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Turtles (Testudinata) are a diverse group of amniotes that have a rich fossil

record that extends back to the Late Triassic, but little is known about global pat-

terns of disparity through time. We here investigate the cranial disparity of 172

representatives of the turtle lineage and their ancestors grouped into 20 time

bins ranging from the Late Triassic until the Recent using two-dimensional geo-

metric morphometrics. Three evolutionary phases are apparent in all three

anatomical views investigated. In the first phase, disparity increases gradually

from the Late Triassic to the Palaeogene with only a minor perturbation at the

K/T extinct event. Although global warming may have influenced this increase,

we find the Mesozoic fragmentation of Pangaea to be a more plausible factor.

Following its maximum, disparity decreases strongly towards the Miocene,

only to recover partially towards the Recent. The marked collapse in disparity

is likely a result of habitat destruction caused by global drying, combined

with the homogenization of global turtle faunas that resulted from increased

transcontinental dispersal in the Tertiary. The disparity minimum in the

Miocene is likely an artefact of poor sampling.
1. Introduction
Turtles (Testudinata) are one of the primary lineages of living amniotes. Although

the origin of the group is still somewhat controversial (see Joyce [1] for most recent

summary), fossils are now available that help trace the turtle lineage back to the

Palaeozoic, including the Late Triassic Odontochelys semitestacea [2], the Middle

Triassic Pappochelys rosinae [3] and the Late Permian Eunotosaurus africanus [4,5].

Turtles have generally remained faithful to their protective shell ever since the

lineage acquired it in the Late Triassic, but it is a common misconception that

the group has remaining unchanged ever since. Important morphological inno-

vations include multiple acquisitions of neck retraction [6], the development of

jaw closure mechanisms using a trochlea [7], multiple acquisitions of shell kinesis

[8–10] and the secondary reduction of the turtle shell [11]. From an ecological

standpoint, turtles conquered freshwater, brackish, marine and terrestrial habitats

[12], adapted to tropical to cold-temperature climates, and broadly diversified

their diets, ranging from terrestrial herbivores, to piscivores, to molluscivores [13].

In recent years, a number of studies have used morphometric approaches to

explore a broad set of questions pertaining to the evolution of turtles. In a pio-

neering study, Claude et al. [14] used three-dimensional morphometrics to

investigate phylogenetic versus ecological influences on the shells of testudi-

noid turtles. The turtle shell has proved to be particularly fertile ground for

morphometric studies and numerous publications have since followed, includ-

ing, among others, the exploration of convergence in plastral shape during the

acquisition of shell kinesis [15], the identification of provenance of confiscated

tortoises as a way to assist in their repatriation [16], assessment of sexual

dimorphism [17], the impact on habitat on symmetry [18] or the possible devel-

opment of miniaturization [19]. Among other postcranial systems, geometric

morphometrics have otherwise been used to investigate correlations of humeral

[20] or girdle shape [21] with habitat and to explore phylogenetic versus func-

tional correlations among cervical vertebral shape [6,22,23]. Interestingly,

despite high levels of cranial variability (figure 1) and the associated emphasis
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Figure 1. Six turtle skulls in lateral view illustrating cranial disparity within the group. (a) the snapping turtle (Chelydridae) Macrochelys temminckii; (b) the pig
nosed turtle (Carettochelyidae) Carettochelys insculpta; (c) the baenid (Baenidae) Palatobaena cohen; (d ) the chelid turtle (Chelidae) Chelus fimbriatus; (e) the soft-
shelled turtle (Trionychidae) Trionyx triunguis and ( f ) the cow horn turtle (Meiolaniidae) Meiolania platyceps.
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on cranial morphology in turtle systematics [24,25] and

apparent correlations between skull shape and feeding ecol-

ogy [26], the early study of Claude et al. [27] and the more

recent study of Ferreira et al. [28] are the only ones we are

aware of to use this skeletal region.

The excellent fossil record of turtles should, in principle,

allow for a rigorous assessment of speciation and extinction

through time, but decades of neglect have resulted in a taxo-

nomic quagmire that robs any global analysis [29] of a

rigorous basis. Although significant efforts have been made in

recent years to resolve the taxonomy of the primary groups of

fossil turtles using modern criteria [30–33], only few, spatially

and temporarily restricted studies are available that rigorously

investigate diversity changes using a resolved taxonomy

combined with phylogenetic methods [34,35]. As a rigorous

assessment of diversity through time remains untenable until

the alpha taxonomy and phylogeny of fossil turtles have been

established, we here present a global analysis of turtle cranial

disparity, a measure that assesses morphological diversity as

opposed to taxonomic diversity [36–38]. Among tetrapods,

this metric has most recently been applied, among others, to

the cranial evolution in pterosaurs [39], crurotarsans [40] and

theropod dinosaurs [41], but this method remains to be applied

to turtles. In addition to providing a first estimate of turtle

disparity through time, we here highlight the most notable

disparity trends, investigate differences in disparity between

the two primary clades of turtles—Pan-Cryptodira and Pan-

Pleurodira—and discuss the primary factors that may have

contributed to apparent differences and trends.
2. Material and methods
(a) Taxon sampling and geometric morphometrics
The primary goal of this study is to investigate temporal changes

in disparity in the cranium of a broad selection of unambiguous
representatives of the total clade of turtles (Pan-Testudines sensu
Joyce et al. [42]). For this purpose, we sampled 172 fossil and

recent species from the Late Permian to Recent in three views

based on availability: 145 (66 extinct and 79 recent) species in

dorsal view, 146 (61 extinct and 85 recent) species in lateral

view and 158 (75 extinct and 83 recent) species in ventral view.

Taxa were chosen to represent the greatest amount of tree

space and morphospace. Whenever possible we attempted to

capture the adult morphology of a species based on actual speci-

mens, but we were forced to use published skull illustrations or

reconstructions for the majority of fossil taxa. The full list of

species and sources is provided in the electronic supplementary

material, S1.

To study skull shape variation, we used two-dimensional

geometric morphometrics. Skull shape was captured with 18 land-

marks and 42 semi-landmarks for images taken in dorsal view, 12

landmarks and 66 semi-landmarks for images taken in lateral

view, and 32 landmarks and 80 semi-landmarks for images taken

in ventral view using the software tpsDig2 [43]. Landmarks were

classified as either type 1 (i.e. points where three anatomical struc-

tures meet) or type 2 (i.e. points of maximum curvature) [44].

The shapes of cranial openings and of the skull outlinewere captured

by semi-landmarks, which were plotted at equal intervals along

the curves of the structures they were defining [44,45] (electronic

supplementary material, S2, tables S1–S3 and figures S1–S3).

The primary data were loaded into MorphoJ [46] and superim-

posed using generalized Procrustes analyses (GPA), which reduces

variation between specimens caused by scale, translation (i.e. pos-

ition) and rotation, leaving only shape variation [47] (electronic

supplementary material, S3). Although semi-landmarks contain

less shape information than landmarks, as the positions of

the former depend on those of the latter, we treated both shape

coordinates as equivalent for GPA [48] because the sliding

of semi-landmarks [48–50] can create considerable artificial

deformation on the Procrustes shape of complex shapes [51].

Based on the Procrustes-fitted landmark coordinates, a mor-

phospace was generated in MorphoJ using principal component

analysis (PCA) on a covariance matrix. In contrast to the original

shape data, the resulting principal components (PCs) describe
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successively smaller amounts of total variation so that a large

proportion of variation can be described by a small number of

variables [48,52].
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(b) Disparity analyses, phylogeny and time calibration
PC scores summarize the skull shape of each taxon and provide

quantitative insights into how the shape of a particular skull

differs from the others included in the sample. They therefore

represent shape proxies that can be used in macroevolutio-

nary analyses to quantify major trends in skull evolution,

including morphological disparity, a measure of the anatomical

variation exhibited by a group of organisms [36–38]. We

assessed disparity through time for turtles in general and for

the two primary clades of crown Testudines in particular

(i.e. Pan-Cryptodira and Pan-Pleurodira sensu Joyce et al. [42]) to

test: (i) whether they exhibit temporal disparity trends and

(ii) whether pan-cryptodires or pan-pleurodires developed greater

amounts of disparity during certain time intervals.

To increase resolution of the temporal disparity analyses and

to partially fill gaps in the fossil record where turtles are poorly

sampled, we included PC scores of hypothetical ancestors into

our disparity analyses [53]. The inclusion of unsampled ancestral

shapes can support poorly sampled time intervals relative to

later and/or better sampled bins. For the phylogenetic correc-

tion, we created an informal, time-calibrated supertree based

on the recent literature (electronic supplementary material, S2,

Text S1).

The time-calibrated tree was used to assign ancestors to

particular time bins for later inclusion in the disparity analysis

[53–55]. The stratigraphic ages of extinct terminal taxa were

taken from the literature while the age of recent turtles was set

to zero. A small number of taxa, such as Palatobaena cohen, are

known to exist across two time bins [31]. For simplicity, we

assigned these taxa to the single time bin that represents the mid-

point of their known distribution. The temporal origin of select

extant clades was fixed based on recent molecular calibration

analyses [56]. All remaining nodes were calibrated between term-

inal taxa/fixed nodes by evenly distributing the available time

between branches [57] (electronic supplementary material, S4).

To calculate ancestral morphologies, the PC scores of

terminal taxa were mapped as continuous characters onto the

time-calibrated phylogeny in Mesquite [58] using squared

change parsimony [59]. The ancestral node values of the PC

scores were then added to the overall dataset of PC scores of

the terminal taxa.

For the temporal disparity curves, taxa were binned into time

intervals of approximately equal duration spanning the Late

Triassic until the Recent (electronic supplementary material, S2,

table S5). For each time bin, disparity was separately calculated

for the combination of all taxa and, if appropriate, separately

for pan-pleurodires and pan-cryptodires.

For all disparity calculations, the sum of variances was used

as the disparity metric, as it is mathematically more robust than

other metrics with respect to sample size differences [37,60]. The

sum of variance was estimated for each group in every bin (see

below) using R [61]. Here, the minimum number of taxa for

each bin was set to three. Bins with fewer taxa were not con-

sidered. All calculations are based on the first six PC scores for

dorsal view (88.9% of total variation), the first seven PCs for lat-

eral view (87.3% of total variation) and the first 11 PCs in ventral

view (86.9% of total variation) from the morphometric PCA (see

above), which summarize significant shape variation within the

whole dataset based on the broken stick method [62] performed

in PAST [63]. Differences in disparity between adjacent time bins

of temporal curves (e.g. Middle Jurassic versus Upper Jurassic)

and between pan-cryptodires and pan-pleurodires within a

single bin (e.g. Palaeocene) were tested for significance applying
a permutation test with 10 000 replicates, using a modified R

script of Brusatte et al. [64], which takes sample size difference

between the two units being compared into account. This

script estimates whether a certain bin or group had more or

less total disparity than the other by keeping sample size con-

stant and by shuffling taxa randomly between the units being

compared. To test the robustness of the results, we compared

the temporal disparity curves from different views with each

other, using ordinary and generalized least-squares regression

analyses (electronic supplementary material, S2, Text S3 and

table S23). To test for the impact of the hypothetical ancestors,

all analyses were repeated with a reduced sample that only

includes terminal taxa (electronic supplementary material, S2,

Text S4, tables S24–S26 and figure S9).

We furthermore tested whether samples from two adjacent

time bins share significantly overlapping portions of morpho-

space and, when applicable, whether pan-cryptodires and

pan-pleurodires shared significantly overlapping portions of

morphospace within the same time bin. This test differs from

regular disparity analysis, which assesses whether two groups

fill differently sizes areas within morphospace, regardless of

their location. For the positional test, we compared different

groups using non-parametric multivariate analysis of variance

(npMANOVA) in PAST, which tests for significant differences

in the distribution of groups in morphospace on the basis of per-

mutation [65]. All permutations were conducted using the PC

score data (see above), which were converted into a Euclidean

distance matrix, permuted with 10 000 replications and com-

pared using the Bonferroni correction. This analysis allows us

to test whether one group is significantly different from another

in a single time bin, and also whether a group significantly

changes its morphospace occupation pattern over time. We

finally tested for a correlation between disparity and climate.

A simplified temperature curve was reconstructed by combined

published d18O records from the Mesozoic and Cenozoic

[66,67] and compared with our disparity curve with help of

Spearman’s rank-order correlation test, ordinary and generalized

least-square regression analyses [52]. We not only tested for cor-

relations between the absolute values for each bin, but also

for relative changes between subsequent time bins (electronic

supplementary material, S2, Text S2 and tables S19–S22).
3. Results
At a global scale, the greatest amount of disparity is apparent

for the majority of time bins in lateral view, the least amount

in ventral view, but all three views display the same general

trends through time (figure 2; electronic supplementary

material, S2, Text S3, tables S12 and S23 and figure S8).

Although numerous other patterns could be extracted from

these global disparity curves, we here highlight three trends

of importance to the following discussion: (i) a general increase

in disparity from the Triassic to the Early Palaeogene, (ii) a sub-

stantial collapse in disparity until the Miocene and (iii) a partial

recovery until the Recent. Minor differences are apparent

between the three primary views for all three trends. Most

notably, the initial increase in disparity is gradual in dorsal

view, but shows a prolonged Mesozoic plateau in lateral

view, and a short Early Cretaceous plateau in ventral view.

The disparity peak is reached in the Maastrichtian in ventral

view, but only in the Early Eocene in the other two views.

The point of recovery is universally located in the Miocene.

For dorsal and lateral view, the cranial disparity of Recent tur-

tles is comparable to that of those from the Oligocene and

Lower Cretaceous, while Recent disparity in ventral view

http://rspb.royalsocietypublishing.org/
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Figure 2. Temporal disparity of turtle skull shape. (a – c) Sum of variances for all representatives of the turtle stem lineage (Pan-Testudines) in dorsal, lateral and
ventral view. The red solid lines illustrate temporal disparity for all time bins, whereas the red dashed lines indicate disparity differences with longer time gaps. The
purple dashed lines signify the 3-point average of the disparity curve, whereas the blue-dotted lines show temporal disparity from the Oligocene to Recent after
inclusion of a selection of recent taxa with long ghost lineages to these time bins. (d – f ) Sum of variances for Pan-Cryptodira (green line) and Pan-Pleurodira
(orange line). Dashed lines mark missing time bins owing to small sample sizes. LT, Late Triassic; EJ, Early Jurassic; MJ, Middle Jurassic; LJ, Late Jurassic; EC, Early
Cretaceous; LC, Late Cretaceous; PG, Paleogene; NG, Neogene.
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approximates that of the Eocene and Lower Cretaceous (elec-

tronic supplementary material, S2, figures S5–S7 and tables

S6–S11). Because differences between successive time bins

were not significant in most cases (electronic supplementary

material, tables S7, S9 and S11), the results indicate long,

steady trends in disparity. The results are essentially the

same for all three views and when the analyses are run without

the hypothetical ancestors (electronic supplementary material,

S2, Text S3, S4, tables S23–S26 and figure S9).

The cranial disparity of pan-cryptodires is generally

higher than that of pan-pleurodires in all views, but these

differences are only significant in the Palaeocene for dorsal

view, Albian for lateral view and the Aptian for ventral

view (figure 2). Pan-pleurodires only have higher cranial dis-

parity during the Cenomanian in dorsal view, the Palaeocene
in lateral view, the Late Eocene in all views and the Recent in

dorsal and lateral view, but, as mentioned earlier, these

differences are not significant (electronic supplementary

material, S2, tables S13–S18).

The npMANOVA reveals that neither turtles in general

nor pan-cryptodires and pan-pleurodires in particular shift

their position significantly in morphospace through time

(figure 3). However, the latter two groups occupy significantly

different areas in morphospace for each time bin when com-

pared to each other, with exception of the lateral view during

the entire Cretaceous (electronic supplementary material, S2,

tables S13–S18). Finally, we find low evidence for a correlation

between temporal disparity and climate change in the Ceno-

zoic, but less so for the Mesozoic (electronic supplementary

material, S2, Text S2 and tables S19–S22).
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4. Discussion and conclusion
The study at hand represents the first disparity analyses

through time for turtles using landmark-based geometric

morphometrics quantifying cranial shape. All skull views

show roughly the same progression, although the ventral

aspect of the skull shows less disparity than the dorsal and

lateral ones. These differences indicate that the skulls of
turtles show more variation associated in the upper temporal

emargination (dorsal and lateral views), the lower temporal

emargination (lateral view), and the orbits (lateral view)

than with the palate and basicranium (ventral view), a coun-

terintuitive result given the heavy emphasis of turtle

palaeontologists in retrieving phylogenetic characters from

the latter anatomical region [24,25].
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Although turtles explore significant amounts of morpho-

space, the npMANOVA reveals that turtles in general, and

pan-pleurodires and pan-cryptodires in particular, hold

stable positions through time (figure 3). Although this obser-

vation may lead to the tempting conclusion that turtles

evolve slowly, we note that turtles apparently evolved into var-

ious ecological niches not by converging repeatedly upon the

same morphotype, but rather by exploring differing solutions

in nearby morphospace.

The continuous increase of cranial disparity from the Late

Triassic to the Late Cretaceous (figure 2) correlates with an

increase in species diversity during the Mesozoic [29] (how-

ever, see caveats regarding the applicability of this study in

§1). Cranial disparity peaks late, in the Maastrichtian for ven-

tral views and Early Eocene for dorsal and lateral views. This

pattern is retained when pan-cryptodires and pan-pleurodires

are investigated separately, although both groups oscillate

more strongly in disparity, having local maxima in the

Aptian and Cenomanian (figure 2). A slow, steady increase

of disparity in concert with a slow build-up of diversity, as

opposed to an explosive, early increase of either, is indicative

of the concordant evolution of these two diversity measures

[68]. Delayed peaks of disparity have otherwise been found

for pterosaurs [39,60,69,70] and the dentition of ungulates

[71] and carnivoramorphan mammals [72], but most other

animal groups previously investigated reach their maximum

disparity early in evolution [68,73,74].

Global climate reconstructions point towards a gradual

rise in temperatures from the Jurassic to the Palaeocene

[66,67], which generally correlates with our observed increase

in disparity within the same time window. Given that turtles

are ectothermic organisms that profit from warmer tempera-

tures, it is plausible that global warming may have influenced

this increase in disparity (see the electronic supplementary

material, S2, Text S3 and table S21). However, we find two

additional factors to be of interest. First, given that turtles ori-

ginated in the Early Mesozoic, it is plausible that the initial

increase of disparity is the result of random or adaptive

exploration of the available morphospace. Given that turtles

have extended generation times relative to most invertebrates

or small amniotes [75,76], it is furthermore plausible that

evolutionary rates are lower for the group [77,78] and that

this diversification therefore took place over an unusually

prolonged time period and was only stopped by climatic

cooling. On the other hand, the early diversification of turtles

also coincides with the break-up of Pangaea, as already noted

for other reptile groups [79–82]. The increasing number of iso-

lated landmasses, in return, may have provided turtles with a

greater number of opportunities to adapt to similar environ-

mental conditions with different morphological solutions.

Although the available data do not allow us to disentangle

these hypotheses rigorously, we find it notable that unrelated

turtles groups that adapted to similar environmental conditions

(gape-and-suction feeding trionychids, chelids or emydids;

terrestrially herbivorous meiolaniids, nanhsiungchelyids and

testudinids) occupy different regions in morphospace (electro-

nic supplementary material, S2, figure S8). The fragmentation

of the continents during the Mesozoic may therefore have

driven diversity and disparity, as the vast majority of continen-

tal clades remain restricted to the continents upon which they

originated through vicariance [83].

Turtles appear to be highly resistant to mass extinction

events. We find no change in the cranial disparity of turtles at
the Triassic/Jurassic extinction event, while the Cretaceous/

Tertiary extinction results only in a small, but insignificant

decrease in dorsal and lateral views, followed by a fast recovery.

This persistence during the K/T mass extinction event is in

agreement with the fossil record, as extinction across the bound-

ary has been shown to be minimal, as least in North America,

where this time interval is best documented [26,34,35,84–86].

Pan-cryptodires show a stronger decline of disparity across

the K/T boundary than pan-pleurodires, primarily in lateral

and ventral aspects.

After reaching a global maximum, disparity declines over-

all from the Eocene to the Miocene. This trend once again

conspicuously mirrors global temperature estimates, which

show stark cooling following the Early Eocene climatic opti-

mum [66,67]. In contrast to the rise in disparity throughout

the Mesozoic (where climate change might have played a sub-

liminal role), we find a climatically controlled decrease in

Tertiary disparity to be highly plausible (see the electronic sup-

plementary material, S2, Text S3 and tables S20 and S22), as

global cooling has otherwise been shown to have significant

impact on the diversity of turtles, at least as demonstrated in

North America where Palaeogene turtle faunas are well

sampled and well understood [87–89]. As the principal mech-

anism, we suggest habitat loss resulting from the global drying

that accompanied global cooling [90]. A second aspect that

may have played an important role, however, is the increasing

homogenization of global turtle faunas through the partial or

full replacement of aboriginal turtle faunas on formerly iso-

lated continent by modern cryptodiran faunas [83]. This

process, once again, is most drastically illustrated in North

America, where a fully indigenous turtle fauna consisting of

helochelydrids and paracryptodires is fully replaced by cryp-

todires by the Palaeocene through the extinction of at least

five paracryptodiran lineages filling unique portions of

morphospace [34,35,84,85,88].

Although we are confident about the marked decrease in

disparity in the Palaeogene, we are not convinced that the

factors discussed above are responsible for the pronounced dis-

parity minimum in the Miocene and the strong recovery

towards the Recent. Instead, we believe that these trends

could be partly the result of a sampling artefact caused

by poor direct sampling of fossil taxa from the Oligocene to

Pleistocene combined with low sampling of hypothetical ances-

tors, even though the ghost lineages of most extant taxa cross

the Miocene time interval. As these ghost lineages positively

indicate the presence of ancestral taxa, we recalculated in an

exploratory analysis the disparity of the Oligocene and Miocene

time bins after including a select set of Recent representatives,

in particular the meiolaniid Meiolania platyceps, the chelid

Pseudemydura umbrina, the pelomedusoid Pelusios sinuatus, the

trionychians Apalone ferox and Carettochelys insculpta, the chely-

droid Dermatemys mawii and chelonioid Dermochelys coriacea.

These taxa were chosen to represent the maximum amount of

morphospace with a minimum of additional taxa. Although

this increase in sampling did not fully obliterate the Miocene

minimum, the disparity gap between the Miocene and Recent

time bin was notably reduced (see blue-dotted lines in

figure 2a–c). Given that the entire sample from the Recent

time bin could have legitimately been included in the Oligocene

to Miocene time bins using the same rationale, we speculate that

the Miocene disparity minimum is an artefact of sampling.

Only a study that fully embraces ghost lineages or a study focus-

ing on Tertiary turtle disparity using other parts of the body
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(e.g. the shell) or the whole skeleton will be able to test this

assertion with confidence.

Our study only investigates the cranial disparity of tur-

tles, but it is unclear whether the trends we discerned are

unique to the cranium or representative for other anatomical

systems. The two previous studies that investigated this issue

for echinoid [91] and pterosaurs [39] concluded that different

morphological proxies and body regions produce similar

temporal disparity curves through time. However, given

that the turtle shell remains highly conserved throughout

turtle evolution in regards to the arrangement and number

of bones and scutes and that the shape is strongly constrained

by ecological factors, we speculate that the postcranial system

may yield different trends in turtles [92].

This is the first study to investigate the global cranial dis-

parity of turtles through time but some caveats diminish the

results as the ancestral shapes that we included in our disparity

analyses strongly depend on the phylogenetic relationships,

the algorithm of time calibration [93] and the method of

reconstruction [94,95]. Thus, an alternative phylogeny or the

application of different calibration and reconstruction methods

could potentially change the results by affecting not only the

temporal binning of taxa, but also the ancestral shape itself.

However, the exclusion of hypothetical ancestors produced

very similar disparity and npMANOVA results, but with

lower temporal resolution (see the electronic supplementary

material S2, Text S4, table S24–S26 and figure S9). Finally, as

shown above for the artificial Miocene disparity minimum,

incomplete sampling for certain time periods can have a

strong impact on the shape of the disparity curve as well,
implying that a more complete fossil record would lead to a

better temporal resolution by diminishing artefacts caused

by long ghost lineages. With these caveats in mind, we

nevertheless believe that the overall trends described in this

study (i.e. an increase in disparity from the Triassic to the

Early Palaeogene, a negligible impact of the K/T extinction

event, and substantial decrease until today) are true signals

as they are in broad agreement with other sources of data.

Future studies, however, will likely be able to add significant

refinement to these broad patterns and test their applicability

to other body regions.
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