting
distributions of estimates, we calculated the mean
value and 95% confidence interval for each of the
common ancestors of interest.

RESULTS
COMPARING

PLASTRON SHAPE ONTOGENIES
AMONG SPECIES

As noted above (see Supporting information, Appendix S3), the plots of natural logarithm of centroid size
and the Procrustes distance between each specimen of
a given species and the smallest specimen of that
species showed that size and shape have a more or
less linear relationship, even if the shape data do not
display perfect multivariate linearity. The multivariate linear regressions of partial warp and uniform
component scores versus the natural logarithm of
centroid size reflect these findings; all were all highly
significant and explained between approximately 15%
and 54% of the variance observed in each species
(Table 3).
The mean plastron shapes of the potentially miniaturized species at hatchling size were significantly
different from the hatchling shapes of their larger
relatives (Table 4; see also Supporting information,
Appendix S5), regardless of whether the sizestandardized data were used or only the smallest and
largest specimens of each species, implying that the
species begin their ontogenies at different locations in
morphospace. The mean shapes of the miniaturized
species at their adult sizes were also significantly
different from the adult shapes of their larger relatives for both the size-standardized data and the
smallest and largest specimens of each species. Using
size-standardized data, the plastron shape of G. muhlenbergii becomes more similar to that of G. insculpta
across ontogeny (i.e. adult shapes are more similar
than hatchling shapes), although the confidence intervals on the partial Procrustes distances between the
mean shapes showed that this change is not significant. The results from using the smallest and largest
specimens of the two species were the same, except

Table 3. Summary statistics for multivariate linear regressions of partial warp and uniform component scores versus the
natural logarithm of centroid size

Species

Wilk’s l

F

d.f.

Clemmys guttata
Emys blandingii
Emys marmorata
Emys orbicularis
Glyptemys insculpta
Glyptemys muhlenbergii
Terrapene coahuila
Terrapene ornata
Chrysemys picta

0.0728
0.0601
0.0897
0.0483
0.0627
0.0300
0.1327
0.1355
0.0666

162.6064
59.9827
347.2970
47.5183
51.6539
85.3071
24.6482
23.7850
58.5706

22,
22,
22,
22,
22,
22,
22,
22,
22,

281
83
753
53
76
58
83
82
92

P

Percentage
variance
explained

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

29.45
36.12
25.56
36.17
39.76
48.2
15.32
22.96
53.64
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22, 8426
22, 8426

22, 23716
22, 23716
22, 23716

22, 8954
22, 8954
22, 8954

22, 8976
22, 8976
22, 8976

22, 3916
22, 3916
22, 3916

d.f.

< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

P

0.0699
0.0647

0.0475
0.0522
0.1131

0.0928
0.1076
0.1384

0.1224
0.1195
0.1257

0.0556
0.0594
0.1097

0.0675–0.0726
0.0624–0.0673

0.0464–0.0486
0.0510–0.0535
0.1120–0.1141

0.0909–0.0950
0.1051–0.1103
0.1357–0.1414

0.1202–0.1248
0.1175–0.1217
0.1240–0.1275

0.0574–0.0622
0.0524–0.0593
0.1064–0.1133

Confidence
interval on
distance

–
–

–
–
-0.0064 to -0.0030

–
–
0.0116–0.0179

–
–
-0.0059 to 0.0001

–
–
-0.0001 to 0.0082

Confidence interval
on distance between
juvenile and adult
means

Partial Procrustes distance refers to the partial Procrustes distance between the means of the two species being compared. Confidence intervals were estimated
by bootstrapping.

244.25
198.00

376.25
433.87
2064.92

Clemmys guttata versus Emys marmorata
Adults
Hatchlings
Hatchlings versus adults

Clemmys guttata versus Glyptemys muhlenbergii
Adults
Hatchlings

490.06
628.88
1082.53

908.15
837.74
968.58

Clemmys guttata versus Terrapene coahuila
Adults
Hatchlings
Hatchlings versus adults

Clemmys guttata versus Terrapene ornata
Adults
Hatchlings
Hatchlings versus adults

101.98
110.48
380.45

Goodall’s F

Glyptemys muhlenbergii versus Glyptemys insculpta
Adults
Hatchlings
Hatchlings versus adults

Comparison

Partial
procrustes
distance

Table 4. Comparisons of mean shapes of miniaturized emydines versus other focal species at hatchling and adult sizes
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that adult shapes were significantly more similar
than the juvenile shapes. The results for C. guttata
are more complex. When using the size-standardized
data, its plastron shape becomes significantly more
similar to both T. ornata and E. marmorata over the
course of ontogeny, whereas it becomes significantly
more different from that of G. muhlenbergii. The plastron shape of C. guttata also becomes increasingly
different from that of T. coahuila over the course of
ontogeny, although this difference is not statistically
significant. These patterns are essentially the same
when only the smallest and largest specimens are
considered with two differences: (1) the plastron
shapes of C. guttata and T. coahuila become more
similar over ontogeny and (2) none of the increases or
decreases in similarity over ontogeny are significant.
The mean adult plastron shapes of the miniaturized
species do not closely resemble the mean hatchling
plastron shapes of the larger species. In all cases, the
means were significantly different, and the partial
Procrustes distances between the shapes almost
always were larger (implying a greater difference)
than the distances separating the juvenile shapes
from each other and the distances separating the
adult shapes (Table 4; see also Supporting information, Appendix S5).
Comparisons of the angles between the multivariate regression vectors of the emydines showed that, in
all cases, the observed angles between the vectors
were larger than the 95th percentiles of the ranges of
variation within the species generated by bootstrapping (i.e. the angles between the vectors are greater
than zero; Table 5). Thus, each species appears to
take a unique path through shape space as ontogeny
proceeds (Figs 3, 4). Despite the fact that each species
has a more or less unique ontogenetic trajectory, there
is also a good deal of conservatism in the shape
changes displayed by each species during ontogeny.
The observed angles between the nine species were
all smaller than the 2.5th percentiles of the ranges for
the individual species generated by random permutations of their ontogenetic vectors (i.e. the angles
between the vectors were significantly less than 90°;
Table 5). Visual inspection of the plastron shape
changes that each species undergoes during ontogeny
(Figs 3, 4) confirms these results. Although each
species displays a unique pattern of shape change
over ontogeny, the shape changes share some common
elements (e.g. narrowing of the anterior lobe and
bridge region, widening of the posterior lobe) that are
apparent even in the distantly related outgroup
species (Figs 3, 4).
The length of the ontogeny of G. muhlenbergii (i.e.
the magnitude of the shape change it undergoes
during ontogeny) is slightly shorter than the length of
the ontogeny of G. insculpta, although bootstrapping

the difference in the distances between the means
showed that the length difference is not significant
(Table 6). Repeating this analysis using only the
smallest and largest specimens from the two species
suggests that G. muhlenbergii has a longer ontogeny
than G. insculpta but, again, the difference is not
significant (see Supporting information, Appendix
S5). By contrast, the length of the ontogeny of C. guttata does differ significantly from those of the other
species with which we compared it, although not in a
consistent way. Using the size-standardized data,
C. guttata has a longer ontogeny (i.e. undergoes
greater shape change) than T. coahuila and E. marmorata, yet a shorter ontogeny than T. ornata and
G. muhlenbergii. If only the smallest and largest
specimens of the species are considered, C. guttata
has a significantly longer ontogeny than E. marmorata and T. coahuila; it also has a longer ontogeny that T. ornata and a shorter ontogeny that
G. muhlenbergii, although these differences are not
significant.
The two methods that we used to estimate the rate
at which shape changes during ontogeny relative to
size gave somewhat conflicting results. The slopes of
the regressions of partial Procrustes distance to the
smallest specimen in a species versus the natural
logarithm of centroid size were generally quite
similar, particularly when their 95% confidence intervals were taken into account (Table 7). Only the slope
for E. marmorata was consistently significantly lower
than the others. There were more differences between
species apparent in our measurements of the amount
of shape change each species undergoes over one
natural log unit of centroid size. Of particular importance in the context of miniaturization is the observation that G. muhlenbergii undergoes significantly
more shape change over this size range than any of
the other species. On the other hand, C. guttata
undergoes significantly less shape change over this
range than T. ornata, although significantly more
than T. coahuila or E. marmorata.

PHYLOGENETIC

ANALYSIS

Most of the emydine relationships that we recovered
were anticipated, with each genus strongly monophyletic (except in one case): Glyptemys sister to the
rest of the emydines, and Terrapene split into two
clades, a western lineage composed of T. ornata and
T. nelsoni, and an eastern lineage composed of T. carolina and T. coahuila (Fig. 5). However, our additional
data did little to resolve a troublesome node (Emys)
and a rogue taxon (C. guttata). Relationships within
Emys remain obscure, with each dataset recovering a
differing arrangement and some nucDNA leaving
its monophyly in doubt (Wiens et al., 2010). This
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Table 5. Angles between the multivariate regression vectors of focal species

Comparison

Betweenspecies
angle

Withinspecies
angle 1

Withinspecies
angle 2

2.5th
percentile
species 1

2.5th
percentile
species 2

Emys blandingii versus Terrapene coahuila
Emys blandingii versus Clemmys guttata
Emys blandingii versus Glyptemys insculpta
Emys blandingii versus Emys marmorata
Emys blandingiii versus Glyptemys muhlenbergii
Emys blandingii versus Emys orbicularis
Emys blandingii versus Terrapene ornata
Emys blandingii versus Chrysemys picta
Terrapene coahuila versus Clemmys guttata
Terrapene coahuila versus Glyptemys insculpta
Terrapene coahuila versus Emys marmorata
Terrapene coahuila versus Glyptemys muhlenbergii
Terrapene coahuila versus Emys orbicularis
Terrapene coahuila versus Terrapene ornata
Terrapene coahuila versus Chrysemys picta
Clemmys guttata versus Glyptemys insculpta
Clemmys guttata versus Emys marmorata
Clemmys guttata versus Glyptemys muhlenbergii
Clemmys guttata versus Emys orbicularis
Clemmys guttata versus Terrapene ornata
Clemmys guttata versus Chrysemys picta
Glyptemys insculpta versus Emys marmorata
Glyptemys insculpta versus Glyptemys muhlenbergii
Glyptemys insculpta versus Emys orbicularis
Glyptemys insculpta versus Terrapene ornata
Glyptemys insculpta versus Chrysemys picta
Emys marmorata versus Glyptemys muhlenbergii
Emys marmorata versus Emys orbicularis
Emys marmorata versus Terrapene ornata
Emys marmorata versus Chrysemys picta
Glyptemys muhlenbergii versus Emys orbicularis
Glyptemys muhlenbergii versus Terrapene ornata
Glyptemys muhlenbergii versus Chrysemys picta
Emys orbicularis versus Terrapene ornata
Emys orbicularis versus Chrysemys picta
Terrapene ornata versus Chrysemys picta

37.2
26.9
27.2
26.6
23.7
32.6
41.2
26.7
41.8
48.2
46.5
39.7
47.4
32.8
47.0
23.9
25.2
20.3
40.2
45.4
32.8
23.1
24.8
32.4
40.9
29.0
28.1
22.0
49.5
35.1
40.3
41.9
29.5
51.6
44.2
48.7

14.1
14.1
14.4
14.0
15.6
15.7
13.9
14.0
25.9
25.9
26.0
28.7
28.6
25.6
26.1
14.0
9.2
16.1
16.1
14.0
13.3
13.2
13.2
14.4
13.5
13.3
16.1
16.1
14.1
13.1
12.5
12.1
12.3
16.8
16.7
19.6

25.7
13.8
13.6
26.6
12.3
16.6
19.3
9.3
13.9
13.5
13.6
12.2
16.8
19.5
9.4
13.4
9.0
12.1
12.1
19.4
8.9
14.4
14.3
16.6
19.5
9.5
12.2
16.8
19.4
9.1
17.1
20.9
9.8
21.4
10.2
9.3

62.4
62.4
62.4
62.4
62.4
62.4
62.4
62.4
63.8
63.8
63.8
63.8
63.8
63.8
63.8
64.7
64.7
64.7
64.7
64.7
64.7
58.5
58.5
58.5
58.5
58.5
61.2
61.2
61.2
61.2
61.5
61.5
61.5
59.7
59.7
61.5

63.8
64.7
58.5
61.2
61.5
59.7
61.5
65.8
64.7
58.5
61.2
61.5
59.7
61.5
65.8
58.5
61.2
61.5
59.7
61.5
65.8
61.2
61.5
59.7
61.5
65.8
61.5
59.7
61.5
65.8
59.7
61.5
65.8
61.5
65.8
65.8

The between species angle is the angle between the observed vectors for the species, whereas within species angles are
the 95th percentile values for a series of replicate datasets for each species generated by bootstrap resampling. The 2.5th
percentile values were generated by randomly permuting the vectors of regression coefficients for each species. Species
1 and 2 refer to the first and second species in a comparison, respectively.

problematic node may stem from an ancient reticulation (Spinks & Shaffer, 2009) that might require large
scale genomic data to finally resolve. The other difficult taxon, C. guttata, was variously reconstructed as
sister to E. marmorata, the genus Emys as a whole, or
the genus Terrapene, and has displayed similar inconsistency in other recent analyses of emydine phylogeny (Feldman & Parham, 2002; Stephens & Wiens,
2003; Spinks & Shaffer, 2009; Spinks et al., 2009;

Wiens et al., 2010; Angielczyk et al., 2011; Joyce et al.,
2012). A more thorough analysis of this difficult taxon
is required, preferably with highly reliable markers
such as microRNAs or genomic fragments (Lyson
et al., 2011; Crawford et al., 2012).
The time-calibrated phylogenies suggest that
nearly all emydine diversity arose during the Miocene
(Fig. 5), although there are wide error bars around
the estimates.
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Figure 3. Drawings of stylized plastron shapes for the focal emydines and outgroup (Chrysemys picta) at hatchling (left)
and adult (right) sizes.

ANCESTRAL

STATE RECONSTRUCTIONS AND THE

POLARITY OF CHANGES TO ONTOGENY

Results from the Bayes factors comparisons are presented in the Supporting information (Appendix S6).
In all cases, the likelihoods of the null and alternative
models were very similar, resulting in Bayes factors
less than two. Therefore, we used the null model
(unbiased random-walk with l, k, and d equal to 1) for
all of the subsequent ancestral state reconstructions.
Mean trait values and 95% confidence intervals for
seven ontogenetic traits reconstructed for the three
ancestors of interest are presented in the Supporting

information (Appendix S7). The confidence intervals
on the estimates tend to be rather broad and, when
these are taken into account (along with the confidence intervals on the morphometric parameters), it
is usually difficult to state with certainty how
descendant species differ from their ancestors.
However, there are a few instances where values for
extant species fall outside of the confidence intervals
of the ancestral reconstructions. When compared with
the common ancestor of Glyptemys, G. muhlenbergii
has significantly decreased the carapace length at
which females reach sexual maturity, and the amount
of shape change it undergoes per one log unit of

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

ONTOGENY AND MORPHOLOGY

743

Figure 4. Thin-plate spline deformations showing the shape changes necessary to transform a hatchling plastron to an
adult plastron in the focal emydines and outgroup (Chrysemys picta).
© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755
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centroid size increase is very close to significantly
different (i.e. there is only slight overlap in this confidence intervals of this character for the G. muhlnebergii and its ancestor). Similarly, G. insculpta has
significantly increased the minimum and maximum
ages at which females reach sexual maturity. When
compared with their most recent common ancestor,
E. marmorata has significantly decreased the slope of
its regression of partial Procrustes distance versus
the natural logarithm of centroid size and the amount
of change it undergoes per one log unit of centroid size
increase; C. guttata has significantly decreased its
Table 6. Measurements of the amount of shape change
each species undergoes during ontogeny, recorded as the
partial Procrustes distance between the mean hatchling
shape and the mean adult shape of that species

Species

Partial
procrustes
distance

Confidence
interval on
distance

Clemmys guttata
Emys blandingii
Emys marmorata
Emys orbicularis
Glyptemys insculpta
Glyptemys muhlenbergii
Terrapene coahuila
Terrapene ornata
Chrysemys picta

0.1033
0.1057
0.0968
0.1214
0.1243
0.1225
0.0862
0.1261
0.1233

0.1019–0.1047
0.1034–0.1082
0.0959–0.0977
0.1182–0.1249
0.1215–0.1271
0.1184–0.1273
0.0835–0.0891
0.1224–0.1300
0.1199–0.1270

Confidence intervals on the distances were estimated by
bootstrapping.

maximum size, although only in the context of the
BEAST topologies and branch lengths. Compared to
the most recent common ancestor of C. guttata and
Terrapene, only one change is significant: T. coahuila
undergoes significantly less shape change per log unit
of centroid size increase.

DISCUSSION
Research on the patterns and mechanisms of miniaturization in metazoans indicates that this phenomenon is remarkably widespread among vertebrates
and is the result of a myriad of ontogenetic alterations, many of which (e.g. neoteny, progenesis) lead to
paedomorphic forms (Hanken & Wake, 1993). Meticulous developmental work has shown that the actual
process of miniaturization appears highly labile, so
that few species display the same underlying developmental routes (Hanken & Wake, 1993). These evolutionary phenomena have been overlooked in turtles,
which display an impressive range of body sizes and
contain a number of diminutive species (Fig. 1). Furthermore, miniature turtles might be expected to
show relatively complex changes in their ontogeny as
a means of attaining small adult body sizes without
possessing other immature (or paedomorphic) features. Young turtles have shells that are incompletely
ossified and fused, and are usually penetrated by one
or more fontanelles (Burke, 1989; Gilbert et al., 2001;
Lima et al., 2011). As a result, hatchling and juvenile
turtles have pliable and even fragile shells and are
highly vulnerable to predation (Ernst & Lovich,
2009). If shell shape is related to these patterns of

Table 7. Estimates of the rate of shape change relative to size each species undergoes during ontogeny, measured through
two different procedures

Species

Regression
slope

Confidence
interval
on slope

Partial
procrustes
distance

Confidence
interval on
distance

Clemmys guttata
Emys blandingii
Emys marmorata
Emys orbicularis
Glyptemys insculpta
Glyptemys muhlenbergii
Terrapene coahuila
Terrapene ornata
Chrysemys picta

0.0451
0.0410
0.0249
0.0427
0.0516
0.0443
0.0410
0.0567
0.0530

0.0423–0.0479
0.0373–0.0447
0.0237–00262
0.0379–0.0475
0.0475–0.0557
0.0387–0.0499
0.0353–0.0466
0.0498–0.0637
0.0491–0.0569

0.0612
0.0509
0.0434
0.0588
0.0624
0.0852
0.0481
0.0733
0.0635

0.0598–0.0627
0.0487–0.0535
0.0426–0.0444
0.0557–0.0623
0.0596–0.0655
0.0810–0.0899
0.0456–0.0512
0.0695–0.0774
0.0601–0.0674

In the first procedure, the rate of shape change is recorded as the slope of a regression of partial Procrustes distance
between each specimen and the smallest specimen of that species versus the natural logarithm of centroid size. In the
second procedure, the rate of shape change is recorded as the partial Procrustes distances between the mean hatchling
shapes of a species and the mean shapes of specimens 1.0 natural log units larger than the smallest specimen of that
species. Confidence intervals were estimated by bootstrapping.
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Figure 5. Phylogenetic hypotheses for emydine turtles based on analyses of mitochondrial DNA data (A), nuclear DNA
data (B), and both data types combined (C). Trees constructed under a partitioned Bayesian framework without a
molecular clock (MrBayes) and under a relaxed molecular clock model (BEAST) calibrated with two fossils are identical,
except in the placement of Clemmys guttata in the combined dataset (MrBayes arrangement indicated with yellow arrow).
Numbers inside nodes are support values in Bayesian posterior probabilities. Numbers outside nodes in (C) are median
divergence estimates (in millions of years). Error bars display 95% confidence intervals around these dates. Branch
lengths drawn proportional to evolutionary divergence estimates; fossil calibration points indicated with a dagger (†).
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ossification and fusion, then a simple truncation of
ontogeny at a juvenile morphology is unlikely to
provide a feasible mode of miniaturization.

THE

ONTOGENY OF THE BOG TURTLE

G. MUHLENBERGII
At first glance, it is tempting to assume that Glyptemys muhlenbergii is simply a paedomorphic version of
the common ancestor it shares with its larger sister
species G. insculpta, and several predictions follow
from this assumption. For example, if a timing modification (sensu Webster & Zelditch, 2005) occurred
such that G. muhlenbergii truncates its ontogeny at
an earlier point along the ancestral pathway, then
G. muhlenbergii should possess a shorter ontogenetic
trajectory, and retain a relatively juvenile shape compared to its ancestor and G. insculpta (assuming that
the latter species retains a more ancestral ontogenetic
pattern). Such a modification would be consistent
with considering G. muhlenbergii as miniaturized
(sensu Hanken & Wake, 1993) because this truncation
in ontogeny would resemble those seen in many miniaturized taxa. However, our analyses of plastron
shape ontogeny demonstrate that this simple scenario
is incorrect. Instead, G. insculpta and G. muhlenbergii actually display comparable amounts of plastron
shape change during ontogeny. The plastron shapes of
these species also become more similar over the
course of ontogeny, implying that the plastron shape
of an adult G. muhlenbergii individual is more like a
scaled-down version of an adult G. insculpta, rather
than a juvenile. Because G. muhlenbergii undergoes a
similar amount of shape change over ontogeny, yet
retains a smaller size, G. muhlenbergii must develop
its plastron shape at a more rapid rate per unit of size
increase than G. insculpta, and the two species take
distinct paths through morphospace as they grow.
Data on the age and size at which sexual maturity is
reached in Glyptemys suggest that G. muhlenbergii
slightly accelerated its average growth rate as well.
Females and males of G. insculpta reach sexual maturity at 14 to 18 years, and carapace lengths of 134 mm
and 192 mm, respectively, whereas males and females
of G. muhlenbergii reach maturity at 4 to 6 years and
carapace lengths of 65 mm and 70 mm, respectively
(Ernst et al., 1994; Ernst & Lovich, 2009). When these
data are synthesized with our morphometric results,
it becomes apparent that G. muhlenbergii has undergone allometric re-patterning (sensu Webster & Zelditch, 2005) relative to G. insculpta. The amount of
shape change that occurs during ontogeny is similar
in both species, although the temporal duration of
ontogeny has been truncated in G. muhlenbergii,
whereas the growth rate and rate of plastron shape
change relative to time has increased. The two species

also undergo distinct but related changes in shape
over the course of ontogeny. The end result of these
changes, in the case of G. muhlenbergii, is a small
turtle with an ‘adult-like’ shape (Fig. 6).
Nevertheless, several critical questions remain:
what did the plastron of the common ancestor of
G. insculpta and G. muhlenbergii look like, what was
the ontogeny of that ancestral trait, and is G. insculpta a good model for comparison? In other words,
has G. muhlenbergii truncated the length of its ontogeny and increased its temporal rate of plastron shape
change relative to the common ancestor of it and
G. insculpta, or has G. insculpta lengthened its ontogeny and slowed its rate of plastron shape change? The
fossil record provides tantalizing insight into this
question. Both extant species of Glyptemys have fossil
records that extend back into the Pleistocene (Hay,
1923, Peterson, 1926; Holman, 1967, 1977; Parmalee
& Klippel, 1981; Parris & Daeschler, 1995; Richmond,
1964), although most of this material consists of shell
fragments from cave deposits that provide little information relevant to the current question other than
the fact that these specimens fall within the size
ranges of the living populations. However, the extinct
species Glyptemys valentinensis is also known from
the Miocene of Nebraska (Holman & Fritz, 2001) and
is represented by more complete material. In their
description, Holman & Fritz (2001) noted that the
shell of G. valentinensis is generally more similar to
that of G. insculpta than to the shell of G. muhlenbergii, although they also stated that G. valentinensis
appears to have been smaller on average than extant
G. insculpta. Holman & Fritz (2001) did not include
a phylogenetic analysis but they postulated that
G. valentinensis represents the direct ancestor of
G. insculpta or the common ancestor of both extant
Glyptemys.
Although the available sample of G. valentinensis
does not include a true growth series, and therefore
its ontogeny of plastron shape cannot be examined in
detail using geometric morphometrics, it is possible to
use this fossil taxon to make predictions about the
polarity of changes in the ontogenies of G. muhlenbergii and G. insculpta. If G. valentinensis is an
ancestor of G. insculpta after the split of the two
extant Glyptemys, then its apparently smaller size
would suggest that G. insculpta has modified its
ontogeny to attain a larger size. Given our observations on the differences in the ontogenies of G. muhlenbergii and G. insculpta, we predict that the
changes in the ontogeny of G. insculpta relative to
G. valentinensis in this scenario would constitute an
increase in the temporal duration of ontogeny and a
correlated decrease in the temporal rate at which
plastron shape changes. On the other hand, if G. valentinensis is indicative of the morphology of the
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Figure 6. Summary of the ontogenetic modifications leading to plastron shape in the diminutive emydines Glyptemys
muhlenbergii and Clemmys guttata relative to their reconstructed (hypothetical) ancestors. Hatchling (left) and adult
plastra (right) shown to scale, with the major ontogenetic parameters that have been modified in association with the
evolution of small size. Compared to its presumed ancestor, G. muhlenbergii possesses a shorter ontogenetic time sequence
(reduced temporal duration) but a more rapid rate of shape change and slightly higher average growth rate. Relative to its
hypothetical ancestor, C. guttata maintains the same temporal duration of ontogeny but shows a decreased average growth
rate during this time frame. Furthermore, C. guttata may display an increased rate of shape change, although this
ontogenetic change is less certain, particularly because the phylogenetic placement of C. guttata remains uncertain.

common ancestor of both extant Glyptemys species,
then we can use it to make predictions about the
polarity of changes in each of the species. Under this
scenario, G. insculpta would still extend the length of
its ontogeny to attain a larger size. However, because
G. valentinensis is also larger than G. muhlenbergii,
we hypothesize that the latter has shortened the
temporal duration of ontogeny at the same time as
increasing the rate of plastron shape change relative
to time to produce an ‘adult-like’ plastron shape at a
reduced body size.
Although accurately predicting ancestral states
using data only from extant species can be difficult
(Polly, 2001; Webster & Purvis, 2002; Finarelli &
Flynn, 2006; Slater et al., 2012; for the method used

in the present study, see Montgomery et al., 2010),
our ancestral state reconstructions can provide at
least a first test of the predictions based on the fossil
record of Glyptemys. Our ancestral state reconstructions fit well with the predictions from the fossil
record when we consider only significant changes (i.e.
those for which the confidence intervals of the extant
species do not overlap the confidence intervals of the
ancestral state reconstructions). Glyptemys muhlenbergii is reconstructed as having decreased the carapace length at which females reach sexual maturity,
and the amount of shape change G. muhlenbergii
undergoes per log unit of centroid size (used as a
proxy for time) change is close to statistical significance. Similarly, G. insculpta is reconstructed as
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having increased the minimum and maximum ages at
which females reach sexual maturity, implying a
lengthening of ontogeny relative to a potential ancestor such as G. valentinensis. If only the mean values
of the ancestral state reconstructions are considered,
then most of the ontogenetic parameters show
changes similar to those that we would predict if
G. valentinensis is the ancestor to the extant Glyptemys. For example, the minimum and maximum ages
at which females attain sexual maturity, and MaxCL,
have decreased in G. muhlenbergii and increased
in G. insculpta relative to the values reconstructed
for their most recent common ancestor. Glyptemys
insculpta also undergoes slightly less shape change
per log unit of centroid size increase than its ancestor
(i.e. a decrease in the rate at which plastron shape
changes).
When the morphometric data, fossil record, life
history information, and ancestral state reconstructions are taken together, a relatively clear pattern
emerges for the nature of the changes to plastron
shape ontogeny in G. muhlenbergii. In this species,
small body size represents a derived character state
achieved by truncating the temporal duration of ontogeny at the same time as growing at similar to slightly
higher rates and increasing the rate of plastron shape
change (Fig. 6). Moreover, these alterations occurred
just as its larger sister species, G. insculpta, increased
in size by increasing the duration of ontogeny and
slowing the rate of plastron shape change. Somewhat
unexpectedly, the direction of the changes (i.e. terrestrial G. insculpta becoming larger; aquatic G. muhlenbergii becoming smaller) run counter to those
predicted by evolutionary modelling (Jaffe et al., 2011).
However, given the broad overlap between the body
size distributions of continental terrestrial and freshwater turtles, and their similar predicted optimal sizes
(Jaffe et al., 2011), it is likely that other ecological
factors influenced the evolution of body sizes in these
species. For example, G. insculpta is a relatively wide
forager and travels between microhabitats, whereas
G. muhlenbergii is much more of a habitat specialist
(Ernst et al., 1994), and so a larger size may be
important in allowing G. insculpta to cover distances
more efficiently or resisting a wider range of predators.
Alternatively, G. muhlenbergii prefers wetland habitat
(Ernst et al., 1994), and frequents a complex mixture of
water and land. Therefore, it may not be subject to the
same selective pressures as turtles that spend most of
their time in water.

THE

ONTOGENY OF THE SPOTTED
TURTLE

C. GUTTATA

The evolutionary mechanism and context surrounding the evolution of diminuative size in C. guttata is

somewhat more difficult to unravel, in part because of
uncertainty surrounding the phylogenetic position of
this species. Among the trees from our phylogenetic
analysis, C. guttata was variously reconstructed as
the sister taxon of E. marmorata, the genus Emys as
a whole or the genus Terrapene, and it has displayed
similar ambiguity in other recent analyses of emydine
phylogeny (Feldman & Parham, 2002; Stephens &
Wiens, 2003, 2008; Spinks & Shaffer, 2009; Spinks
et al., 2009; Wiens et al., 2010; Angielczyk et al., 2011;
Joyce et al., 2012). A second complicating factor is
that there is less relevant fossil material available
than for Glyptemys. Although fossils as old as the
Palaeocene have been referred to as ‘Clemmys’, most
of this material likely is only distantly related to
C. guttata (and emydines in general) (Brinkman,
Densmore & Joyce, 2010). Definitive fossils of C. guttata consist of shell fragments of late Pleistocene to
Holocene age (Holman, 1990, 1992; Ernst et al., 1994;
Ernst & Lovich, 2009). There is a more extensive
fossil record for many of the lineages that are likely
closely related to C. guttata (Ernst et al., 1994),
although this material appears to postdate the divergence between those lineages and C. guttata.
Among emydines, the plastron shape of C. guttata
most closely resembles that of E. marmorata;
although we did not examine all Terrapene species,
the stereotyped plastron shape associated with plastral kinesis (Claude et al., 2003; Claude, 2006; Angielczyk et al., 2011) makes it unlikely that T. carolina or
T. nelsoni would be highly similar to C. guttata. As
was the case for Glyptemys, E. marmorata and C. guttata take unique paths through shape space as they
grow, although their plastron shapes become more
similar over ontogeny. Therefore, adult C. guttata
specimens resemble scaled-down adults of E. marmorata, and not simply immature emydines. Unlike
the Glyptemys species, both E. marmorata and C. guttata reach sexual maturity at approximately the same
time, (7–10 years; Ernst et al., 1994; Ernst & Lovich,
2009), implying that the average rate of size increase
relative to time is depressed in C. guttata compared to
E. marmorata. Interestingly, C. guttata undergoes
more shape change during ontogeny than E. marmorata. As a result, the amount of shape change
C. guttata undergoes per unit of size increase (measured as the slope for the regression of partial Procrustes distance between each specimen and the
smallest specimen of the species versus the natural
log of centroid size, and the amount of shape change
it undergoes per log unit of centroid size change) is
higher. Thus, relative to E. marmorata, reduced size
in C. guttata appears mostly to stem from a change in
growth rate, and not the duration of ontogeny as in
G. muhlenbergii. If the ontogeny of E. marmorata is
representative of an ancestral condition, then the
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combination of a rate shift and unique (but related)
shape changes in C. guttata imply that this potentially miniaturized turtle has experienced fairly substantive allometric re-patterning (sensu Webster &
Zelditch, 2005).
The ancestral state reconstruction data for E. marmorata and C. guttata provide some additional insight
into these patterns. When only significant changes are
considered, the MaxCL of C. guttata is less than that of
the most recent common ancestor it shares with
E. marmorata, albeit only for the ultrametric trees
(‘time trees’ from BEAST). Similarly, the amount of
shape change that E. marmorata undergoes per unit of
size increase (measured as the slope for the regression
of partial Procrustes distance between each specimen
the smallest specimen of the species versus the natural
logarithm of centroid size and the amount of shape
change it undergoes per log unit of centroid size
change) is less than that of the common ancestor. If
only the mean values for the ancestral state reconstructions are considered, E. marmorata is typically
the species that appears to deviate the most from the
common ancestor, with larger size at female sexual
maturity, larger maximum size, and a smaller amount
of shape change over ontogeny, although C. guttata
also has smaller carapace lengths at female sexual
maturity and maximum size. Therefore, if E. marmorata and C. guttata are sister species, the ancestral
state reconstructions are broadly consistent with a
pattern of body size divergence between the species,
with changes in growth rate being the mechanism by
which this divergence has been achieved. Similar to
Glyptemys, both E. marmorata and C. guttata appear
to have undergone allometric re-patterning relative to
their (possible) common ancestor.
The picture is less clear when C. guttata is compared to the two Terrapene species in the dataset
because the Terrapene species themselves appear
rather divergent. For example, although all three
species take unique pathways through shape space as
they grow, and adult specimens of C. guttata have
plastron shapes that differ significantly from hatchlings of the Terrapene species, the plastron shape of
C. guttata becomes more similar to that of T. ornata
over ontogeny but less similar to that of T. coahuila.
Similarly, C. guttata undergoes less shape change
over ontogeny than T. ornata but more than T. coahuila, and it also undergoes less shape change per log
unit of centroid size than T. coahuila but more than
T. ornata. There is even conflict in regards to the age
at which females attain sexual maturity: C. guttata
reaches maturity at approximately the same age as
T. ornata (Ernst et al., 1994; Ernst & Lovich, 2009)
but at an older age than T. coahuila (Brown, 1974).
Despite these conflicting patterns, the results from
the ancestral state reconstructions are fairly consist-
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ent. If only significant changes are considered (i.e.
those for which the confidence intervals of the extant
species do not overlap the confidence intervals of the
ancestral state reconstructions), it is generally difficult to determine how the three species differ from
their most recent common ancestor. The only significant difference is that T. coahuila undergoes less
shape change during ontogeny than the reconstructed
ancestor. This result is interesting, although it provides little insight into how C. guttata evolved its
small size. If only the mean values for the ancestral
state reconstructions and species trait values are
considered, it appears that all three species modified
their ontogenies in somewhat similar ways. For
example, both Terrapene species and C. guttata have
reduced the minimum carapace length at which
females achieve sexual maturity and their maximum
carapace lengths relative to their most recent
common ancestor. Similarly, the species all have
retained (C. guttata, T. ornata) or reduced (T. coahuila) the minimum and maximum ages at which
females attain sexual maturity. Terrapene ornata and
C. guttata also have increased the amounts of shape
change they undergo per unit of size increase (measured as the slopes for their regressions of partial
Procrustes distance between each specimen and the
smallest specimen of the species versus the natural
logarithm of centroid size and the amount of shape
change each undergoes per log unit of centroid size
change). Both of these values have been reduced in
T. coahuila relative to its most recent common ancestor with C. guttata, although this may be a result of
the significant decrease in the amount of shape
change that it undergoes during ontogeny. The combination of smaller size and similar temporal duration of ontogeny in C. guttata relative to its ancestor
with Terrapene suggests a reduction in the temporal
rate of size increase as the mechanism for miniaturization. This observation is consistent with the results
of the comparisons with E. marmorata, although the
wide confidence intervals on the reconstructed values
for the common ancestor of Terrapene and C. guttata
make the conclusion more tentative. Taken together,
our comparisons for C. guttata point to a change in
growth rate as the primary mechanism behind the
small adult body size of the species (Fig. 6).

ARE C. GUTTATA

AND

G. MUHLENBERGII

MINIATURIZED?

The question of whether C. guttata and G. muhlenbergii are miniaturized is unavoidably a qualitative
one. In their classic study on miniaturization,
Hanken & Wake (1993) list several potential criteria
for recognizing miniaturized species, although they do
not identify any single character or combinations of
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characters as necessary and sufficient for defining a
species as miniaturized. In this framework, our
results at best provide equivocal evidence for C. guttata and G. muhlenbergii being miniaturized. Certainly C. guttata and G. muhlenbergii are among the
smallest known turtles, and various parameters of
their (plastron shape) ontogenies have been repatterned relative to their closest relatives and ancestors. The latter changes in particular fit with the
changes in life history that Hanken & Wake (1993)
note as often accompanying miniaturization. At the
same time, C. guttata and G. muhlenbergii are not
true outliers in size but rather are at the lower end of
a relatively continuous distribution (Fig. 1). The other
emydines that we examined also show some evolutionary lability in plastron shape ontogenies, suggesting that ontogenetic modifications are a common
means by which members of this clade derive body
size and/or plastron morphologies. Perhaps most critical, however, is the fact that the adult plastron shapes
of G. muhlenbergii and C. guttata are relatively
similar to those of adults of their larger relatives. We
interpret this pattern as evidence that the shells of
these small turtles still face the functional demands
of their larger relatives; their small size has not
released them from the selective pressures faced by
their larger relatives, nor has it forced them to
contend with new selective challenges. Therefore,
although C. guttata and G. muhlenbergii are small,
we conclude they are not truly miniaturized taxa.
Nevertheless, additional study of morphology, ecology,
behaviour, physiology, and other aspects of biology in
this context might provide evidence that C. guttata
and G. muhlenbergii have crossed a critical size
threshold into the realm of miniaturization.

CONCLUSIONS
The models that we propose for both G. muhlenbergii
and C. guttata suggest that ontogenetic repatterning occurred in the evolution of small size in these
species (Fig. 6). Moreover, the ontogenetic traits that
separate G. muhlenbergii and C. guttata from their
ancestors (or nearest living relatives) differ. In
G. muhlenbergii, changes in the duration of ontogeny
and rate of shape change (relative to size and relative
to time) lead to diminutive adults, whereas, in C. guttata, a change in growth rate creates a similar smallbodied phenotype. The fact that these two emydines
have evolved convergent body sizes in unique ways
implies some developmental flexibility in plastron
ontogeny. This ontogenetic flexibility in turtle shell
shape is further highlighted by the fact that G. insculpta, E. marmorata, and the two Terrapene species
all possess distinctive ontogenetic patterns as well. If
this ontogenetic flexibility is eventually found to be

widespread among emydids, it could explain why this
clade appears to have unusually high rates of body
size evolution (Eastman et al., 2011). Indeed, ontogenetic flexibility may characterize many parts of the
turtle skeleton, considering that skull development in
the species of a distantly related turtle clade (Chelidae) generally display unique ontogenetic trajectories
(Wilson & Sanchez-Villagra, 2011). Advances in developmental genetics may pinpoint the regulatory pathways responsible for the ontogeny of shell shape
(Kuraku, Usuda & Kuratani, 2005) and whether
simple changes in the same suites of genes or novel
loci (Carroll et al., 2005) produce the diversity of forms
we see in turtles. Similarly, such data might provide
insight into why C. guttata and G. muhlenbergii follow
different paths to attain similar reduced sizes.
Nevertheless, emydine plastron shape ontogenies
do appear to be constrained to produce ‘adult-like’
turtles regardless of adult body size; no species
retains a ‘juvenile’ shape at adulthood. This is consistent with our notion that such a turtle would be at
a disadvantage in its community because its shell
would not provide adequate protection against predators or other hazards. These patterns also suggest
that C. guttata and G. muhlenbergii have not crossed
a critical size threshold faced by miniaturized taxa
and, instead, are likely subject to many of the selective forces that affect their larger relatives. It is
interesting to note that turtles that have reduced the
shell often do so in the context of changes in defensive
strategy. For example, the pancake tortoise (Malacochersus tornieri), a unique chelonian with a compressed and highly flexible shell, squeezes into tight
rock crevices to avoid predation (Ernst & Barbour,
1989). It is conceivable that the reduction of rigid and
fused bony elements in the shell of M. tornieri results
from arrested shell ontogeny, despite the fact that
this species is not miniaturized, and its specialized
ecology likely offsets the decrease in the protection
that the shell can provide. Similarly, trionychid
turtles seemingly offset the lack of protection provided by their highly reduced (paedomorphic?) shells
by means of crypsis, remarkably rapid flight abilities
(fast swimming) and their notoriously aggressive temperaments. That none of the turtles with reduced
shells have also evolved a truly miniaturized phenotype may suggest that there are reasons beyond protection preventing chelonians from reaching the small
sizes achieved by other tetrapod clades. Although
there is evidence suggesting that, if alternative selective pressures are sufficient, then retention or expansion of the plastral fontanelle(s) may be sufficiently
beneficial to offset the corresponding loss of protection
(Davenport et al., 2011), additional research on the
smallest turtles will be necessary to determine
whether the defensive function of the shell is the
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primary constraint on the evolution of a miniaturized
phenotype, as well as the relative importance of other
factors.

ACKNOWLEDGEMENTS
For access to emydine specimens, we thank:
J. Vindum and R. Drewes (CAS); A. Resetar (FMNH);
R. Feeney (LACM); C. Austin (LSUMNS); S. Sweet
(MSE); J. McGuire and C. Conroy (MVZ); A. Wynn
(NMNH); P. Collins (SBMNH); B. Hollingsworth
(SDMNH); C. Bell and R. Burroughs (TMM),
T. LaDuc and R. Burroughs (TNHC), P. Holroyd
(UCMP); R. Symonds (UMZC); J. Buskirk. We are
grateful to J. Parham and S. Sweet for field assistance and the California Department of Fish and
Game for permits. Much of the data collection was
funded by NSF DBI-0306158 (to KDA). G. Miller
assisted with data collection, and her participation in
this research was supported by NSF REU DBI0353797 (to R. Mooi of CAS). A. Aronowsky,
J. Buskirk, B. Coyner, A. deQueiroz, M. Matocq,
J. Parham, P. Roopnarine, D. Swiderski, and M. Zelditch provided helpful discussions over the long gestation of the project. We also thank two anonymous
reviewers for their many useful suggestions that
helped improve this manuscript. This is publication
15 of the UNR Evol-Doers.

REFERENCES
Alberch P, Gould SJ, Oster GF, Wake DB. 1979. Size
and shape in ontogeny and phylogeny. Paleobiology 5: 296–
317.
Angielczyk KD, Feldman CR, Miller GR. 2011. Adaptive
evolution of plastron shape in emydine turtles. Evolution
65: 377–394.
Angielczyk KD, Sheets HD. 2007. Investigation of simulated tectonic deformation in fossils using geometric morphometrics. Paleobiology 33: 125–148.
Arndt RG. 1977. Notes on the natural history of the bog
turtle, Clemmys muhlenbergi (Schoepff), in Delaware.
Chesapeake Science 18: 67–76.
Batistella AM. 2008. Biologia de Trachemys adiutrix (Vanzolini, 1995) (Testudines, Emydidae) no litoral do nordeste –
Brasil. PhD Thesis, Instituto Nacional de Pesquisas da
Amazônia, Universidade Federal do Amazonas: Manaus.
Bickham JW, Lamb T, Minx P, Patton JC. 1996.
Molecular systematics of the genus Clemmys and the intergeneric relationships of emydid turtles. Herpetologica 52:
89–97.
Blanckenhorn WU. 2000. The evolution of body size: what
keeps organisms small? Quarterly Review of Biology 75:
385–407.
Bloch JI, Rose KD, Gingerich PD. 1998. New species of
Batodonoides (Lipotyphla, Geolabididae) from the early

751

Eocene of Wyoming: smallest known mammal? Journal of
Mammalogy 79: 804–827.
Bocquentin J, Melo J. 2006. Stupendemys souzai sp. nov.
(Pleurodira, Podocnemididae) from the Miocene–Pliocene
of the Solimoes Formation, Brazil. Revista Brasileira de
Paleontologia 9: 187–192.
Bonin F, Devaux B, Dupré A. 2006. Turtles of the world.
Baltimore, MD: Johns Hopkins University Press.
Bookstein FL. 1989. Principal warps: thin-plate splines and
the decomposition of deformations. Ieee Transactions on
Pattern Analysis and Machine Intelligence 11: 567–585.
Bookstein FL. 1991. Morphometric tools for landmark data:
geometry and biology. Cambridge: Cambridge University
Press.
Bookstein FL. 1996. Biometrics, biomathematics and the
morphometric synthesis. Bulletin of Mathematical Biology
58: 313–365.
Bookstein FL. 1998. A hundred years of morphometrics.
Acta Zoologica Academiae Scientiarum Hungaricae 44:
7–59.
Boycott RC, Bourquin O. 1988. The South African tortoise
book: a guide to South African tortoises, terrapins, and
turtles. Johannesburg: Southern Book Publishers.
Brakefield PM, Roskam JC. 2006. Exploring evolutionary
constraints is a task for an integrative evolutionary biology.
American Naturalist 168: S1–S13.
Brinkman DB, Densmore MJ, Joyce WG. 2010. ‘Macrobaenidae’ (Testudines: Eucryptodira) from the Late Paleocene (Clarkforkian) of Montana and the taxonomic
treatment of ‘Clemmys’ backmani. Bulletin of the Peabody
Museum of Natural History 51: 147–155.
Britz R, Conway KW, Ruber L. 2009. Spectacular morphological novelty in a miniature cyprinid fish, Danionella
dracula n. sp. Proceedings of the Royal Society of London
Series B, Biological Sciences 276: 2179–2186.
Brophy TR. 2006. Allometry and sexual dimorphism in the
snail-eating turtle Malayemys macrocephala from the Chao
Phraya River Basin of central Thailand. Chelonian Conservation and Biology 5: 159–165.
Brown WS. 1974. Ecology of the aquatic box turtle, Terrapene
coahuila (Chelonia, Emydidae) in Northern Mexico. Bulletin
of the Florida State Museum, Biological Sciences 19: 1–67.
Burke AC. 1989. Development of the turtle carapace: implications for the evolution of a novel bauplan. Journal of
Morphology 199: 363–378.
Carroll SB, Grenier JK, Weatherbee SD. 2005. From DNA
to diversity: molecular genetics and the evolution of animal
design. Malden, MA: Wiley-Blackwell.
Claude J. 2006. Convergence induced by plastral kinesis and
phylogenetic constraints in Testudinoidea: a geometric morphometric assessment. Russian Journal of Herpetology 13:
34–45.
Claude J, Paradisi E, Tong T, Auffray J-C. 2003. A geometric morphometric assessment of the effects of environment and cladogenesis on the evolution of the turtle shell.
Biological Journal of the Linnean Society 79: 485–501.
Cotton PA. 1996. Body size and ecology of hummingbirds.
London: The Society, 1960–1999, 239–258.

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

752

K. D. ANGIELCZYK and C. R. FELDMAN

Crawford NG, Faircloth BC, McCormack JE, Brumfield
RT, Winker K, Glenn TC. 2012. More than 1000 ultraconserved elements provide evidence that turtles are the
sister group of archosaurs. Biology Letters 8: 783–786.
Davenport J, Plot V, Georges JY, Doyle TK, James MC.
2011. Pleated turtle escapes the box: shape changes in
Dermochelys coriacea. Journal of Experimental Biology 214:
3474–3479.
Dial KP, Marzluff JM. 1988. Are the smallest organisms the
most diverse? Ecology 69: 1620–1624.
Drummond A, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evolutionary
Biology 7: 214.
Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. 2006.
Relaxed phylogenetics and dating with confidence. PLoS
Biology 4: 699–710.
Eastman JM, Alfaro ME, Joyce P, Hipp AL, Harmon LJ.
2011. A novel comparative method for identifying shifts in
the rate of character evolution on trees. Evolution 65: 3578–
3589.
Ernst CH, Barbour RW. 1989. Turtles of the world. Washington, DC: Smithsonian Institution Press.
Ernst CH, Lovich JE. 1990. A new species of Cuora
(Reptilia: Testudines: Emydidae) from the Ryukyu Islands.
Proceedings of the Biological Society of Washington 103:
26–34.
Ernst CH, Lovich JE. 2009. Turtles of the United States and
Canada. Baltimore, MD: Johns Hopkins University Press.
Ernst CH, Lovich JE, Barbour RW. 1994. Turtles of the
United States and Canada. Washington, DC: Smithsonian
Institution Press.
Estrada AR, Hedges SB. 1996. At the lower size limit in
tetrapods: a new diminutive frog from Cuba (Leptodactylidae: Eleutherodactylus). Copeia 1996: 852–859.
Feldman CR, Brodie ED, Jr, Brodie ED, III, Pfrender
ME. 2012. Constraint shapes convergence in tetrodotoxinresistant sodium channels of snakes. Proceedings of the
National Academy of Sciences of the United States of
America 109: 4556–4561.
Feldman CR, Flores-Villela O, Papenfuss TJ. 2011. Phylogeny, biogeography, and display evolution in the tree and
brush lizard genus Urosaurus (Squamata: Phrynosomatidae). Molecular Phylogenetics and Evolution 61: 714–725.
Feldman CR, Parham JF. 2002. Molecular phylogenetics of
emydine turtles: taxonomic revision and the evolution of
shell kinesis. Molecular Phylogenetics and Evolution 22:
388–398.
Feldman CR, Parham JF. 2004. Molecular systematics of
Old World stripe-necked turtles (Testudines: Mauremys).
Asiatic Herpetological Research 10: 28–37.
Finarelli JA, Flynn JJ. 2006. Ancestral state reconstruction
of body size in the Caniformia (Carnivora, Mammalia): the
effects of incorporating data from the fossil record. Systematic Biology 55: 301–313.
Fritz U, Guicking D, Auer M, Sommer RS, Wink M,
Hundsdörfer AK. 2008. Diversity of the southeast Asian
leaf turtle genus Cyclemys: how many leaves on its tree of
life? Zoologica Scripta 37: 367–390.

Fujita MK, Engstrom TN, Starkey DE, Shaffer HB. 2004.
Turtle phylogeny: insights from a novel nuclear intron.
Molecular Phylogenetics and Evolution 31: 1031–1040.
Gaffney ES, Meylan PA. 1988. A phylogeny of turtles. In:
Benton MJ, ed. The phylogeny and classification of the
tetrapods. Oxford: Clarendon Press, 157–219.
Gerlach J. 2004. Giant tortoises of the Indian Ocean: the
genus Dipsochelys inhabiting the Seychelles Islands and the
extinct giants of Madagascar and the Mascarenes. Frankfurt Contributions to Natural History 21: 1–207.
Gilbert SF, Loredo GA, Brukman A, Burke AC. 2001.
Morphogenesis of the turtle shell: the development of a
novel structure in tetrapod evolution. Evolution & Development 3: 47–58.
Gomes NMV, Ryder OA, Houck ML, Charter SJ, Walker
W, Forsyth NR, Austad SN, Venditti C, Pagel M, Shay
JW, Wright WE. 2011. Comparative biology of mammalian
telomeres: hypotheses on ancestral states and the roles of
telomeres in longevity determination. Aging Cell 10: 761–
768.
Goodall C. 1991. Procrustes methods in the statistical analysis of shape. Journal of the Royal Statistical Society Series
B, Statistical Methodology 53: 285–339.
Gould SJ. 1977. Ontogeny and phylogeny. Cambridge, MA:
Belknap Press.
Hanken J. 1985. Morphological novelty in the limb skeleton
accompanies miniaturization in salamanders. Science 229:
871–874.
Hanken J, Wake DB. 1993. Miniaturization of body-size:
organismal consequences and evolutionary significance.
Annual Review of Ecology and Systematics 24: 501–519.
Hanken J, Wake DB. 1994. Five new species of minute
salamanders, Genus Thorius (Caudata: Plethodonitdae),
from northern Oaxaca, Mexico. Copeia 3: 573–590.
Hay OP. 1923. The Pleistocene of North America and its
vertebrated animals from the states east of the Mississippi
river and from the Canadian provinces east of longitude 95.
Washington, DC: The Carnegie Institution of Washington.
Hedges SB, Thomas R. 2001. At the lower size limit in
amniote vertebrates: a new diminutive lizard from the West
Indies. Caribbean Journal of Science 37: 168–173.
Holman JA. 1967. A Pleistocene herpetofauna from Ladds,
Georgia. Bulletin of the Georgia Academy of Science 25:
154–166.
Holman JA. 1977. The Pleistocene (Kansan) herpetofauna of
Cumberland Cave, Maryland. Pittsburgh, PA: Carnegie
Museum of Natural History.
Holman JA. 1990. Vertebrates from the Harper Site and
rapid climatic warming in Mid-Holocene Michigan. Michigan academician 22: 205–217.
Holman JA. 1992. Late Quaternary herpetofauna of the
central Great Lakes Region, USA: zoogeographical and paleoecological implications. Quaternary Science Reviews 11:
345–351.
Holman JA. 2002. Additional specimens of the Miocene
turtle Emydoidea hutchisoni Holman 1995: new temporal
occurrences, taxonomic characters, and phylogenetic inferences. Journal of Herpetology 36: 436–446.

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

ONTOGENY AND MORPHOLOGY
Holman JA, Fritz U. 2001. A new emydine species from the
Medial Miocene (Barstovian) of Nebraska, USA with a new
generic arrangement for the species of Clemmys sensu
McDowell (1964) (Reptilia: Testudines: Emydidae). Zoologische Abhandlungen Staatliches Museum für Tierkunde 51:
331–354.
Huelsenbeck JP, Ronquist F. 2001. MrBayes: Bayesian
inference of phylogenetic trees. Bioinformatics 17: 754–755.
Hutchinson GE, MacArthur RH. 1959. A theoretical ecological model of size distributions among species of animals.
American Naturalist 93: 117–125.
Jaffe AL, Slater GJ, Alfaro ME. 2011. The evolution of
island gigantism and body size variation in tortoises and
turtles. Biology Letters 7: 558–561.
Joyce WG, Petricevic A, Lyson TR, Czaplewski NJ. 2012.
A new box turtle from the Miocene/Pliocene boundary (latest
Hemphillian) of Oklahoma and a refined chronology of box
turtle diversification. Journal of Paleontology 86: 177–190.
Kass RE, Raftery AE. 1995. Bayes factors. Journal of the
American Statistical Association 90: 773–795.
Klingenberg CP, Barluenga M, Meyer A. 2002. Shape
analysis of symmetric structures: quantifying variation
among individuals and asymmetry. Evolution 56: 1909–
1920.
Kottelat M, Britz R, Hui TH, Witte KE. 2006. Paedocypris,
a new genus of Southeast Asian cyprinid fish with a remarkable sexual dimorphism, comprises the world’s smallest
vertebrate. Proceedings of the Royal Society of London
Series B, Biological Sciences 273: 895–899.
Kuraku S, Usuda R, Kuratani S. 2005. Comprehensive
survey of carapacial ridge-specific genes in turtle implies
co-option of some regulatory genes in carapace evolution.
Evolution & Development 7: 3–17.
Lewis PO. 2001. A likelihood approach to estimating phylogeny from discrete morphological character data. Systematic Biology 50: 913–925.
Li C, Wu XC, Rieppel O, Wang LT, Zhao LJ. 2008. An
ancestral turtle from the Late Triassic of southwestern
China. Nature 456: 497–501.
Lima FC, Santos ALQ, Vieira LG, Da Silva LM, Romao
MF, De Simone SBS, Hirano LQL, Silva JMM, Montelo
KM, Malvasio A. 2011. Ontogeny of the shell bones of
embryos of Podocnemis unifilis (Troschel, 1848) (Testudines,
Podocnemididae). Anatomical Record-Advances in Integrative Anatomy and Evolutionary Biology 294: 621–632.
Litsios G, Salamin N. 2012. Effects of phylogenetic signal on
ancestral state reconstruction. Systematic Biology 61: 533–
538.
Lubcke GM, Wilson DS. 2007. Variation in shell morphology
of the Western Pond Turtle (Actinemys marmorata Baird
and Girard) from three aquatic habitats in northern California. Journal of Herpetology 41: 107–114.
Ly T, Hoang HD, Stuart BL. 2011. Market turtle mystery
solved in Vietnam. Biological Conservation 144: 1767–1771.
Lyson TR, Sperling EA, Gauthier JA, Heimberg AM,
Peterson KJ. 2011. MicroRNAs support a Testudines–
Lepidosaur clade. Integrative and Comparative Biology 51:
E222–E222.

753

Macey JR, Larson A, Ananjeva NB, Fang Z, Papenfuss
TJ. 1997. Two novel gene orders and the role of light-strand
replication in rearrangement of the vertebrate mitochondrial genome. Molecular Biology and Evolution 14: 91–104.
Magwene PM. 2001. Comparing ontogenetic trajectories
using growth process data. Systematic Biology 50: 640–656.
McClain CR, Boyer AG. 2009. Biodiversity and body size are
linked across metazoans. Proceedings of the Royal Society of
London Series B, Biological Sciences 276: 2209–2215.
Miller PJ, ed. 1996. Miniature vertebrates: the implications
of small body size. Oxford: Clarendon Press.
Mitrus S, Zemanek M. 2004. Body size and survivorship of
the European pond turtle Emys orbicularis in central
Poland. Biologia 59: 103–107.
Montgomery SH, Capellini I, Barton RA, Mundy NI.
2010. Reconstructing the ups and downs of primate brain
evolution: implications for adaptive hypotheses and Homo
floresiensis. BMC Biology 8: 9.
Nagashima H, Sugahara M, Takechi R, Ericsson Y,
Kawashima-Ohya Y, Narita S, Kuratini S. 2009. Evolution of the turtle body plan by the folding and creation of
new muscle connections. Science 325: 193–196.
Obst FJ, Reimann M. 1994. Bemerkenswerte Variabilität
bei Cuora galbinifrons Bourret, 1939, mit Beschreibung
einer neuen geographischen Unterart: Cuora galbinifrons
bourreti subsp. nov. Zoologische Abhandlungen aus dem
staatlichen Museum für Tierkunde in Dresden 48: 125–138.
Organ CL, Moreno RG, Edwards SV. 2008. Three tiers of
genome evolution in reptiles. Integrative and Comparative
Biology 48: 494–504.
Organ CL, Shedlock AM, Meade A, Pagel M, Edwards
SV. 2007. Origin of avian genome size and structure in
non-avian dinosaurs. Nature 446: 180–184.
Pagel M. 1997. Inferring evolutionary processes from phylogenies. Zoologica Scripta 26: 331–348.
Pagel M. 1999. Inferring the historical patterns of biological
evolution. Nature 401: 877–884.
Pagel M. 2002. Modelling the evolution of continuously
varying characters on phylogenetic trees. In: MacLeod N,
Forey PL, eds. Morphology, Shape and Phylogeny. London:
Taylor and Frances, 269–286.
Parham JF, Boore JL, Feldman CR. 2006. The complete
mitochondrial genome of the enigmatic bigheaded turtle
(Platysternon): description of unusual genomic features and
the reconciliation of phylogenetic hypotheses based on mitochondrial and nuclear DNA. BMC Evolutionary Biology 6:
11.11–11.11.
Parham JF, Donoghue PCJ, Bell CJ, Calway TD, Head
JJ, Holroyd PA, Inoue JG, Irmis RB, Joyce WG,
Ksepka DT, Patané JSL, Smith ND, Tarver JE, van
Tuinen M, Yang Z, Angielczyk KD, Greenwood JM,
Hipsley CA, Jacobs L, Makovicky PJ, Müller J, Smith
KT, Theodor JM, Warnock RCM, Benton MJ. 2012.
Best practices for justifying fossil calibrations. Systematic
Biology 61: 346–359.
Parham JF, Irmis RB. 2008. Caveats on the use of fossil
calibrations for molecular dating. American Naturalist 171:
132–136.

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

754

K. D. ANGIELCZYK and C. R. FELDMAN

Parmalee PW, Klippel WE. 1981. Remains of the wood
turtle Clemmys insculpta (Leconte) from a late Pleistocene
deposit in middle Tennessee. American Midland Naturalist
105: 413–416.
Parris DC, Daeschler E. 1995. Pleistocene turtles of PortKennedy Cave (late Irvingtonian), Montgomery County,
Pennsylvania. Journal of Paleontology 69: 563–568.
Peterson O. 1926. The fossils of the Frankstown Cave, Blair
County, Pennsylvania. Ann. Carnegie Mus 16: 249–315.
Polly PD. 2001. Paleontology and the comparative method:
ancestral node reconstructions versus observed node values.
American Naturalist 157: 596–609.
Posada D. 2008. jModelTest: phylogenetic model averaging.
Molecular Biology and Evolution 25: 1253–1256.
Praschag P, Sommer RS, McCarthy C, Gemel R, Fritz U.
2008. Naming one of the world’s rarest chelonians, the
southern Batagur. Zootaxa 1758: 61–68.
Richmond N. 1964. Fossil amphibians and reptiles of Frankstown Cave, Pennsylvania. Annals of the Carnegie Museum
36: 225–228.
Rittmeyer EN, Allison A, Grundler MC, Thompson DK,
Austin CC. 2012. Ecological guild evolution and the discovery of the world’s smallest vertebrate. PLoS ONE 7:
e29797.
Rohlf FJ. 1990. Rotational fit (Procrustes) methods. Ann
Arbor, MI: University of Michigan Museums, 227–236.
Rohlf FJ. 1998. On applications of geometric morphometrics
to studies of ontogeny and phylogeny. Systematic Biology
47: 147–158.
Rohlf FJ. 2003. Tpsregr, Version 1.28. Stony Brook, NY:
Department of Ecology and Evolution, State University of
New York.
Rohlf FJ. 2005. Tpsdig, Version 2.04. Stony Brook, NY:
Department of Ecology and Evolution, State University of
New York.
Ronquist F, Huelsenbeck JP. 2003. MRBAYES 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics
19: 1572–1574.
Ruber L, Kottelat M, Tan HH, Ng PKL, Britz R. 2007.
Evolution of miniaturization and the phylogenetic position
of Paedocypris, comprising the world’s smallest vertebrate.
BMC Evolutionary Biology 7: 38.
Rundell RJ, Leander BS. 2010. Masters of miniaturization: convergent evolution among interstitial eukaryotes.
BioEssays 32: 430–437.
Scheyer TM, Sanchez-Villagra MR. 2007. Carapace bone
histology in the giant pleurodiran turtle Stupendemys geographicus: phylogeny and function. Acta Palaeontologica
Polonica 52: 137–154.
Sheets HD. 2001. Standardize 6. Buffalo, NY: Department
of Physics, Canisius College. Available at: http://www3.
canisius.edu/~sheets/morphsoft.html
Sheets HD. 2002a. Coordgen 6d. Buffalo, NY: Department
of Physics, Canisius College. Available at: http://www3.
canisius.edu/~sheets/morphsoft.html
Sheets HD. 2002b. Shuffleallometry 6. Buffalo, NY: Department of Physics, Canisius College. Available at: http://
www3.canisius.edu/~sheets/morphsoft.html

Sheets HD. 2003a. Twogroup 6h. Buffalo, NY: Department of
Physics, Canisius College. Available at: http://www3.
canisius.edu/~sheets/morphsoft.html
Sheets HD. 2003b. Veccompare 6c. Buffalo, NY: Department
of Physics, Canisius College. Available at: http://www3.
canisius.edu/~sheets/morphsoft.html
Sheets HD. 2003c. Regress 6k. Buffalo, NY: Department
of Physics, Canisius College. Available at: http://www3.
canisius.edu/~sheets/morphsoft.html
Shi HT. 2008. Identification manual for traded turtles in
China. Beijing: Encyclopedia of China Publishing House.
Slater GJ, Harmon LJ, Alfaro ME. 2012. Integrating
fossils with molecular phylogenies improves inference of
trait evolution. Evolution doi: 10.1111/j.1558-5646.2012.
01723.x.
Spinks PQ, Shaffer HB. 2009. Conflicting mitochondrial and
nuclear phylogenies for the widely disjunct Emys (Testudines: Emydidae) species complex, and what they tell us
about biogeography and hybridization. Systematic Biology
58: 1–20.
Spinks PQ, Thomson RC, Lovely GA, Shaffer HB. 2009.
Assessing what is needed to resolve a molecular phylogeny:
simulations and empirical data from emydid turtles. BMC
Evolutionary Biology 9: 56.
Stayton CT. 2009. Application of thin-plate spline transformations to finite element models, or, how to turn a bog
turtle into a spotted turtle to analyze both. Evolution 63:
1348–1355.
Stayton CT. 2011. Biomechanics on the half shell: functional
performance influences patterns of morphological variation
in the emydid turtle carapace. Zoology 114: 213–223.
Stephens PR, Wiens JJ. 2003. Ecological diversification and
phylogeny of emydid turtles. Biological Journal of the
Linnean Society 79: 577–610.
Stephens PR, Wiens JJ. 2008. Testing for evolutionary
trade-offs in a phylogenetic context: ecological diversification and evolution of locomotor performance in emydid
turtles. Journal of Evolutionary Biology 21: 77–87.
Tabachnick BG, Fidell LS. 2007. Using multivariate statistics, 5th edn. Boston, MA: Allyn and Bacon.
Vega C, Stayton CT. 2011. Dimorphism in shell shape and
strength in two species of emydid turtle. Herpetologica 67:
397–405.
Vieites DR, Nieto-Roman S, Wake DB. 2009. Reconstruction of the climate envelopes of salamanders and their
evolution through time. Proceedings of the National
Academy of Sciences of the United States of America 106:
19715–19722.
Wake DB. 1991. Homoplasy: the result of natural selection, or
evidence of design limitations? American Naturalist 138:
543–567.
Wake DB. 2009. What salamanders have taught us about
evolution. Annual Review of Ecology, Evolution and Systematics 40: 333–352.
Webster AJ, Purvis A. 2002. Testing the accuracy of
methods for reconstructing ancestral states of continuous
characters. Proceedings of the Royal Society of London
Series B, Biological Sciences 269: 143–149.

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

ONTOGENY AND MORPHOLOGY
Webster M, Zelditch ML. 2005. Evolutionary modifications
of ontogeny: heterochrony and beyond. Paleobiology 31:
354–372.
Wiens JJ, Kuczynski CA, Stephens PR. 2010. Discordant
mitochondrial and nuclear gene phylogenies in emydid
turtles: implications for speciation and conservation. Biological Journal of the Linnean Society 99: 445–461.
Wilson LAB, Sanchez-Villagra MR. 2011. Evolution
and phylogenetic signal of growth trajectories: the case of
chelid turtles. Journal of Experimental Zoology 316B:
50–60.

755

Yeh J. 2002. The effect of miniaturized body size on skeletal
morphology in frogs. Evolution 56: 628–641.
Zelditch M, Swiderski DL, Sheets HD, Fink WL. 2004.
Geometric morphometrics for biologists: a primer. Boston,
MA: Elsevier Academic Press.
Zelditch ML, Sheets HD, Fink WL. 2003. The ontogenetic
dynamics of shape disparity. Paleobiology 29: 139–156.
Zuffi MAL, di Benedetto MF, Foschi E. 2004. The reproductive strategies in neighboring populations of the European pond turtle, Emys orbicularis, in central Italy. Italian
Journal of Zoology 71: 101–104.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:
Appendix S1. Compilation of maximum body size data (measured as maximum carapace length; MaxCL) from
the literature for Testudinoid species.
Appendix S2. Museum voucher information for specimens used in morphometric and phylogenetic analyses.
Appendix S3. Plots of partial Procrustes distance from the smallest specimen in a species versus the natural
logarithm of centroid size for the species examined in the present study.
Appendix S4. Scatterplot matrices for the partial warp and uniform component scores of the species examined
in the present study.
Appendix S5. Results of tests carried out using only the smallest 13 specimens and the largest 13 specimens
of each species.
Appendix S6. Bayes factors comparisons of three models of morphological evolution of the seven characters
related to turtle ontogeny used in ancestral state reconstructions.
Appendix S7. Reconstructed ancestral states for the seven characters related to turtle ontogeny.

© 2013 The Linnean Society of London, Biological Journal of the Linnean Society, 2013, 108, 727–755

