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Analysis of the sexual variability in the shell of the Spanish Upper Cretaceous turtle
Dortoka vasconica (Pan-Pleurodira, Dortokidae)

Analisis de la variabilidad sexual en el caparazén de la tortuga espanola del Cretacico Superior Dortoka

vasconica (Pan-Pleurodira, Dortokidae)

Andrea GUERRERO © & Adan PEREZ-GARCIA

Abstract: The present study characterizes the morphological variability related to the
sexual dimorphism in the shells of the Spanish Upper Cretaceous turtle Dortoka vasconica.
This study is based on the material from its type locality: Lafio, Burgos. Two morphotypes
were identified there based on the posterior plastral area as well as two for the anterior
plastral lobe. However, a correlation with the previously indicated morphotypes could not be
established due to the disarticulation of the specimens and the limited information available
on the sexual dimorphism of Pleurodira. The morphological variability previously identified
for Dortoka vasconica is analysed here through a quantitative approach to evaluate the role
that sexual dimorphism plays in the plastron. Comparative material of the main extinct and
extant groups of pleurodires is included in this study. The results evidenced a noticeable
sexual dimorphism in the anal notch of Dortoka vasconica. Likewise, the comparison of
species belonging to several pleurodiran clades shows a wide range of variability in the
direction and magnitude of the sexual dimorphism. Thus, a single evolutionary trend cannot
be recognized, so that previous assumptions about which morphotype corresponds to
each sexual dimorph in some extinct taxa and especially lineages (including basal pan-
pleurodires) cannot be confirmed.

Resumen: El presente estudio caracteriza la variabilidad morfoldgica relacionada con el
dimorfismo sexual en los caparazones de la tortuga espafola del Cretacico Superior Dortoka
vasconica. Este estudio se basa en el material de su localidad tipo: Lafio, Burgos. Alli, dos
morfotipos fueron identificados en la regién plastral posterior, y dos distintos en la regién
anterior. No obstante, no se pudo establecer una correlaciéon con dichos morfotipos debido
a la desarticulaciéon de los especimenes, asi como por la limitada informacién disponible
sobre el dimorfismo sexual en Pleurodira. La variabilidad morfologica previamente
identificada en Dortoka vasconica se analiza aqui cuantitativamente para evaluar el papel
que juega el dimorfismo sexual en el plastron. Ademas, se incluye material comparativo
de los principales grupos de pleurodiras extintos y actuales. Los resultados evidencian un
marcado dimorfismo sexual en la escotadura anal de Dortoka vasconica. La comparacién
de especies de diversos clados de pleurodiras muestra un amplio rango de variabilidad en
la direccién y magnitud del dimorfismo sexual. Por ello, no se puede reconocer una unica
tendencia evolutiva, en consecuencia, no se pueden confirmar las suposiciones anteriores
sobre qué morfotipo corresponde a cada dimorfo sexual en algunos taxones extintos y
especialmente en linajes (incluidos los de pan-pleurodiras basales).
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Dortokidae is a poorly represented group of freshwater
turtles restricted to the Lower Cretaceous (Barremian)
to Paleocene (Thanetian) of Europe (see Pérez-Garcia,
2017 and references therein). This clade is exclusively
known by postcranial remains, which has not allowed
to know its precise phylogenetic position. However, it is
considered as one of the few clades of the stem group
of the successful lineage of Pan-Pleurodira (Cadena
& Joyce, 2015), which still forms part of our current

biodiversity (Vetter & Thomson, 2007; Vetter, 2011; Van
Dijk et al., 2014). Despite the relatively wide temporal
distribution known for Dortokidae, only three taxa are
currently recognized: the Spanish Barremian Eodortoka
morellana Pérez-Garcia, Gasulla & Ortega, 2014, the
Spanish Campanian—early Maastrichtian Dortoka
vasconica Lapparent de Broin & Murelaga, 1996, and
the Romanian Thanetian Ronella botanica Lapparent
de Broin in Gheerbrant ef al., 1999 (see Pérez-Garcia,
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2017 and references therein). The type species of
Dortokidae, D. vasconica, is by far the taxon with a
greater number of specimens of this lineage and one
of the best-represented basal forms of Pan-Pleurodira
worldwide (Lapparent de Broin & Murelaga, 1996;
Pérez-Garcia et al., 2012). Outside its type locality,
the presence of this species has only been confirmed
in the Spanish Campanian site of Armuna (Segovia),
through a few disarticulated remains (Pérez-Garcia
et al., 2016). Thus, after the original description of D.
vasconica (Lapparent de Broin & Murelaga, 1996), the
posterior study performed on the abundant remains
from its type locality (Lafio, Trevifio County, Burgos; late
Campanian—early Maastrichtian; Pereda Suberbiola
et al., 2015), significantly improved the knowledge
regarding its anatomy and palaeoecology (Pérez-
Garcia et al., 2012). As a result, two morphotypes were
recognized for the anterior region of its plastron, as
well as two for the posterior plastral area. However, the
correlation between each of them could not be made
due to the lack of articulated specimens preserving both
regions. In the literature, the variation in the morphology
of both regions for Pan-Pleurodira, and especially
that of the posterior plastral lobe, has generally been
associated with sexual dimorphism (Jiménez-Fuentes,
2007; Pritchard, 2008; Cadena et al., 2013; Limaverde
et al., 2020). However, the limited information currently
available due to the scarce detailed studies carried out
on extant pleurodiran forms and, especially, the limited
and poorly justified assumptions made for extinct
pleurodires, has not allowed, until now, its justified
analysis in basal forms such as D. vasconica.

In this context, the main objective of this study is to
characterize the morphological variability which could
be related to the sexual dimorphism in the shell of D.
vasconica. To achieve it, a comparative framework
is established between various representatives of
the pleurodiran lineages that are part of the current
biodiversity. In this way, previous hypotheses (e.g., the
use of the most posterior plate of the ventral surface of
the shell, the xiphiplastron, as the main character for
sexing extinct pan-pleurodiran taxa or the attribution of
morphotypes to specific sexes) on various species of
basal and derived Pan-Pleurodira can be revaluated.

Institutional abbreviations. ALG, Algora collection,
deposited in the Museo de Paleontologia de Castilla-La
Mancha, Cuenca, Spain; BSP, Bayerischen Staats-
sammlung fiir Paldontologie und Geologie, Munich, Ger-
many; DGM/DNPM, Divisdo de Geologia e Mineralogia,
Museu de Ciéncias da Terra, Departamento Nacional
da Produgéo Mineral, Rio de Janeiro, Brazil; IPN-EAC,
Museo Geoldégico José Royo y Goméz-Instituto Colom-
biano de Geologia y Mineria-lIngeominas, Bogota,
Colombia; LP-UFC, Laboratdrio de Paleontologia, Uni-
versidade Federal do Ceara, Fortaleza, Brazil; MCNA,
Museo de Ciencias Naturales de Alava, Vitoria-Gasteiz,
Spain; MN, Museu Nacional, Universidade Federal
do Rio de Janeiro, Rio de Janeiro, Brazil; MNHN.RA,

Collection of Reptiles et Amphibiens, Muséum national
d’Histoire naturelle, Paris, France; MNHN.ZA.AC, Col-
lection of Reptiles, Comparative Anatomy, Muséum
national d’Histoire naturelle, Paris, France; MPSC,
Museu de Paleontologia de Santana do Cariri, Santana
do Cariri, Brazil; NMS, Naturmuseum Solothurn, Solo-
thurn, Switzerland; STUS, Sala de las Tortugas de la
Universidad de Salamanca, Salamanca, Spain.

MATERIALS AND METHODS

Materials

A sample of 45 specimens of Dortoka vasconica are
evaluated here, which 16 correspond to disarticulated
xiphiplastra (see section S1 of the Supplementary
Information for more details), and 3 to articulated (MCNA
6313, 7404, 14331) and 26 to disarticulated (L1A95-
245, L1A95-289, L1A95-1005, L1A95-1007, L1A97-
254.2, L1A97-264, L1A97-1206, MCNA 6341, 6550,
6555, 6559, 6591, 6718, 6726, 6769, 6815, 6856, 6871,
6878, 6921, 6922, 6959, 6966, 14329, 14330, 14332)
elements of the anterior plastral lobe. The minimum
number of individuals is 16 taken into account the
xiphiplastra. The xiphiplastra correspond to previously
described and figured specimens (Fig. 1B, 1D, 1E, 1F,
1H-L, 1P; see Lapparent de Broin & Murelaga, 1996,
1999; Lapparent de Broin et al., 2004; Pérez-Garcia et
al., 2012), as well as to unpublished ones (Fig. 1A, 1C,
1G, 1M, 1N, 10).

In this study, the two morphotypes of the anterior
plastral lobe established by Pérez-Garcia et al. (2012)
have not been included in either the quantitative or
qualitative approaches, due to the lack of more specific
information in the comparative material of the extant
representatives, as well as due to the sample size
of D. vasconica. Specifically, in the first case, there
are no detailed studies that demonstrate that exists
a significant sexual variation in this region in extant
pleurodiran clades. Likewise, the sample size available
here for each species of the extant representatives
does not allow us a proper characterization to make
new inferences regarding the sexual variation on the
anterior lobe. In regard to the sample size, this is not
enough to carry out the analysis through a quantitative
approach. The previous morphotypes identified in
this region are based on the entire lobe (i.e., the
morphology of several plates, the arrangement of the
scutes as well as the general contour of the anterior
plastral lobe). Therefore, it would be necessary analyse
the whole set of anterior plastral elements. If so, the
number of required variables would be much greater
than the sample number available, which would affect
the statistic power of the analyses.

Methods

Qualitative and quantitative approach. Both qualita-
tive and quantitative approaches were performed in this
study to evaluate the role that the sexual dimorphism
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Figure 1. Xiphiplastra in ventral view of Dortoka vasconica (Pan-Pleurodira, Dortokidae), from the late Campanian—early
Maastrichtian (Upper Cretaceous) site of Lafio (Trevifio County, Burgos, Spain). Each xiphiplastron has been united through
the medial surface with the photograph of the same rotated, this latter with less contrast. Thus, the morphology of the complete
posterior region of each of the plastral lobes is reconstructed. A, MCNA 16660 (left); B, MCNA 14334 (left); C, MCNA 16661
(right); D, MCNA 6851 (left); E, MCNA 6870 (right); F, MCNA 6881 (left); G, MCNA 16665 (right); H, MCNA 14333 (left); I,
MCNA 6315 (left); J, MCNA 6705 (right); K, MCNA 6708 (right); L, MCNA 6847 (right); M, MCNA 16662 (left); N, MCNA 16663
(right); O, MCNA 16664 (right); P, MCNA 6909 (right). Circles correspond to the two morphotypes of xiphiplastron. Dark blue
corresponds to the first morphotype, whereas light blue corresponds to the second one; scale bar = 1 cm.
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plays in the morphological variations that distinguish
the two morphotypes observed for the posterior lobe
of Dortoka vasconica by Pérez-Garcia et al. (2012). To
correlate each morphotype with a specific sex, com-
parative-qualitative studies was performed with extinct
species of different lineages of Pan-Pleurodira, includ-
ing species from Southwestern Europe, but also from
other continents (see Discussion). These comparisons
were made through both the information available in
the literature (Schleich, 1990; Jiménez-Fuentes, 2007;
Cadena et al., 2013; Sullivan & Joyce, 2017; Guerrero
& Pérez-Garcia, 2019; Limaverde et al., 2020), and the
direct observation of some taxa (see section S2 of the
Supplementary Information for more details).

Likewise, several extant pleurodiran clades that are
part of the current biodiversity have been included
in order to increase the comparative framework and
evaluate, in a preliminary way, how sexual dimorphism
has been manifested throughout the evolutionary
history of this lineage of turtles. The comparisons with
these extant species were also carried out through
the direct observation of some of them (see S3 of
the Supplementary Information) and the information
provided in previous studies (Pritchard, 1979; Bour,
1983; Ernst, 1986; Kuchling, 1988; Strydom, 2001;
Iverson & Vogt, 2002; Trembath & Freier, 2004; Garcia,
2005; Host, 2006; Gerlach, 2008; Broadley & Boycott,
2009; Pritchard, 2008; Bohm, 2010; Ceballos-Fonseca,
2010; Gonzalez-Zarate, 2014; Paez et al., 2012, 2013;
Gallego-Garcia & Forero-Medina, 2014; Bour et al.,
2016; Sepulveda-Seguro et al., 2020).

A quantitative approach was performed for both
D. vasconica and several extant forms. Extinct
Pan-Pleurodiran compared through the qualitative
framework were not included in the quantitative analyse
due to the small sample size, as well as considering the
poor preservation of some of them. Also, the criterion
of only using extant forms was chosen because only in
them it is indisputably known which sex corresponds
each dimorph. Thus, as will be justified later (see
Discussion), the interpretations made for some extinct
forms are here recommended to be taken with caution.

Methods applied to the analysis of the variability
of Dortoka vasconica. Two-dimensional geometric
morphometric method (GMM) was performed to analyse
the morphological variation present in the posterior
plastral lobe of Dortoka vasconica. Specifically, this
has been evaluated considering the region of the
xiphiplastron that involves the anal notch, because
the qualitative analyses of the extant pleurodiran taxa
performed here show that the sexual dimorphism is not
the main factor that produces the morphologic variation
of the other regions of the xiphiplastra (e.g., the lateral
margins).

Two-dimensional landmark protocol described by
Zelditch et al. (2012) was adopted. Two landmarks and
eight semilandmarks were employed for the anal notch
region of D. vasconica (see S4 of the Supplementary

Information to the set of landmarks used). Scale bars
were used to scale each digitized specimen. All of them
were digitized using the tpsDig v.2.16 software (Rohlf,
2010a, 2010b, 2015). All the steps of the analyses
were performed by the same operator to avoid inter-
observer variation in the data (Fruciano, 2016). All sets
of landmarks were scaled, translated, and rotated,
using Generalized Procrustes Analysis (GPA, Rohlf &
Slice, 1990; Zelditch et al., 2012). This procedure was
performed in R v. 4.0.1 (R Core Team, 2020) through
the function gpagen in geomorph (Adams et al., 2021).
The semilandmarks were slid using bending energy
(Gunz & Mitteroecker, 2013), since it is the method
that best fits with the nature of the study sample. In
all cases, the analyses were performed with the shape
data corrected for allometry (Mitteroecker et al., 2013).
For the study of the shape variation, the main maximal
axes were described using the Principal Component
Analysis (PCA) obtained from the Procrustes residuals.
The number of Principal Components (PC) to evaluate
in each PCA were selected through the broken-stick
method (Jackson, 1993). PCA was computed using the
function gm.prcomp of the geomorph package.
Allometry was statistically tested through the logarithm
tobase 10 of centroid size [log (CS)] values (independent
variable) of the specimens of each dataset against the
Procrustes shape coordinates (dependent variable).
The Regression was performed by the function procD.
Im of the geomorph R package. Likewise, a boxplot of
the CS variation for each morphotype was performed
to graphically visualise the distribution of each group.
In addition, a t-test was performed to confirm that
the means were significantly different. Both analyses
were performed in R v. 4.0.1 (R Core Team, 2020).
Multivariate normality was tested for the xiphiplastra.
The Shapiro-Wilk test was also performed in R v. 4.0.1
(R Core Team, 2020), using the mvnormtest package
v. 0.1-9 (Jarek, 2012).

Also, ANOVA (analysis of variance) was performed
to assess the sexual dimorphism (i.e., sexual shape
dimorphism as well as sexual size dimorphism) based
on the morphotypes preliminary predefined in the
literature (Pérez-Garcia et al., 2012). This analysis was
carried out using morphotypes as a factor with 10.000
permutations. A cross-validation test (i.e., leave-one-
out cross-validation) was also performed to assess the
accuracy of the classification between morphotypes.

Methods applied to the analysis of the variability of
extant pleurodiran turtles. For the extant pleurodiran
representatives, the same GMM protocol described
above was followed. The anal notch morphology (for
more details, see section S5 in the Supplementary
Information) was analysed to allow the comparisons
with the morphological variation identified for Dortoka
vasconica.

As in the characterization of D. vasconica, all analyses
were carried out with the shape data corrected
for allometry and performed in R v. 4.0.1 (R Core
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Team, 2020). For each turtle clade, sexual shape
dimorphism was also evaluated through a PCA obtained
from the Procrustes residuals, using the function
gm.prcomp of the geomorph package. The number of
significant PC scores was estimated using the broken-
stick method (Jackson, 1993). The species analysed in
the quantitative approach were included based on the
sample size of each of them as well as the preservation
of the specimens. Only the species or genera in which
sexual dimorphism has been previously documented
were considered in our analyses.

The sexual size dimorphism in this study was analysed
using box-plots of CS variation to see how this factor
manifests in the extant forms. However, due to the
small sample size of most members of Chelidae and
Podocnemididae analysed through direct observations
in this study, sexual size dimorphism was only
evaluated for Pelomedusidae. In addition, a t-test
was performed to determine if there was a significant
difference between the means of both sexes.

RESULTS

Quantitative characterization of the sexual

dimorphism in extant pleurodires

Sexual shape dimorphism. The PCA of morphogeo-
metric data for the anal notch of the genus Podocnemis
Wagler, 1830a is illustrated in the space defined by
the first two components (Fig. 2A), which captures
82% of the total shape variance for the xiphiplastra.
The shape variance kept by PC1 is associated with
the relative width and depth of the anal notch, varying
from wide and shallow (positive scores) to narrow
and deep (negative scores). This character proves
to be sexually dimorphic since, along the PC1 axis,
both sexes of all Podocnemis species included in this
study (i.e., Podocnemis expansa (Schweigger, 1812);
Podocnemis lewyana Duméril, 1852; Podocnemis
unifilis Troschel, 1848) are differentiated. In addition,
the direction of the sexual selection acts in the same
way in all these species. Thus, males have lower scores
than females and vice versa. The PC2 eigenvalue
principally concerns the relative width of the anterior
margin. Positive scores are occupied by an anal notch
with a wide anterior margin and vice versa for the
negative scores. In this case, sexual morphotypes of
Podocnemis lewyana are also distinguished along this
axis. However, a greater sample size is necessary to
confirm that such a difference between the sexes is
really the result of sexual dimorphism instead of being
the result of other types of intraindividual variability.

The first two principal components of the anal notch
morphology of the chelids account for 79% of the total
variance in the dataset (Fig. 2B). PC1 is associated
with the curvature degree of the anal notch. Thus,
positive scores are occupied by a relatively curved anal
notch (i.e., U-shaped), whereas negative scores are
described by a relatively straight one (i.e., V-shaped).

Figure 2B shows how not all the species considered
here (e.g., Chelodina longicollis (Shaw, 1794) and
Hydromedusa maximilliani (Mikan, 1825) maintain the
same direction in the sexual selection of this character).
Although most males tend to be in the most negative
scores (i.e., U-shaped anal notch), the opposite occurs
in one of these taxa (i.e., C. longicollis). Thus, the
morphology of the anal notch of the females of this
species is closer to that of the males of the other genera
of Chelidae considered here (e.g., Mesoclemmys gibba
(Schweigger, 1812)) rather than that of the females.
The shape variance kept by PC2 mainly concerns
the depth degree of the anal notch, being deeper as
positive values increase and vice versa. In this case, it
is also distinguished between both sexes in several of
these taxa (e.g., C. longicollis, H. maximilliani and M.
gibba), however, the direction of the sexual selection
of these chelids is different. Thus, the females of C.
longicollis and H. maximilliani are in the most positive
scores, while the females of M. gibba are in the most
negative scores.

The PCA of morphogeometric data for the anal notch of
Pelomedusidae is illustrated in the space defined by the
first two components (Fig. 2C), which captures 79% of
the total shape variance for this plate. In this case, the
PC1 eigenvalue also principally concerns the degree
of curvature of the anal notch, being more curved (i.e.,
U-shaped) as positive scores increase, and vice versa.
This axis distinguishes the sexes of the different taxa,
while PC2 hardly separates sexual morphotypes. In
this case, two different directions of sexual selection
can be distinguished, which vary at the generical level.
Specifically, the females of Pelomedusa \Wagler, 1830b
are in the most negative values, whereas females of the
genus Pelusios Wagler, 1830b lie in the most positive
ones. The shape variance kept by PC2 is associated
with the degree of depth and the relative width of the
anterior margin of the anal notch. Thus, positive values
are described by a deep anal notch with a relatively
wide anterior margin, and the opposite occurs for the
negative scores. In this case, PC2 does not clearly
separate both sexes.

Sexual size dimorphism. The box-plots of the CS
variation for each sex are represented in Figure 3.
The extant representatives of Pleurodira analysed
quantitatively show the same trends in the direction
of sexual size dimorphism as those observed in
these same taxa via the qualitative approach (see
Discussion). Specifically, as can be observed, it is
evidenced that the direction of sexual size dimorphism
can vary at the generical level. In this case, this
is indicated via the comparison of the genera of
Pelomedusidae. Thus, the sexual size dimorphism
acts in favour of the female in Pelusios (Fig. 3A-E),
whereas the trend is the opposite in Pelomedusa
(Fig. 3F). T-test also revealed differences in the mean
of the sexes between the two genera (see Fig. 3 for
more details), which could be evidencing a difference
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Figure 2. Principal Component Analysis (PCA) performed on the xiphiplastron of extant pleurodiran representatives of the
clades. A, Podocnemididae; B, Chelidae; C, Pelomedusidae.
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in the magnitude of the expression of the sexual size
dimorphism. Thus, the means of both sexes are not
significantly different in Pelusios (p > 0.05); on the
contrary, Pelomedusa shows significant differences
between the mean of both groups (p < 0.05). As can
be observed in Figure 3, the statistical support of the
majority of taxa is relatively low, therefore, these results
should have to been carefully taken.
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Quantitative characterization of the sexual dimor-
phism in Dortoka vasconica

Sexual shape dimorphism. Shapiro-Wilk tests
indicated a normal distribution (p > 0.05) for xiphiplastra.
The PCA of the morphogeometric data for the anal
notch in Dortoka vasconica is illustrated in the space
defined by the first three components (Fig. 4A-B), which

= p-value = 0.6594

p-value = 0.7162

6.0 1

5.5 1

5.0 A

Csize

4.5 +

4.0 +

3

3.5 1

F p-value = 0.0326
7.0 4

6.0 4

5.0 1

Csize

4.0 1

3.0 1

n

Figure 3. Box-plots of the centroid size (CS) of the xiphiplastron of extant representatives of the clade of Pleurodira
Pelomedusidae. A, Pelusios adansonii; B, Pelusios castaneus; C, Pelusios castanoides; D, Pelusios gabonensis; E, Pelusios

subniger; F, Pelomedusa subrufa.
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captures 81% of the total shape variance for this region.
The PC1 eigenvalue principally concerns the depth
and morphology of the anal notch, varying from shallow
V-shaped (negative scores; e.g., MCNA 6708, Fig. 1K)
to deep U-shaped (positive scores; e.g., MCNA 14333,
Fig. 1H). In this axis, positive scores corresponding
to specimens of the first morphotype and negative to
the second one. The shape variance kept by PC2 is
associated with the width of the anterior margin of the
anal notch. As positive scores increase, the anterior
margin of the anal notch is wider (e.g., MCNA 14333,
Fig. 1H) and vice versa (e.g., MCNA 16664, Fig. 10).
PC3 principally concerns the degree of concavity and
the relative width of the anal region. Positive scores are
occupied by a curved and relatively wide anal notch
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(e.g., MCNA 6870, Fig. 1E), whereas those in the
negative scores are straight and relatively narrow (e.g.,
MCNA 16660, Fig. 1A). As can be observed in (Fig.
4A-B), none of the principal components itself achieve
a good separation of preestablished morphotypes.
However, these morphotypes are clearly differentiated
when considering PC1 and PC3 together.

Procrustes ANOVA (Tab. 1) reveals significant
differences in the morphology of the anal notch between
morphotypes (p-value < 0.05). The cross-validation
test shows a high percentage of correctly classified
morphotypes (72.5%).

Sexual size dimorphism. The regression indicates
that the xiphiplastron of Dortoka vasconica is influenced
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Figure 4. Shape differences of the xiphiplastron of Dortoka vasconica (Pan-Pleurodira, Dortokidae), from the late Campanian—
early Maastrichtian (Upper Cretaceous) site of Lafio (Trevifio County, Burgos, Spain). A-B, Principal Component Analysis
(PCA). Wireframes indicate the main shape changes of each PC, the light blue concerns the average shape, whereas the dark
blue is the shape variance related to extremes of variation along the axis.



Guerrero, A. & Pérez-Garcia, A. — Sexual variability Upper Cretaceous Dortoka vasconica - Spanish Journal of Palaeontology 36 (2), 149-162, 2021

157

Table 1. Results of the Procrustes ANOVA testing for shape and size differences between the two morphotypes of xiphiplastron.
Abbreviations: 88, Procrustes sums of squares; MS, Procrustes mean squares; Rsq, R-squared; df, degrees of freedom; F,

Goodall’'s F statistic; P, parametric p-value.

SS MS Rsq df F P
Log (Csize) 0.015740 0.0157404 0.19373 1 4.0171 0.023
Morphotype 0.014571 0.0145706 0.17933 1 3.7186 0.024
Residual 0.050938 0.0039183 0.62694 13
Total 0.081249 15

by allometry (p < 0.05), where 20.81% of the shape
variation can be explained by differences in size among
specimens (for more details see Fig. 5A). Likewise,
this is also evidenced by Procrustes ANOVA (p < 0.05;
for more details, see Tab. 1). The box-plot graphically
shows the differences in distribution between both
xiphiplastral morphotypes, being relatively separated
with a low overlap (Fig. 5B). T-test revealed no
accentuated differences between the mean of both
groups (p > 0.05).

DISCUSSION

Sexual Shape Dimorphism in extinct and extant
pan-pleurodires

Turtles exhibit a wide assemblage of sexually
dimorphic characters that can manifest through sexual
shape dimorphism (Kuchling, 1997; Pritchard, 2008;
Bonnet et al., 2010) or sexual size dimorphism (the
most studied form of dimorphism between the sexes;
Leuteritz & Gantz, 2013; Regis & Meik, 2017). For the
extinct forms, only a few of these sexually dimorphic
characters are available (Bonnet et al., 2010; Cadena
et al., 2013; Limaverde et al., 2020; Szczygielski et al.,
2018), which considerably complicates the evaluation
of their sexual dimorphism.

In this study, the quantitative approach demonstrated
an evident sexual shape dimorphism in the morphology
of the anal notch of Dortoka vasconica, the two sexual
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morphotypes previously observed by Pérez-Garcia et
al. (2012) being characterized. Likewise, both dimorphs
coincide with those observed in extant and extinct pan-
pleurodiran turtles. Specifically, in the formers, the
variation of the xiphiplastral area is identified in a great
number of taxa as sexually dimorphic (Host, 2006;
Pritchard, 2008; Ceballos-Fonseca, 2010). However,
in the literature, the direction as well as the magnitude
of the sexual dimorphism have been recognized as
variable at genus level in extant pleurodiran turtles,
without following a clear phylogenetic pattern. Thus,
the anal notch of representatives of different clades but
also of different genera of the same clade, belonging
to the same sex, can be V-shaped (e.g., females of
the genus of Podocnemididae Podocnemis; Gonzalez-
Zarate, 2014; Paez et al., 2013; Gallego-Garcia &
Forero-Medina, 2014; Sepulveda-Seguro et al., 2020)
or U-shaped (e.g., females of the genus of Chelidae
Chelodina Fitzinger, 1826 and of that of Pelomedusidae
Pelusios, Host, 2006; Gerlach, 2008). In addition, sexual
dimorphism can be significant in some genera (e.g., in
the podocnemidids Podocnemis, Paez et al., 2012,
2013) but, by contrast, not in other representatives of
the same clade, showing similar morphologies between
both sexes (e.g., in the Podocnemidid Erymnochelys
Baur, 1888; Kuchling, 1988; Garcia, 2005).

In regard to the extinct pan-pleurodiran turtles, the
xiphiplastral morphology it has been commonly used
as the main character to establish the sexes. Thus,
two morphotypes considering this plastral area have
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Figure 5. Size differences of the xiphiplastron of Dorfoka vasconica (Pan-Pleurodira, Dortokidae), from the late Campanian—
early Maastrichtian (Upper Cretaceous) site of Lafio (Trevifio County, Burgos, Spain). A, Linear Regression between Procrustes
coordinates (dependent variable) and logged-centroid size values (independent variable); B, Box-plot of centroid size (CS).
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been documented for both representatives of the
stem group of Pleurodira (i.e., members of the clade
of basal pan-pleurodires Platychelyidae, Cadena et al.,
2013; Sullivan & Joyce, 2017), as well as for extinct
representatives of the main lineages of the crown
group (i.e., Pelomedusidae, Schleich, 1990; Limaverde
et al., 2020; Bothremydidae, Guerrero & Pérez-Garcia,
2019; and Podocnemididae, Jiménez-Fuentes, 2007).
In general, in the study of extinct turtles, the same
direction of sexual selection has been considered in
all these studies in which individuals have been sexed.
Thus, the specimens with long and narrow posterior
xiphiplastral processes and a well-developed anal
notch showing a U-shape were identified as males,
and the specimens with short and wide processes and
a V-shaped anal notch were recognized as females.
This criterion has been used for the representatives of
the extinct basal group Platychelyidae (for the species
Notoemys zapatocaensis Cadena-Rueda & Gaffney,
2005 and Platychelys oberndorferi \Wagner, 1853;
Cadena et al., 2013; Sullivan & Joyce, 2017), as well
as for extinct representatives of Araripemydidae (e.g.,
the species Araripemys barretoi Price, 1973; Schleich,
1990; Limaverde et al., 2020) and Podocnemididae
(e.g., the species Neochelys aff. salmanticensis
(Jiménez-Fuentes, 1968, 2007). In no species of
Bothremydidae in which the sexual dimorphism has
been recognized the sex of each of the morphotypes
has been specified (e.g., Algorachelus peregrina
Pérez-Garcia, 2016; Guerrero & Pérez-Garcia, 2019).
Thus, as qualitatively and quantitatively (see Results)
demonstrated for some pleurodiran clades that are
part of the current biodiversity, the magnitude and
direction of sexual selection for this trait vary at the
genus level. Therefore, although the sex for the basal
pan-pleurodires had been interpreted, by previous
authors, on the basis of the morphology of the anal
notch (e.g., Notoemys zapatocaensis and Platychelys
oberndorferi; Cadena et al., 2013; Sullivan & Joyce,
2017), we demonstrated here that this approach (i.e.,
the general attribution of the U-shaped for males and
V-shaped as females) has to be taken with caution.
However, it is evidenced the sexual dimorphism was
already well-developed in the anal notch of the basal
pan-pleurodires (Dortokidae and Platychelyidae).

Sexual size dimorphism in extinct and extant Pan-
pleurodires

Most extant pleurodiran turtles show at least some
degree of sexual size dimorphism. As with the sexual
shape dimorphism, the magnitude and direction of this
trait varies, at least, at the generical level (e.g., being
opposite in the chelids Platemys Wagler, 1830b and
Emydura Bonaparte, 1836; Ernst, 1986; Trembath
& Freier, 2004; Bohm, 2010; the pelomedusids
Pelomedusa and Pelusios; Pritchard, 1979; Bour, 1983;
Strydom, 2001; Broadley & Boycott, 2009; Bour et al.,
2016; and the podocnemidids Peltocephalus Duméril &

Bibron, 1835 and Podocnemis; Iverson & Vogt, 2002;
Paez et al.,, 2012, 2013; Gallego-Garcia & Forero-
Medina, 2014), without a single phylogenetic pattern
for each of the clades. In Dortoka vasconica, only size
differences between morphotypes were observed in the
xiphiplastral region, which could indicate sexual size
dimorphism. However, this result cannot be confirmed,
since it cannot be determined with total certainty that
these size variations are not the result of other types
of intraspecific variation (e.g., ontogeny). It must be
considered that turtles have an indeterminate growth,
which is problematic when studying extinct species due
to possible confusing interactions between age and size
distributions. Likewise, it is common in turtles for a sex
to become sexually mature at a younger age (Gibbons
& Lovich, 1990; Halamkova et al., 2013). Therefore,
it is very difficult to guarantee that young individuals
of the larger sex are not mixed with older individuals
of the smaller sex. In this context, despite having
considered all known xiphiplastra of D. vasconica (i.e.,
both all previously published material and all available
unpublished specimens), a greater sample size would
be required to address these points.

It has been commonly reported in the literature
that the direction and magnitude of the sexual size
dimorphism can be the result of the interaction of
several factors (i.e., the mating system, habitat type,
latitude, phylogeny, and ecology; Berry & Shine, 1980;
Bonnet et al., 2010; Agha et al., 2018). Therefore,
the simultaneous action of these factors in these two
parameters makes it very complex to determine the
sexual dimorphism in this sexual trait. In this study,
this same degree of complexity was reflected in the
characterization of the sexual selection of sexual size
dimorphism for Pleurodira. In this case, it was observed
how the direction of sexual size dimorphism varies at
the generical level in all the clades living today (e.g.,
Platemys and Emydura in Chelidae; Podocnemis and
Peltocephalus in Podocnemididae; and Pelomedusa
and Pelusios in Pelomedusidae; Pritchard, 1979;
Ernst, 1986; Iverson & Vogt, 2002; Paez et al., 2012,
2013), without following any specific pattern. This trend
was also evidenced, in a very preliminary way, in the
statistical analyses performed here. Consequently, this
ambiguity in the direction of sexual size dimorphism
demonstrates, once again, the degree of complexity
in determining sexual size dimorphism for extinct
taxa. Therefore, in this sense, the use of sexual size
dimorphism as a sex predictor by itself is not supported
for D. vasconica or any other extinct pan-pleurodiran
taxa.

It is important to underline that most analyses of both
sexual shape dimorphism and sexual size dimorphism
were performed over a limited sample. Therefore, a
greater sample size would be recommended to obtain
more consistent statistical results. However, despite
this limitation, the conclusions do not vary since the
same general results in the extant pleurodiran turtles
have also evidenced through qualitative analysis.
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CONCLUSIONS

Dortoka vasconica, the type species of the freshwater
turtle clade Dortokidae, is one of the best-represented
basal forms of Pan-Pleurodira worldwide. After the
original description of D. vasconica, the posterior study
performed on the abundant remains from its type locality
(Lafio, Trevifio County, Burgos; late Campanian—early
Maastrichtian), significantly improved the knowledge
regarding its anatomy and palaeoecology. Thus, this
previous study on its variability allowed to recognize,
preliminary, two morphotypes based on the posterior
plastral area, possibly linked to sexual dimorphism.
Also, two morphotypes were identified considering
the morphology of the anterior plastral lobe and those
of its plates and scutes. However, a correlation with
the previously indicated morphotypes could not be
established due to the disarticulation of all specimens
and the limited studies carried out, both in extant
and extinct pan-pleurodiran taxa, about the sexua
dimorphism. Therefore, this lack of information has not
allowed, until now, the analysis of sexual variation in
basal forms such as Dortoka vasconica.

In this context, the detailed study of the morphological
variation of the putative sexual traits of Dorfoka
vasconica allows us to recognize, through a quantitative
approach, a significant sexual dimorphism in the
anal notch. The integration of comparative material
belonging to the most significant groups of extinct and
extant pan-pleurodiran turtles evidenced, through a
qualitative and quantitative framework, a similar sexual
variation to that recognized in Dortoka vasconica.
In addition, the review of the sexual dimorphism in
extant representatives of Pleurodira did not evidence
a clear pattern in the magnitude and direction of both
the sexual shape dimorphism, and the sexual size
dimorphism. Therefore, due to the lack of recognition of
a clear phylogenetic trend for both factors, the sexing
of extinct pan-pleurodiran taxa is questioned here,
especially considering the more basal representatives.
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