CONTRIBUTIONS TO ZOOLOGY 89 (2020) 146-174

BRILL brill.com/ctoz

Dating the origin and diversification of Pan-Chelidae
(Testudines, Pleurodira) under multiple molecular clock
approaches

J. Alfredo Holley

Instituto de Diversidad y Evolucién Austral (IDEAus-CONICET), Blvd. Alte. Brown 2915,
Ug120ACF, Puerto Madryn, Chubut, Argentina

holley@cenpat-conicet.gob.ar

Juliana Sterli
Museo Paleontoldgico Egidio Feruglio (MEF-CONICET). Av. Fontana 140, 9100 Trelew,
Chubut, Argentina

Néstor G. Basso
Instituto de Diversidad y Evolucién Austral (IDEAus-CONICET), Blvd. Alte. Brown 2915,
U9120ACF, Puerto Madryn, Chubut, Argentina

Abstract

Pan-Chelidae (Testudines, Pleurodira) is a group of side-necked turtles with a currently disjointed distri-
bution in South America and Australasia and characterized by two morphotypes: the long-necked and
the short-necked chelids. Both geographic groups include both morphotypes, but different phylogenetic
signals are obtained from morphological and molecular data, suggesting the monophyly of the long-
necked chelids or the independent evolution of this trait in both groups. In this paper, we addressed
this conflict by compiling and editing available molecular and morphological data for Pan-Chelidae, and
performing phylogenetic and dating analyses over the individual and the combined datasets. Our total-
evidence phylogenetic analysis recovered the clade Chelidae as monophyletic and as sister group of a
clade of South American extinct chelids; furthermore Chelidae retained inside the classical molecular
structure with the addition of extinct taxa in both the Australasian and the South American clades. Our
dating results suggest a Middle Jurassic origin for the total clade Pan-Chelidae, an Early Cretaceous origin
for Chelidae, a Late Cretaceous basal diversification of both geographic clades with the emergence of
long-necked lineages, and an Eocene diversification at genera level, with the emergence of some species
before the final breakup of Southern Gondwana and the remaining species after this event.
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Introduction

Pan-Chelidae is one of the two main lin-
eages of crown Pleurodira (e.g., turtles that
retract their neck inside the shell in a hori-
zontal plane). Pan-Chelidae contains nowa-
days around 25 extinct species (Maniel & de
la Fuente, 2016; de la Fuente et al., 2017a, b;
Oriozabala et al., 2019) and approximately 58
extant species (Turtle Taxonomy Working
Group, 2017) and shows a disjointed distribu-
tion in South America and Australasia. The
oldest fossils that could be attributed to Pan-
Chelidae are from the early Cretaceous (110
million years ago [mya]) from Argentina and
Australia (Lapparent de Broin & de la Fuente,
2001; Lapparent de Broin & Molnar, 2001
Smith, 2010; de la Fuente et al., 2011), suggest-
ing that they originated in the south region of
the Gondwanan supercontinent (Broin & de
la Fuente, 1993).

Until now, the phylogenetic relationships
among extant and extinct chelids are still
under debate. Since the XIX Century (e.g,
Boulenger, 1889) morphological studies di-
vided chelids into two groups regarding the
length of the neck. One group is formed by
the long-necked chelids, where the length of
the neck is longer than the length of thoracic
vertebrae. The other group is formed by the
short-necked chelids where the length of the
neck is shorter than the length of the thoracic
vertebrae. Following Gaffney (1977) and sub-
sequent morphological studies (Bona & de la
Fuente, 2005; de la Fuente et al., 2015, 20174, b;
Maniel et al., 2018), long-necked chelids form
a monophyletic group (except in the study of
de la Fuente et al., 2017a) represented by the
extant South American species Hydromedusa

tectifera Cope, 1870, Hydromedusa maximil-
iani Mikan, 1825 and Chelus fimbriata Schnei-
der, 1783, the extant Australasian species
belonging to the genus Chelodina, and the
South American extinct taxa H. casamayoren-
sis de la Fuente & Bona, 2002, Yaminuechelys
gasparinii de la Fuente et al., 2001, and Yamin-
uechelys maior Staesche, 1929, and probably
(because they have not being included in a
phylogenetic analysis up to now), Chelodina
alanrixi Lapparent de Broin & Molnar, 2001
and Ch. murrayi Yates, 2013. In this sense, the
morphological hypothesis suggests that the
origin of the long neck occurred only once
in the evolutionary history of chelids. In ad-
dition, the biogeographic scenario under this
hypothesis accounts for the diversification of
each clade before the final breakup of South-
ern Gondwana (de la Fuente et al., 2015). On
the other hand, the molecular phylogenies
(Seddon et al., 1997; Shaffer et al., 1997; Georg-
es et al,, 1998; Guillon et al., 2012; Rodrigues &
Diniz-Filho, 2016; Pereira et al., 2017) suggest
that the Australasian chelids form a monophy-
letic group, including short and long-necked
species, and the South American chelids form
another monophyletic group also includ-
ing short and long-necked species. Following
this hypothesis, the presence of the long neck
would have evolved independently in the
South American and Australasian clades.

In spite of the significant amount of in-
completeness surrounding the fossil record
(Wilkinson, 1995; Wiens, 2003a, b, 2005; Escapa
& Pol, 2011; Wiens & Morrill, 2011), extinct taxa
have become a key component of evolution-
ary studies because they contribute helpful in-
formation to elucidate the phylogenetic rela-
tionships of stem and crown groups and have
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intrinsic highly valuable information about
the time of evolutionary events. However, this
information is not always easy to understand.
For example, the phylogenetic uncertainty,
usually due to the loss of morphological in-
formation (i.e., non preserved parts), and the
fossil age uncertainty may increase the lack of
fit between phylogeny and stratigraphy. Con-
sequently, this might lead to the existence of
long ghost lineages as part of the best hypoth-
esis for the evolutionary history of a group
(e.g., Norell & Novacek, 1992; Benton & Storrs,
1994; Pol et al., 2004; Pol & Norell, 2006; Sterli
et al,, 2013). Regardless of these drawbacks,
researchers involved in the study of the evolu-
tion of different groups of organisms, which
contribute to the final goal of dating the “tree
of life” (e.g., Philippe & Forterre, 1999; Benton
& Ayala, 2003), have increasingly assimilated
the temporal information from fossils in their
research. Consequently, and in parallel with
a wide range of advances in the field of mo-
lecular clock methods (e.g., Sanderson, 1997;
Huelsenbeck & Ronquist, 2001; Sanderson,
2003; Drummond et al.,, 2006; Drummond &
Rambaut, 2007; Yang, 2007; Drummond et al.,
2012), extinct taxa have been widely used as
node age calibrations (i.e., the “node-dating”
method), and discussions about the short-
comings associated with the time estimates
based on these calibrations became frequent
(Ho & Phillips, 2009; Inoue et al., 2010; Ksepka
etal., 2015; Parham et al., 2012). The main flaws
of this method seem to be related to arbitrary
decisions, including phylogenetic position of
the extinct taxa used as calibrations (Near &
Sanderson, 2004; Near et al., 2005; Marshall,
2008; Lee et al., 2009; Pyron, 2010), shapes and
limits of prior age distributions (Marshall,
2008; Dornburg et al., 2011; Parham et al., 2012;
Joyce et al., 2013; Ksepka et al., 2015; Warnock
et al., 2015), number of calibrations and the
inclusion of more than the oldest known fos-
sil belonging to a lineage as calibration (Near
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et al., 2005; Marshall, 2008; Pyron, 2010; Dorn-
burg et al,, 2011; Duchéne et al., 2014; Gavry-
ushkina et al., 2014).

The Mk model allowed Lewis (2001) to esti-
mate phylogenetic trees from morphological
data under Maximum Likelihood criterion for
the first time, and later, Nylander et al. (2004)
implemented this model to infer phylogenies
from morphological data in Bayesian context.
During the following years, the estimation of
divergence times using Bayesian inference
has become widely adopted, leading to the
development of many algorithms, models and
software (e.g, BEAST, Drummond & Ram-
baut, 2007; MCMCTree, Yang, 2007; DPPDiy,
Heath et al.,, 2012; MrBayes, Ronquist et al.,
2012a). Nevertheless, the direct integration
of the information from extinct taxa by esti-
mating their phylogenetic position and diver-
gence dates at the same time remained virtu-
ally undeveloped until Pyron (2011) combined
the Mk model and Bayesian relaxed molecular
clock model to estimate divergence times in
Lissamphibia from a “total evidence” matrix.
This approach, later improved by Ronquist
et al. (2012b) and referred to as “tip-dating”,
was applied by other researchers in subse-
quent studies (e.g.,, Near et al, 2014; Arcila
et al., 2015; Cannatella, 2015; Bapst et al., 2016;
Puttick et al., 2016).

One important aspect of the molecular
(and morphological) clock development was
the constant advance in the models describ-
ing branching processes (i.e., tree models).
Some of them were developed to describe
microevolutionary processes (at intraspe-
cific or population level) like the Coalescent
model (Kingman, 1982) and others were de-
veloped to describe macroevolutionary pro-
cesses. These latter models include the pure
Birth model (Yule, 1925; Gernhard, 2008), the
Birth-Death model (BD, Gernhard, 2008) and
the Fossilized Birth-Death model (FBD, Heath
et al,, 2014).
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This work aims to increase knowledge
about the evolution of Pan-Chelidae. To carry
out this goal we built new morphological and
molecular datasets to analyze them individu-
ally and in combination, and produce new
phylogenetic results on this group, as well as
estimate the age of their main nodes using
multiple methodological tools. Furthermore,
we evaluated our results by comparing the
estimated ages in each dating analysis with
those presented in previous comparable
studies.

Materials and methods

Dataset

Complete and partial sequences of five mito-
chondrial genes (12s TRNA, 16s rRNA, COI, CytB
and ND4) and three nuclear genes (R35, Rag1
and cmos) from 51 species of pleurodiran tur-
tles (44 chelid species as ingroup plus 7 pelo-
medusoid species as outgroup) were compiled
from GenBank (supplementary material S1)
and integrated in individual matrices. Ad-
ditionally, the RAG-1 matrix was completed
with a sequence from Hydromedusa maximil-
iani sequenced in the Lab of Genetic Identi-
fication (IdeGen), dependent of the Instituto
de Diversidad y Evolucién Austral (IDEAus-
CONICET). Later, each matrix was aligned
with ClustalX (Larkin et al., 2007) using default
parameters. These matrices were concatenat-
ed with SequenceMatrix 1.7.8 (Vaidya et al.,
2011) resulting in a unique alignment of 7,815
base pairs (supplementary material S2). Next,
we applied PartitionFinder (Lanfear et al.,
2012) under linked branch lengths and greedy
search algorithm, using the Bayesian Informa-
tion Criterion (BIC) as the selection meth-
od for the statistically best-fit partitioning
scheme. In addition, the codon position for
coding genes was considered in the search
(see supplementary material S3).
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The morphological matrix (supplementary
material S4) was taken from the study of de la
Fuente et al. (2017b) and modified after care-
ful revision (see supplementary material S3).

In order to perform the combined phy-
logenetic analysis, the molecular and the
morphological matrices were merged into a
total-evidence matrix using TNT v1.1 (Goloboff
et al, 2008a, b), while the dating analysis
based on the total evidence was performed
after reading the separated datasets (mor-
phology and molecules) with BEAST v2.4.3
(Bouckaert et al.,, 2014) and saved as a total-
evidence xml file.

Phylogenetic analyses
The phylogenetic analyses were performed
under MP criterion, using the software TNT
v11 (Goloboff et al., 2008a, b), with 100 rep-
licates of heuristic search under Random
Addition Sequences (RAS) and Tree Bisec-
tion-Reconnection (TBR), keeping 100 trees
per replicate. The extended Implied Weight-
ing method (Goloboff, 1993, 2014) was used
during the analyses, computing the implied
weights separately for each column (charac-
ter), according to its homoplasy. This search-
ing method was used because it has been
recently demonstrated (Goloboff et al., 2018)
that IW outperforms equally weighted parsi-
mony and probabilistic model-based meth-
ods when it is applied to empirical (i.e., non-
simulated evolutionary rates) datasets.
Following Mirande (2019), five reference
concavity values (k = 1, 5, 10, 15 and 20) were
used in order to produce weighting strengths
from 50 to 99% of the weight of a perfect (non-
homoplastic) character. After the searches, a
stability criterion (based on the one described
by Mirande, 2019) was used to select the most
stable analysis. In this procedure, for each
Most Parsimonious Tree (MPT), obtained
under a specific k value, the topological dis-
tance for each of the other MPTs (obtained
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under the remaining k values) is calculated.
Then, the average topological distance is cal-
culated for each k value, and the analysis with
the lowest average topological distance is se-
lected. The topological distances were calcu-
lated with the R function “dist.topo” from the
APE package (Paradis & Strimmer, 2004). This
procedure was applied for the morphologi-
cal, the molecular and the combined matrix,
and when more than one MPT was obtained
after the searching phase a strict consensus
tree was calculated in order to obtain one tree
per data matrix. Branch supports were calcu-
lated over each final tree by 1000 replicates
of Bootstrapping, recording absolute node
frequencies.

Dating analyses

In order to obtain a range of results based
on different data, topologies and branching
models (table 1), we performed three dating
analyses: i) a total-evidence tip-dating (TE
TD) analysis; ii) a morphology-based tip-
dating (M TD) analysis; and iii) a node-dating
analysis (ND). The three analyses were run
with partially constrained topologies, using
the MP trees as a backbone (for references on
constrained nodes see figs. 2 and 3) to avoid
the inference of wrong clades as a result of
incorrectly rooted phylogenies (see Springer
et al,, 2018). The TE TD and the M TD analyses
were ran under the FBD model implemented
in the “Sampled Ancestor” package (Gavry-
ushkina et al., 2014, 2016). The node-dating
analysis was run under the BD model, with
constraints for the Australasian and the South
American clades, based on the oldest extinct
taxa included in the TE TD analysis for each
clade (Chelodina alanrixi and Yaminuechelys
gasparinii, respectively). All dating analyses
were carried out using BEAST v2.4.3 (Bouck-
aert et al., 2014), and the setting priors were
defined in the BEAUti platform (Drummond
et al,, 2012). For all partitions, the clock model
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selected was the relaxed uncorrelated log-
normal (Drummond et al., 2006).

The parameters included in the FBD model
are: birth (i.e., speciation) rate (1), death (i.e.,
extinction) rate (W), probability of sampling
extant species (p), and the fossil sampling
rate (). This model assumes that the fossil-
ization is a constant-rate Poisson process. The
priors for these parameters were estimated
using available information from extinct and
extant pleurodiran species using available
methodological tools: fossil sampling rate was
estimated using TR(PS (Starrfelt & Liow, 2016),
birth and death rates were estimated using
PyRate (Silvestro et al., 2014), and the probabil-
ity of sampling extant species was estimated
as the ratio: number of species present in the
sample/number of known extant pleurodi-
ran species. The calculated values for these
parameters were used in the molecular clock
analyses as starting points. As example, the
TRiPS and PyRate output were used to define
limits of uniform prior distribution on the rel-
evant parameters, as well as the starting val-
ues (see supplementary material S3 and Ss).
The time of origin for the FBD process, in the
TD analyses, and the root age in the ND analy-
sis, were established as a uniform prior dis-
tribution, ranging from the lower limit of the
age of Proterochersis robusta Fraas, 1913 (228.4
mya, Norian), to the upper limit of the age of
Araripemys barretoi (100.5 mya, Albian). This
period was selected because it covers from the
oldest known stem turtle to the oldest known
crown pleurodiran turtle.

The morphological character evolution
was modeled under the Mk model (Lewis,
2001) with rate variation modeled using a
discrete gamma distribution. The age calibra-
tion densities of clades defined by topologi-
cal constraints during the ND analysis, were
estimated by the CladeAge method (Matsch-
iner et al,, 2016), setting the first occurrence
age according with the stratigraphic limits
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TABLE 1  Dating analyses performed in this study. TE TD: tip-dating analysis based on the total-evidence matrix;
M TD: tip-dating analysis based on the morphological matrix; ND: node-dating analysis based on the
molecular matrix. BD: Birth-death model; FBD: Fossilized Birth-Death model

Analysis  Site model/partition Clock model Tree model =~ BEAST2 package

TE TD GTR+G/HKY+G/ HKY+G+I/ Relaxed uncorrelated FBD SA, MM

GTR+G+I/HKY+I/ log-normal
HKY+G/Mkv

MTD Mkv Relaxed uncorrelated FBD SA, MM

log-normal

ND GTR+G/HKY+G/ Relaxed uncorrelated BD CladeAge

HKY+G+I, GTR+G+I/HKY+I/ log-normal
HKY+G

of the oldest fossil record assigned to each
clade, and a sampling gap of 2 mys (as recom-
mended in the program documentation). In
the tip-dating analyses, the uncertainty as-
sociated with fossil ages was incorporated by
editing the xm/ file, following the example in
the BEAST2 user web site (http://beast2.org/
divergence-dating-with-sampled-ancestors-
tbd-model/). The MCMC chains were run for
200 million generations, sampling every 1,000
or 5,000 generations. This number of genera-
tions produced ESS values of the parameters
above 200. The convergence of estimated
parameters on the stationary phase of the
MCMC chains was checked using Tracer v1.5.0
(Rambaut & Drummond, 2009). The final val-
ues of divergence time estimations and its as-
sociated 95% HPD were summarized over the
target phylogenies with TreeAnnotator v1.8.0,
discarding the initial 10% of generations as
burn-in, and selecting as node heights the me-
dian of the ages.

Results

Phylogenetic results

Morphology. The phylogenetic analyses per-
formed over the morphological matrix result-
ed in ten MPTs (six under k = 1; and one MPT

for each remaining k value [from 5 to 20])
ranging from 236 to 222 steps in length. The
lowest average topological distance (27.78)
was obtained with k = 10, so the MPT obtained
under this analytical condition is presented as
the best hypothesis for the morphological da-
taset (fig. 1A). The root of this tree represents
Pleurodira formed by two taxa, Pan-Pelom-
edusoides and Pan-Chelidae. Both are total
taxa, consequently they have a stem-based
definition (de Queiroz & Gauthier, 1992) and
are denoted with an arrow in figs. 2 and 3 (fol-
lowing Sereno, 1999). Pan-Chelidae, in turns
contains two clades, crown Chelidae and an
unnamed clade integrated by extinct South
American short-necked forms (Prochelidel-
la cerrobarcinae, (Rionegrochelys caldieroi,
(Phrynops

patagonicus,

paranaensis, (Palaeophrynops

Bonapartemys  bajobarrealis)
(Mendozachelys wichmanni, Lomalatachelys
neuquina)))). Chelidae includes Chelus fim-
briata as sister taxon of a clade composed by
the remaining long-necked chelids (Chelodi-
na, Hydromedusa and Yaminuechelys) and all
crown South American and Australian short-
necked chelids (Phrynops, Acanthochelys,
Platemys, Mesoclemmys, Birlimarr gaffneyi,
Pseudemydura, Emydura, Elseya, Myuchelys
and Rheodytes). The supports for these nodes
as well as internal nodes, were mainly low,
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A MORPHOLOGY
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Maximum Parsimony phylogenetic analyses. A: Morphological phylogeny. B: Molecular phylogeny. C:
Total-evidence phylogeny. Bootstrap supports are coded in grayscale. Australasian species are shown

in red; South American species are shown in green. Abbreviations: A, Acanthochelys; B, Bonapartemys;
Ch, Chelodina; El, Elseya; H, Hydromedusa; L, Lomalatachelys; M, Mesoclemmys; Me, Mendozachelys;
My, Myuchelys; Pa, Palaeophrynops; Ph, Phrynops; P, Platemys; Pr, Prochelidella; Ps, Pseudemydura; Ri,

Rionegrochelys; Y, Yaminuechelys. T, extinct taxa.
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FIGURE 2  Total-evidence dated Bayesian tree. Numbers in nodes are posterior probabilities. Red taxa denote
the stem group. Red stars show different possible positions of the Early Cretaceous Australian pan-
chelid turtles described by Smith (2010) (see Discussion). Concepts and bars in blue are taken from
Vlachos et al. (2018). Abbreviations: A, Acanthochelys; BGBU, Beginning of Gondwana breakup; BODP,
Beginning of the opening of the Drake Passage; C, Chelus; Ch, Chelodina; Che, Chelidae; Che. +SAec,
Chelidae + South American extinct chelids; E, Erymnochelys; EECO, Early Eocene Climatic Optimum;
El, Elseya; Elu, Elusor; Em, Emydura; EODP, End of the opening of the Drake Passage; F, Flavemys; H,
Hydromedusa; M, Mesoclemmys; My, Myuchelys; Mya, Million yearscago;Qlig. Qligacene; P800 05:30:35PM

via free access



154 HOLLEY ET AL.

175 150 125 100 OJS  7SEEGCO-, BODP EQPP 0 Age (mya)
T + s

* — South American extinct chelidsT
- ]

¥
%
prlse ey
2558
S5

i ] rmarrg’lpa ney'n
: el
=
_rHyd lusa casama hsts?,a ,a, ,
B m— 1
* “@9&‘5‘&5’%‘%%* o
| ina alannixit
g
i h. exparisa

Pelomedusoides

7 ~eumlil] Ct6/0dina spp.
Ps. umbri

ND

EE
D

usa casamayorensist

- Wg. ma;;;rmﬁam‘
; § e,

_Lf—<ncanmocheﬂtsspp,

1

B ol

i Eﬁ Pranr s

! M. gahli

g EM. Zuliae

: M. raniceps

H M. emma

M. nasut
: i o
i gl'vgmgﬁ i
I [ fu s

FIGURE 3  Comparison of the three dating analyses performed in this study (simplified trees). Node number as in
table 2. Abbreviations of analyses as in table 1. Abbreviations of geological events as in fig. 2. Abbrevia-
tions of genera as in figs. 1 and 2. * constrained nodes based on the MP topologies; 1, origin of total
groups Pan-Chelidae and Pan- Pelomedusioides.

FIGURE 2  Opening of Tasman Sea; Pal., Paleocene; P, Pliocene; Pe, Pelomedusa; Pel, Pelusios; Pelt, Peltocephalus;
(cont.) Ph, Phrynops; Pl, Platemys; Ple, Pleurodira; Po, Podocnemis; Ps, Pseudemydura; Q, Quaternary;
R, Rheodytes; Rh, Rhinemys. *, constrained nodes based on the TE MP topology; ¥, extinct taxa; 1,
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with bootstrap frequencies ranging from 1 to
50 (fig. 1A).

DNA. The phylogenetic analyses performed
over the DNA matrix resulted in 928 MPTs
(200 under k =1 and k = 5; 295 under k = 10;
and 112 under k = 15 and k = 20) ranging from
8,180 to 8,114 steps in length. The lowest aver-
age topological distance (19.08) was obtained
with k = 20, so the strict consensus of the 112
MPTs was calculated and presented as the
best hypothesis for the DNA dataset (fig. 1B).
This topology is similar to those recovered in
previous molecular studies of the clade Cheli-
dae. Each geographic clade was recovered as
monophyletic, and both have groups of long-
necked and short-necked chelids. In the case
of the Australasian clade, the Chelodina group
is represented by Chelodina oblonga as the
sister taxon of a polytomy with the remaining
species of Chelodina. In turn, this clade is the
sister group of the Australasian short-necked
species, a clade fully resolved with Pseudemny-
dura umbrina at the base, followed by (Rheo-
dytes leukops (Elusor macrurus, Falviemys pur-
visi)) + (Elseya, (Emydura, Myuchelys)).

The South American clade has the struc-
ture (Hydromedusa (Chelus (South American
short-necked chelids))). Inside the clade of
short-necked species, the clade ((Mesoclem-
mys nasuta, Mesoclemmys gibba), (Mesoclem-
mys dahli, Mesoclemmys zuliae)) is the sister
group of Platemys platycephala + Acantho-
chelys and a polytomy including other species
of Mesoclemmys, Phrynops and Rhinemys ru-
fipes. In general, all nodes of this tree are well
supported (bootstrap frequencies = 25 — 50 or
50 — 100), however, higher support values are
found in the Australasian clade than in the
South American clade (fig. 1 B).

Total-evidence. The phylogenetic analyses
performed over the TE matrix resulted in
10,900 MPTs (3,200 under k = 1; 4,900 under
k = 5; 100 under k = 10; 1,200 under k = 15; and
1,500 under k = 20) ranging from 8,418 to 8,348
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steps in length. The lowest average topologi-
cal distance (40.15) was obtained with k = 15,
so the strict consensus of the 1,200 MPTs was
calculated and presented as the best hypoth-
esis for the combined dataset (fig. 1C). The mo-
lecular signal mainly dominates this topology,
however, the South American extinct chelids
form a clade located in the stem of Chelidae as
inthe morphological tree. Furthermore, inside
the clade Chelidae, both geographic clades are
recovered as in the molecular tree, but the
presence of extinct taxa produces some to-
pological differences. The Australasian clade
forms a polytomy including all Chelodina spe-
cies and a branch leading to the clade of short-
necked species. The short-necked clade has
almost identical structure to the same clade
in the molecular tree, except for the inclusion
of Birlimarr gaffneyi between Pseudemydura
umbrina and the clade containing Rheodytes
leukops, Elusor macrurus, Falviemys purvisi,
and the genera Elseya, Emydura and Myuchel-
ys. The South American clade also is almost
identical to the one recovered in the molecu-
lar tree, differing from this only for the pres-
ence of a polytomy containing Yaminuechelys
gasparinii, Y. maior and Hydromedusa casa-
mayorensis as the sister group of extant spe-
cies of Hydromedusa. As expected because of
the combination of data sources, the branch
support values were low for the stem-group
and the node Chelidae (mainly, bootstrap sup-
ports from 1 to 25), and the Australasian clade,
in general, was better supported than the
South American clade (fig. 1C).

Origin and diversification of Pan-Chelidae

The results of our node age estimations are
presented and compared with estimations
from four previous molecular clock studies,
selected from the literature according to com-
parable conditions such as dataset, methods
used to date the phylogenies and proportion
of shared nodes. These studies are Dornburg
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et al. (2011), Joyce et al. (2013), Rodrigues &
Diniz-Filho (2016) and Pereira et al. (2017).

Pleurodira(node1). Thisnoderepresentsthe
root of the tree in all the analyses and in turn,
the split between Pan-Pelomedusoides and
Pan-Chelidae. The TE TD analysis (figs. 2—4,
table 2) dated this node to 172.63 mya (95%
HPD = 141.41-204.12 mya). The M TD and the
ND analyses (figs. 3, 4, and table 2) both pro-
duced younger ages for this node: 159.7 mya
(95% HPD = 125.5-197.3 mya) and 162.55 mya
(95% HPD = 124.5-218.26 mya), respectively.

Between the previous studies considered
for comparison only Dornburg et al. (2011) and
Rodrigues & Diniz-Filho (2016) dated thisnode
younger than the youngest of our estimations
(M TD). The estimations ranged from 129.06
mya (95% HPD = 112.38-149.23 mya) to 164.09
mya (95% HPD = 155.6-171.35 mya) for the
analysis of Rodrigues & Diniz-Filho (2016) and
Joyce et al. (2013), respectively (fig. 4, table 2).

Chelidae + South American extinct chelids
(node 2). This node was recovered and dated
only in the TE TD and the M TD analyses. The
estimations produced by these analyses for
this node were 146.82 mya (95% HPD = 121.67—
177.12 mya) and 130.28 mya (95% HPD =108.4—
158.5 mya), respectively (figs. 2—4, table 2).

Chelidae (node 3). This node includes all
extant and some extinct chelid species, which
form the crown group Chelidae. The TE TD
analysis (figs. 2—4, table 2) dated this node
to 112.08 mya (95% HPD = 92.03-134.04 mya).
The M TD and the ND analyses (figs. 3, 4 and
table 2) produced older and younger ages, re-
spectively: 116.84 mya (95% HPD = 92-143.78
mya) and 96.98 mya (95% HPD = 76.83-129.42
mya).

Among the previous studies, two of them
yielded younger ages for this node than the
ND analysis: Dornburg et al. (2011) (80.4 mya
[95% HPD = 73.2—90.2 mya]) and Rodrigues
& Diniz-Filho (2016) (77.22 mya [95% HPD
= 66.46—-92 mya]). Furthermore, the study of
Pereira et al. (2017) produced a slightly older
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age than our M TD (117.46 mya [95% HPD =
99.45-135.3 mya]). However, it is worth noting
that four analyses (TE TD, M TD, Joyce et al.,
2013 and Pereira et al., 2017) dated this node
within a time window of 5.38 mys, if only
mean or median ages are considered (fig. 4,
table 2).

Australasian Clade (node 4). The Austral-
asian clade is formed by two clades, the long-
necked forms (known as the Chelodina group
and represented by the genus with the same
name) and the short-necked ones. The short-
necked Australasian clade includes the genus
Pseudemydura and the genera belonging to
the group known as Emydura group sensu lato
(Lapparent de Broin & Molnar, 2001) (Emydu-
ra, Elseya, Myuchelys, Elusor, Rheodytes, and
Flaviemys) plus the extinct taxon Birlimarr
gaffneyi. The Australasian clade was dated by
the TE TD and the ND analyses. The TE TD
analysis (figs. 2—4, table 2) dated this node to
85.26 mya (95% HPD = 65.43-108 mya), while
the ND analysis (figs. 3, 4, and table 2) pro-
duced a younger age: 73.78 mya (95% HPD =
54.42-101.4 mya).

Dornburg et al. (2011) and Rodrigues &
Diniz-Filho (2016) dated this node as younger
than the ND analysis (61.5 mya [95% HPD =
38.1-79.7 mya] and 60.04 mya [95% HPD =
46.01-75.8 mya], respectively), while Joyce
et al. (2013) and Pereira et al. (2017) dated this
node as older than the TE TD analysis (94.62
mya [95% HPD = 76.31-113.52 mya] and 104.41
mya [95% HPD = 85.86-122.5 mya], respec-
tively) (fig. 4, table 2). However, is interesting
noting that this comparison could change if
the position of Pseudemydura at the base of
the clade is considered (i.e., the topology re-
covered by Kehlmaier et al., 2019).

Chelodina (node 5). This node represents
the crown group of Australasian long-necked
chelids. It was recovered and dated in all our
analysis. The TE TD analysis (figs. 2—4, table 2)
dated this node to 21.93 mya (95% HPD =
13.37—32.44 mya). The M TD anal!sw dat
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FIGURE 4

Comparison of dates produced by the three analyses of this study and four previous molecular clock

studies. Abbreviations: Dea (2011), Dornburg et al. (2011); Jea (2013), Joyce et al. (2013); Pea (2017),
Pereira et al. (2017); TS-M TD, This study morphological tip-dating; TS- ND, This study node-dating;
TS-TE TD, This study total-evidence tip- dating; R&DF (2016), Rodrigues & Diniz-Filho (2016). Node

numbers as in table 2.

this node as younger (10.47 mya [95% HPD =
1.7—-25 mya)), while the ND analysis dated this
node as older (22.3 mya [95% HPD = 13.5-
33.45 mya]) than the TE TD analysis (figs. 3, 4,
and table 2).

The two previous studies that estimated
the age of this node are: Rodrigues & Diniz-
Filho (2016) (21.46 mya [95% HPD = 12.58—
32.07 mya]) and Pereira et al.

(2017) (40.12 mya [95% HPD = 27.23-57.14
mya]). The former study reported a very simi-
lar estimation with our TE TD analysis for this
node, while the same node was reported as
significantly older by the later study (fig. 4,
table 2).

Australasian short-necked chelids (node 6).
This node groups Pseudemydura, the Emydura
group, and Birlimarr gaffneyi. It was recovered
and dated in all our analysis. The TE TD analy-
sis (figs. 2—4, table 2) dated this node to 65.16
mya (95% HPD = 45.66—87.52 mya). The M TD
and the ND analyses (figs. 3, 4, and table 2)

both produced younger ages: 36.05 mya (95%
HPD = 17.94-59.91 mya) and 62.71 mya (95%
HPD = 42.26-88.37 mya), respectively.

Among the previous studies, only Ro-
drigues & Diniz-Filho (2016) and Pereira et al.
(2017) recovered and dated this node. Their re-
sults were: 50.58 mya (95% HPD = 36.53-66.59
mya) and 90.08 mya (95% HPD = 68.86-108.61
mya) (fig. 4, table 2).

South American clade (node 7). The clade
of South American chelids is recovered in the
molecular and the TE phylogenies, where the
lineage containing long-necked turtles (Hy-
dromedusa, Chelus, and Yaminuechelys [TE
analysis]) is placed in a basal position, and
the lineages with short necks are placed in
more derived positions (figs. 1B—C). It was re-
covered and dated by the TE TD and the ND
analyses, where the first dated the origin of
this clade in 101.86 mya (95% HPD = 85.36—
122.18 mya) and the second in 86.07 mya (95%
HPD = 70.88-114.84 )r grflgﬁl._ 2-4, table 2

1072020 05.>3'0:35PM
via free access

mya
loaded



HOLLEY ET AL.

158

d[qe[reA. JON :¥N

(¥L-89-g0°L¥) (¥9‘0S-10'1€) (S9'S9-z1°LE)  (¥5°99-80°S€) (§S¥-v9'9) SpIoYD
€1°LS 9S-ot VN VN g86°0S vo'gh SP61 PaYoaU-1I0YS VS o1
(S2g-€1SS) (V6'19-9v°6€)  (26'06-2EHS) (€9-6Sz) (g0°8g-10'15) (89°S8-€-9P) SPI[aYD paYdaU
z9°'L9 10°0S 86°1L La’a4 YL'89 2529 VN -1I0YS VS + S1jay) 6
(L'el-€G) (8€-€S-29'G) (¥S-61-L)
VN VN VN VN 95-G€ 86'Gz S9'9z DSNPaULOAPAE 8
(29 L1r-1S1g) (8€€8-88%S) (greer-9€9g) (¥g-ri-ggrol)
€66 Lg'L9 VN VN 98101 L0'98 VN 9PE[0 UBJLIBWY IN0S L
(19'801-98'89) (65:99-€5°9€) (cS'L8-99'SY)  (LE'gg-9zey)  (1669-v6Lr) SpI[aYd
8006 85-05 VN VN 9gr'sg 1,29 So'g€ payoau-110ys sny 9
(brLS-€elT) (Lo'z€-gS er) (PP 2€-LEET) (St-€e-S-€r) (Se-L1)
zrovy gb1e VN VN £€6'12 €ee L¥-ot DUIPOJIY) g
(G-ze1-98°98) (8'SL-10°9t) (eS-€r-1€-9L) (L6L-rgE) (go1-€1°S9) (Pr1ot-2ttS)
1w vor Yo 09 29'v6 19 9z'Sg QLEL VN 9pe[D ueIse[RNSNY 14
(€-S€1-51°66) (e6-9v'99)  (6TEEI-SE°66) (e'06-2€L)  (votvEr-€oe6) (b 6ei-€8'9L) (8L-€¥1-26)
gt Lt ce Ll 10°9TL 108 80°CIL 86°96 g o1r QepIRYD ©
(erLlr-Lger) (S-gSt-vrgor) SpI[aYD
VN VN VN VN zggbt VN 82°0€T JUnXa y§ + 9eplp#YDH C
(6°g91-Gz6¥T) (€2 6Y1-gEzIT) (G€1L1-9°GST) (8'291-S°€€r)  (ertoe-thibr) (9zgre-Sver)  (€:L61-GCer)
YL 19t 90°621 609t €Lt €9'elt GGzo1 L6t BIIPOINI[J 1
(adH %$6) (adH %%6)  (adH %S6) (adH%<6)  (AdH%S6)  (AdH%S6)  (adH %S6)
LR LR UBI uBdIN UBIPOIN UBIpON UeIpaON apeD  IpoN
(Lroz)  (groz) oypig-ziuiq (€roz) (tr0z) aLdr N aLw
Te 39 eI1OI9] 33 san3upoy ‘Te 30 224o[ ‘Te 30 Smquiog :Aprys sty :Apns sty :Apnis sy,
sarpmys oo remosjouw snoradxd pue Apmis siy3 ur paonpoid sayep jo uosuedwio) ¢ ATAVL

Downloaded from Brill.com04/10/2020 05:30:35PM

via free access



ORIGIN AND DIVERSIFICATION OF PAN-CHELIDAE

Among the previous studies, a younger
age than the ND analysis was obtained by Ro-
drigues & Diniz-Filho (2016) (67.87 mya [95%
HPD = 54.88-83.38 mya]), while Pereira et al.
(2017) produced an age (99.3 mya [95% HPD
= 81.51-117.62 mya]) slightly younger than the
TE TD analysis (fig. 4, table 2).

Hydromedusa (node 8). This node repre-
sents the crown group Hydromedusa, which
counts with two species H. tectifera and
H. maximiliani. The TE TD analysis dated the
split between these two species to 35.56 mya
(95% HPD =11.53—72.7 mya) (figs. 2—4, table 2).
The M TD and the ND analyses (figs. 3, 4, and
table 2) both produced younger ages: 26.65
mya (95% HPD = 7—49.54 mya), and 25.98 mya
(95% HPD = 5.62—53.38 mya), respectively.

Among previous studies, only Pereira et al.
(2017) included the two extant species of Hy-
dromedusa, but they did not recover the clade
as monophyletic, so comparisons were not
possible.

Chelus + South American short-necked che-
lids (node g). This node was recovered in two
of our three phylogenies (molecular-based
and TE). The TE TD analysis dated this node
to 68.74 mya (95% HPD = 51.01-88.08 mya),
while the ND analysis produced a younger
age (62.52 mya [95% HPD = 46.3-85.68 mya])
(figs. 2—4, table 2).

Between the previous studies,

Joyce
et al. (2013) produced an older age (71.98 mya
[95% HPD = 54.32—90.92 mya]) than our TE
TD analysis, while Dornburg et al. (2011) and
Rodrigues & Diniz-Filho (2016) produced
younger ages than our ND analysis, the results
were: 44.4 mya (95% HPD = 25.9-63 mya) and
50.01 mya (95% HPD = 39.46—61.94 mya), re-
spectively (fig. 4, table 2).

South American short-necked chelids (node
10). The clade of South American short-necked
chelids includes the genera Phrynops, Meso-
clemmys, Acanthochelys, Platemys and Rhine-
mys, where the last two are monospecific. The
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TE TD analysis (figs. 2—4, table 2) dated this
node to 50.98 mya (95% HPD = 37.12-65.65
mya). The M TD and the ND analyses (figs. 3,
4, and table 2) both produced younger ages:
19.45 mya (95% HPD = 6.64—45.5 mya) and
48.04 mya (95% HPD = 35.08-66.54 mya),
respectively.

Between the previous studies Rodrigues
& Diniz-Filho (2016) and Pereira (2017) re-
covered and dated this node to their analy-
ses, the results were: 40.56 mya (95% HPD =
31.01-50.64 mya) and 57.13 mya (95% HPD =
47.08-68.74 mya), respectively (fig. 4, table 2).

Despite differences in the dataset, type of
molecular clock analysis, calibration schemes,
branching models, statistical algorithms, soft-
ware, taxonomic sampling, and others, our
results were notably different from the pre-
vious analyzed studies only in the estimated
age for Pleurodira, which our analyses dated
as having a significantly more extensive ghost
range (considering the age rages from the 95%
HPDs), reaching ages much older than those
proposed in these (and other) previous stud-
ies. However, taking into account the discrep-
ancies in the analytical conditions mentioned
above, is worth noting that: i) our analyses
produced, in general, broader range ages,
possibly as a consequence of the complexity
of the branching models used here (BD and
FBD), which defines the distribution of node
age, instead of directly by the user; ii) as noted
in previous tip-dating vs. node-dating studies
(e.g., Arcila et al., 2015), nodes including ex-
tinct taxa (TD analyses), are generally older
than nodes being calibrated (ND analyses)
with the same extinct taxa (e.g., node stem
Chelodina including C. alanrixi and C. mur-
rayi, or stem Hydromedusa including H. casa-
mayorensis; figs. 3 and 4); iii) some observed
differences in age estimations between the
M TD analysis and any other analysis, may
be explained by the topological differences
more than any other reason. The latter is the
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case for the Australasian and South American
short-necked chelids. Although these nodes
were recovered in the M TD analysis, the phy-
logenetic structure of the morphological tree
is notably different to the rest of the analy-
ses that recovered these nodes (figs. 3 and 4,
nodes 6 and 10).

Discussion

Remarks on the phylogeny of Pan-Chelidae
Previous phylogenetic analyses for Pan-
Chelidae (or Chelidae) were based on exclu-
sively morphological or molecular data, and
in the case of analyses under the MP criterion,
equal weights were always used. Here, we
compiled and modified molecular and mor-
phological matrices in order to produce more
complete datasets, and to use the technique of
extended implied weights under a wide range
of analytical conditions to analyze these data
separately, and (for the first time) in a context
of total evidence.

Morphology. The selected tree obtained
from the morphological matrix (k = 10; fig. 1A)
is comparable with those presented in pre-
vious studies (Gaffney, 1977, Bona & de la
Fuente, 2005; de la Fuente et al., 2015, 2017a, b;
Maniel et al, 2018) in several aspects. This
tree shows two main clades: Chelidae and the
clade formed by South American extinct che-
lids. Chelidae includes extinct and extant spe-
cies. A similar structure is shown in the tree
obtained by de la Fuente et al. (2017b). How-
ever, our tree has a broader taxonomic sam-
pling and better resolution of the phyloge-
netic relationships within the stem group. In
most of the previous morphological phylog-
enies, there is a clade of long-necked chelids,
with the typical structure: Chelus (Chelodina
(Hydromedusa, Yaminuechelys)) (or similar)
in derived position, nested within a hierarchi-
cal structure defined by short-necked chelids
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located from basal to more derived positions.
The morphological phylogeny of the present
work (fig. 1A) does not have this structure,
the long-necked chelids do not form a mono-
phyletic group, Chelus fimbriata is located at
the base of the clade Chelidae, and the clade
with remaining long-necked species is the
sister group of the clade of short-necked spe-
cies. In de la Fuente et al. (2017a) the clade of
long-necked chelids is not recovered as mono-
phyletic either, Mendozachelys wichmanni (a
short-necked chelid) is related to Chelus fim-
briata, and these are the sister group of the re-
maining long-necked species. In our morpho-
logical phylogeny, Mendozachelys wichmanni
is recovered as a part of the stem group, as in
de la Fuente et al. (2017b). In its original de-
scription (de la Fuente et al., 2017a), Mendo-
zachelys wichmanni was described as having
cranial and post-cranial features similar to
those present in South American and Austral-
asian short-necked chelids, and even in pan-
pelomedusoid species. This unusual combina-
tion of anatomical features can be translated
as homoplastic characters that make the phy-
logenetic position of this taxon hard to be in-
ferred. It has been exposed that this kind of
conflict can be resolved using implied weights
(Goloboff, 1993) since homoplasy is consid-
ered in the calculation of character weights.
DNA. Our phylogenetic hypothesis for
the molecular data (fig. 1B) is very similar
to the previous molecular phylogenies per-
formed over the clade Chelidae or higher
taxonomic groups that include chelid repre-
sentatives (Seddon et al., 1997; Shaffer et al.,
1997; Georges et al., 1998; Guillon et al., 2012;
Rodrigues & Diniz-Filho, 2016; Pereira et al.,
2017). Nevertheless is worth noting that there
is a notably difference with the results ob-
tained in the study of Kehlmaier et al. (2019).
In that study a complete mitogenome was ob-
tained for Australasian chelids from alcohol
preserved specimens and the phylogenetic
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analysis (based on ML criterion) recovered
the clade of short-necked species (Pseudemy-
dura + Emydura group) as paraphyletic, since
Pseudemydura was recovered as sister taxon
of Chelodina + Emydura group. In our result
the Australasian clade is formed by the clade
Chelodina and the clade Pseudemydura +
the Emydura group s.. (Emydura, Elseya,
Myuchelys, Flaviemys, Elusor, and Rheodytes).
The South American clade has the following
structure (Hydromedusa (Chelus (Phrynops
group s.l.))). The Phrynops group s.l. is com-
posed by the genera Phrynops, Mesoclem-
mys, Platemys, Acanthochelys, and Rhinemys.
In our phylogeny, this group is represented
by a clade with four species of Mesoclemmys
(M. nasuta, M. gibba, M. dahli, and M. zuliae)
as the sister group of a clade with a polytomy
(with the remaining Mesoclemmys species,
Phrynops and Rhinemys) and the clade Acan-
thochelys + Platemys. This result seems to be
usual when several Mesoclemmys species are
included in the analysis, regardless the search
algorithm, or the use of molecular evolution
models. For example, Guillon et al. (2012) used
ML search with PhyML + model with jModel-
Test, resulting in a paraphyletic Mesoclemmys
and a monophyletic Phrynops (Rhinemys was
not included). Rodrigues & Diniz-Filho (2016)
using Bayesian Inference with BEAST v1.8 re-
covered Mesoclemmys and Phrynops as mono-
phyletic (Rhinemys not included). Pereira
etal. (2017) applied a ML search with RAXML +
GTRGAMMA model and recovered Mesoclem-
mys and Phrynops both as paraphyletics and
Rhinemys as sister taxa of M. tuberculata +
M. vanderhaegei.

Total-evidence. Our study presents for the
first time a phylogenetic analysis over the total
taxon Pan-Chelidae based on a matrix com-
bining morphological and molecular data.
The result of this analysis is a consensus tree
(fig. 1C) with a topological structure nicely fit-
ted to the stratigraphic and biogeographic
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information. The main nodes recovered in this
phylogeny (node 2, Chelidae, the Australasian
and the South American clades), as well as the
distribution of extinct taxa and their relation-
ships with extant taxa, display a good comple-
ment between the morphological and the mo-
lecular data. The molecular signal dominates
the structure of the tree; however, the mor-
phological data are crucial in recovering the
position of extinct taxa. Between these taxa,
seven were recovered as stem group (Proche-
lidella cerrobarcinae, Rionegrochelys caldieroi,
Bonapartemys bajobarrealis, Lomalatachelys
neuquina, Palaeophrynops patagonicus, Men-
dozachelys wichmanni, and Phrynops pa-
ranaensis), and six were recovered within the
crown group: Chelodina alanrixi, C. murrayi
and Birrlimar gaffneyi, as part of the Austral-
asian clade; and Yaminuechelys gasparinii,
Y. maior and Hydromedusa casamayorensis,
as part of the South American clade. The lo-
cation of some of these taxa, in the TE tree,
is shared by previous phylogenies. As an ex-
ample, among the taxa included in the stem
group, four of them (Rionegrochelys caldieroi,
Bonapartemys bajobarrealis, Lomalatachelys
neuquina, Mendozachelys wichmanni) were
also recovered as stem group taxa by de la
Fuente et al. (2017b); among the extinct taxa
included in the crown group, we recovered
Birrlimar gaffneyi as sister taxon of the Emy-
dura group s.l. as in Megirian & Murray (1999),
and Yaminuechelys as related to Hydromedusa
as in Bona & de la Fuente (2005) and several
subsequent analyses (de la Fuente et al., 2015,
2017a, b; Maniel et al., 2018).

Considering novel results or discordances
between our analysis and previous studies,
we can state that: i) Prochelidella cerrobarci-
nae was recovered as sister taxon of Yamin-
uechelys in Sterli et al. (2013), as sister taxon
of Yaminuechelys maior and Chelidae in Joyce
etal.(2016),and assistergroup of Bonapartemys
bajobarrealis + Yaminuechelys in Ferreira
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et al. (2018), while we recovered this taxon at
the base of the stem group; ii) in our TE tree
C. alanrixi and C. murrayi were not located
within a monophyletic clade with the re-
maining species of this genus, instead, the
entire group Chelodina forms a polytomy;
iii) H. casamayorensis was recovered as sis-
ter taxon of Yaminuechelys instead of being
more closely related to the extant species of
Hydromedusa (Maniel et al., 2018); and iv)
Phrynops paranaensis was recovered within
the stem group, as sister taxon of the clade
((Palaeophrynops patagonicus, Bonapartemys
bajobarrealis), (Mendozachelys wichmanni,
Lomalatachelys neuquina)), instead of be-
ing related to extant species of Phrynops
(Wieland, 1923; Maniel & de la Fuente, 2016).
The position of P. paranaensis is the same as
the position recovered from the morphologi-
cal analysis; however, this is not the case for
H. casamayorensis, which is recovered within
the genus Hydromedusa in the morphological
analysis (fig. 1A). The presence of molecular
data for the extant species of Hydromedusa
could produce an effect of long-branch at-
traction (Felsenstein, 1978), resulting in the
ejection of H. casamayorensis from the clade
Hydromedusa; however this kind of behavior
can also be explained by interactions between
characters from different sources and/or the
effect of missing entries (TE matrix = 45.1% of
missing data) (Maddison, 1993).

Origin and diversification of Pan-Chelidae
Given the fact that our TE TD analysis col-
lects all the information from different data
sources, extant and extinct taxa are present in
the matrix and it was ran under the FBD tree
model, we selected it as the best representa-
tive to discuss our most relevant results.
Pleurodira. Although the aim of this study
is not focused on dating the origin of Pleurodi-
ra and the taxonomic sampling between Pan-
Chelidae and Pan-Pelomedusoides is unbal-
anced, this node represents the root of our
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trees, and consequently we produced age
estimations for it. The median estimated age
for this node is 172.63 mya (Middle Jurassic).
Even when this age is older than the proposed
in the previous studies here analyzed, is worth
noting that two of them (Joyce et al., 2013 and
Pereira et al, 2017) also dated this node as
Middle Jurassic, and the remaining estima-
tions (with exception for the 95% HPD lower
limit from the analysis of Rodrigues & Diniz-
Filho [2016]) are included in the 95% HPD
range covered by our three analyses (fig. 4,
table 2).

The estimations for the origin of crown
Pleurodira is also the estimation for the
split between Pan-Pelomedusoides and Pan-
Chelidae. Joyce et al. (2016) gave a specific
date for the origin of Pan-Chelidae based on
an MP calibrated morphological phylogeny.
This study proposed that Pan-Chelidae would
have risen around the Early Cretaceous in the
Southern part of Gondwana. This age is much
younger than previously proposed (e.g., Joyce
et al,, 2013) and those obtained here.

Chelidae + South American extinct chelids.
The TE TD median date calculated in our
study was 146.82 mya (Late Jurassic). During
the Late Jurassic, the Southern continents
(South America, Africa, Antarctica, India, and
Australia) were forming a unique continental
mass called Gondwana. Following our results,
this clade originated well before the breakup
of Gondwana. However, the oldest member of
this clade registered in the fossil record is Pro-
chelidella cerrobarcinae from the Early Creta-
ceous of Patagonia (de la Fuente et al., 2011),
which implies a ghost lineage of almost 40 My.

Chelidae. This node represents the origin
of the crown group Chelidae, but when the
molecular (or the TE) phylogenetic topology
is considered, it also represents the split be-
tween the Australasian and the South Ameri-
can clades. This node is dated in the TE TD
analysis in 112.08 mya (Early Cretaceous). By

the end of the Early Cretaceous (around 100
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Mya), Africa and South America complet-
ed their breakup (Niirnberg & Miiller, 1993;
Granot & Dyment, 2015), but South America,
Antarctica, and Australia were still united.
Following our TE phylogeny and the fossil re-
cord, the oldest member of this clade, is not
registered in the fossil record until the Late
Cretaceous with Yaminuechelys gasparinii
from Patagonia (de la Fuente et al., 2001).

Several studies have produced dates for
this node as well, and between those, the
studies selected for comparison in this study
yielded similar ages to those estimated by
our three analyses. The range of our analy-
ses covers the estimations of all the previ-
ous analysis (fig. 4) except for the 95% HPD
lower limits of the studies of Dornburg et al.
(2011), and Rodrigues & Diniz-Filho (2016).
Consequently, our results (considering the
95% HPD), in agreement with most previ-
ous studies, suggest that the basal diversifi-
cation of the crown group Chelidae would
have begun in the Early Cretaceous, and
would have taken place until the Late Creta-
ceous, so this was an exclusively Cretaceous
process.

Australasian clade. The median date for
this clade was dated to 85.26 mya (Late Cre-
taceous) for our TE TD analysis. Australasian
chelids diversified after the beginning of the
opening of the Tasman Sea (9o mya) that was
completed in the early Eocene (50 mya follow-
ing Woodburne & Case, 1996) or in the late
Eocene (35 mya following Lawver et al., zom).
Although this clade would have originated
in the Late Cretaceous (as suggested by our
study), it is not registered in the fossil record
until the Eocene with the fossil Chelodina al-
anrixi (Lapparent de Broin & Molnar, 2001).

Chelodina. Our estimations for this node
(mainly in agree with previous analyses)
suggest that the extant species of Chelodina
(crown group Chelodina) begun to diversify
in the Oligocene (21.93 mya). However, con-
sidering the basal position of extinct species
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related to crown Chelodina (e.g., Chelodina
alanrixi, Ch. murrayi) retrieved in our TD
analyses (figs. 2—3), the Australasian long-
necked chelids would have originated in the
Early Eocene (around 53.61 mya). These es-
timations imply that this group would have
radiated at the time of the Early Eocene Cli-
matic Optimum (EECO).

Australasian short-necked chelids. Our TE
TD analysis calculated that this clade origi-
nated near the K/Pg boundary. However, this
clade is not registered in the fossil record un-
til the Oligocene-Miocene with Emydura s..
(Warren, 1969; Gaffney, 1981).

South American clade. The structure of this
clade is given by the South American long-
necked taxa Hydromedusa and Yaminuech-
elys as the sister group of Chelus plus South
American short-necked taxa (Phrynops, Me-
soclemmys, Rhinemys, Platemys, and Acantho-
chelys). The age of this node dated by our TE
TD analysis is 101.86 mya (Early Cretaceous).
At this point the Southern Gondwana was
still united. This clade is not registered in
the fossil record until the Late Cretaceous
with Yaminuechelys gasparinii from Patago-
nia (de la Fuente et al., 2001). The study of
Pereira et al. (2017) gave very similar results
for this node (mean = 99.3 mya; 95% HPD =
81.51-117.62).

South American short-necked chelids. The
origin of this clade was calculated in our TETD
analysis in 50.98 mya (Early Eocene). The bas-
al diversification of this clade occurred dur-
ing the early Eocene, close to the EECO. The
clade formed by Acanthochelys + Platemys +
Phrynops + Mesoclemmys hogei have, in gen-
eral, older diversification dates (Late Eocene
and Oligocene) than the clade formed by the
remaining spp. of Mesoclemmys + Rhinemys,
that mainly diversified during the Neogene.
The short-necked SA clade is not registered
in the fossil record until the Late Oligocene/
Early Miocene with Phrynops indet. from Bra-
zil (Kischlat, 199§2.
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The breakup of Southern Gondwana, the
climatic changes, and the evolution of
panchelids

The present and past distributions of panche-
lids are restricted to South America and Aus-
tralasia. A similar disjointed distribution has
also been observed in another clade of turtles,
the Meiolaniformes (Sterli et al., 2015), and in
numerous clades of extant and extinct taxa
like the angiosperm Nothofagus, monotremes,
and marsupials (e.g., Pascual et al., 1992; Broin
& de la Fuente, 1993; Woodburne & Case, 1996;
Sanmartin & Ronquist, 2004; Sigé et al., 2009;
de la Fuente et al., 2011; Beck, 2012; Black et al.,
2012). This particular distribution of organ-
isms allowed Morrone (2002, 2009) to propose
the Austral biogeographical kingdom, which
is formed by southern South America, south-
eastern Australia, Tasmania, New Guinea,
New Zealand, Antarctica, and southern South
Africa. Furthermore, Sanmartin & Ronquist
(2004) concluded that the distribution of the
organisms in the Austral kingdom is linked to
the breakup of Gondwana and that Antarctica
was used as a path between Australasia and
South America. The first landmass to separate
from the rest of Gondwana was India. This
separation started around 130 mya (Powell
et al.,, 1988; Brown et al,, 2006). Later, in the
Early Cretaceous, Africa started separating
from South America, losing the connection
around 100 mya (Niirnberg & Miiller, 1993
Granot & Dyment, 2015) entirely. In the Late
Cretaceous (90 mya) the fragmentation of
Southern Gondwana started with the origin
of the Tasman Sea (between South America-
Antarctica and Australia-New Guinea) and it
was completed in the Early Eocene (50 mya
following Woodburne & Case, 1996) or the
Late Eocene (35 mya following Lawver et al.,
2011). At the Eocene-Oligocene boundary (33.9
mya) the connection between South America
and Antarctica was also lost, with the open-
ing of the Drake Passage (Livermore et al.,
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2005). The isolation of Antarctica from South
America and Australia, promoted the gen-
eration of the circumpolar current, causing a
notable decrease in the global temperatures
and precipitations (Zachos et al., 2001; Merico
et al., 2008). Apparent changes in flora and
fauna followed the climatic changes during
the Cenozoic (Pascual, 1984; Ortiz-Jaureguizar
& Cladera, 2006; Pascual & Ortiz-Jaureguizar,
2007; Woodburne et al.,, 2014). As previously
suggested (e.g., de la Fuente et al., 2011) and
based on our TE TD analysis, the origin and
early evolution of pan-chelids predate the fi-
nal breakup of Southern Gondwana near the
Eocene-Oligocene boundary.

The Cretaceous was a crucial time for the
origin and diversification of stem and crown
chelids. Notably, the first main diversification
events occurred during the Early Cretaceous
in the stem chelids and the basal clades of
crown chelids (split between South Ameri-
can and Australasian chelids and the split be-
tween Yaminuechelys + Hydromedusa clade,
and Chelus + SA short-necked chelids). Joyce
et al. (2016) suggested that the origin of South
American and Australasian chelids is consis-
tent with vicariant processes that took place
during the Early Cretaceous. Later, during the
Late Cretaceous a second diversification event
occurred, including forms of stem chelids as
well as the main basal clades of crown chelids
(split between short and long-necked AU che-
lids, split between Yaminuechelys and Hydro-
medusa clades and split between Chelus and
short-necked SA chelids). During the Late Cre-
taceous stem and crown chelids were present
in Patagonia. All these diversification events
could be correlated to the well-known Creta-
ceous Terrestrial Revolution (KTR) that is also
recognized in other groups like mammals, cro-
codyliforms, squamates, dinosaurs, flowering
plants, among others (Lloyd et al., 2008).

Vlachos et al. (2018) recognized a “chelid
turnover” in South America starting in the
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latest part of the Cretaceous (Campanian)
that accelerated after the K-Pg extinction
event. During the “chelid turnover” the basal
lineages of chelids were replaced by derived
lineages (Vlachos et al., 2018). In our TE phy-
logeny, the majority of stem chelids did not
survive beyond the K-Pg boundary (except
for “P” paranaensis), and only crown chelids
survive until now, which could agree with this
proposed “chelid turnover”. However, “P.” pa-
ranaensis does not follow the hypothesis in
our analysis. Consequently, we consider that
the position of “P.” paranaensis among stem
chelids should be taken by caution. Including
more morphological characters in the matrix
and a more detailed description of this extinct
species could help to solve its phylogenetic
position.

Our results suggest that few lineages origi-
nated during the Paleocene and Eocene, not
only in South America but also, and maybe
more evident, in Australasia. Furthermore,
there are only three known species of chelids
found in the Paleocene and Eocene of South
America and Australasia (e.g., Chelodina alan-
rixi, Yaminuechelys maior, Hydromedusa casa-
mayorensis). Vlachos et al. (2018) suggested
that during the Paleocene-Eocene, there was
a diversity crisis affecting South American
turtles based on both the raw and phyloge-
netic diversities. During this diversity crisis,
the number of species decreased. Our study
seems to agree with the proposed “diversity
crisis” recognized by Vlachos et al. (2018), and
it would include not only the South American
chelids but also the Australasian chelids.

After the Eocene and until the late Oli-
gocene, there is a gap in the fossil record of
around 20 mys in both continents. The next
older fossil record of chelids for South Amer-
ica is from the late Oligocene/Early Miocene
of Brazil (Phrynops spp., Kischlat, 1993) and
for Australasia is from the Oligocene-Miocene
(Emydura s.l, Warren, 1969; Gaffney, 1981).
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Based on our total evidence phylogeny (fig. 2),
the Eocene-Oligocene time frame represents
a critical time for the origin and early diversi-
fication of the main lineages of extant chelids.
The initiation of the circum-Antarctic cur-
rent, promoted by the final isolation of Ant-
arctica in the Eocene-Oligocene boundary,
provoked a global decrease in temperature
and precipitation (Zachos et al., 2001; Liver-
more et al., 2005; Merico et al., 2008). How-
ever, our TE TD analysis suggests that the ori-
gin and diversification of most extant genera
occurred after this climatic deterioration. As
turtles are ectothermic animals, the northern
expansion of chelids in South America and
the northern drift of the Australian landmass
towards the north (towards hotter tempera-
tures) could explain this diversification ob-
served after the climatic deterioration in ecto-
thermic animals, as we explain below.
Although nowadays chelids are not dis-
tributed in southern South America (Iverson,
1992), the fossil record of the clade shows Pa-
tagonia as an area where chelids have been
present and diverse (de la Fuente et al., 2013;
Vlachos et al., 2018). The pre-Eocene fossil re-
cord of chelids in South America is restricted
(until now) to high paleolatitudes (Patago-
nia and the Mendoza province in Argentina;
see Vlachos et al., 2018 for a summary), and
the southernmost record of chelids in Pata-
gonia seems to be the remains attributed to
Testudines indet. by Otero et al. (2012) but
here identified as Chelidae indet. (]JS, pers.
obs.). These remains come from the middle
Eocene of Sierra Baguales in the Magallanes
Region in Chile, more than 1600 km south
of the extant distribution of chelids (Hy-
dromedusa tectifera approximately 37°-38°
South Latitude; Iverson, 1992). Interesting
noting is that the remains from Sierra Ba-
guales and Hydromedusa casamayorensis
coming from the middle Eocene of Cafiadén
Hondo (Chubut province, Argentina) are the
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youngest records of chelids in Patagonia. The
post middle Eocene record in South America
is restricted to warmer and more humid areas
outside Patagonia (de la Fuente et al.,, 2013).
The fossil record is in accordance with the
climatic deterioration registered after the Eo-
cene-Oligocene boundary where the climate
became drier and colder particularly in Pata-
gonia (Zachos et al., 2001; Ortiz-Jaureguizar &
Cladera, 2006). Previous authors have noticed
this northern expansion in the fossil record
of chelids (Broin & de la Fuente, 1993; Vla-
chos et al., 2018).

In Australia, the global cooling could have
been buffered by the continental drifting to-
wards the north (towards lower latitudes and
higher temperatures) (McGowran et al., 2004).
Nowadays, the southernmost distribution of
chelids in Australasia corresponds to Chelo-
dina longicollis Shaw, 1794 that reaches the
southern tip of Victoria, Australia (39° South
Latitude) (Iverson, 1992; Kennett, 2009). In the
Australasian fossil record, the southernmost
chelids were found in Oligocene-Miocene sed-
iments in Tasmania, Australia (Warren, 1969),
more than 400 km south to the extant distri-
bution of chelids.

Early Cretaceous pleurodiran turtles

from Australia: stem-chelids? or crown
chelids?

Smith (2010) described the oldest pan-chelid
turtles from Australia coming from the middle
Albian (Early Cretaceous) of Griman Creek
Formation. Unfortunately, the fragmentary
nature of the specimens and the absence of sy-
napomorphic features do not allow them to be
included in a cladistic analysis to test their phy-
logenetic position. Knowing the phylogenetic
position of these pan-chelid turtles from Aus-
tralia would have a significant impact on the
evolution and paleobiogeography of pan-che-
lids (fig. 2). We are going to discuss the leading
two phylogenetic positions and their impact in
the calibration of the pan-chelid tree.
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1. Early Cretaceous Australian pan-chelids
as stem-chelids: This scenario proposes
two hypothesis for the Early Cretaceous
Australian pan-chelids: a, as part of the
monophyletic clade today formed only
by South American species, and b, the
possibility that the Early Cretaceous
Australian pan-chelids and the mono-
phyletic stem-chelid turtles are succes-
sive paraphyletic groups with regards to
crown chelids. Both hypotheses would
have an impact on the calibration, af-
fecting mainly the basal nodes such
as Pan-Chelidae and Chelidae, push-
ing back the time of the origin of both
clades.

2. Early Cretaceous Australian pan-chelids
as crown chelids: This scenario proposes
the hypotheses that the Early Cretaceous
Australian pan-chelids are: ¢, located in
the stem of the Australasian clade (more
likely following the paleobiogeography
patterns obtained in the total evidence
analysis) or d, located in the stem of the
South American clade. These hypothe-
ses would have an impact on the time of
origin mainly in the Australasian clade,
South American clade, and Chelidae,
pushing back their origin to at least the
early Early Cretaceous.

Finding new, more complete pan-chelid
specimens from Australia will undoubtedly
provide valuable information to comprehend
the origin and early evolution of pan-chelid
turtles better.

Evolution of long necks in chelids

The fact that both current geographical
clades contain long-necked species, and the
absence of long-necked extinct species in the
stem group, keeps alive the uncertainty about
the origin of this trait in the group, even with
the temporal framework provided by our
study.
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In light of current fossil evidence and ac-
cording to our total-evidence time estima-
tions, there are three possible and equally
likely (or parsimonious in terms of cladistic
optimization) hypotheses for the origin of the
longneck: i) the long neck could have emerged
at the base of the clade Chelidae during the
Early Cretaceous, and later, reversed in the
branch leading to the short-necked chelids
within each geographical clade over the end
of the Late Cretaceous; ii) the long neck could
have emerged independently at the base of
the South American clade in the Early Cre-
taceous and the base of the clade Chelodina
in the Late Cretaceous or the Paleocene. Ad-
ditionally there should have been a reversion
to short-necks in the South American clade
during the Late Cretaceous; iii) the long neck
could have emerged at the base of the clade
Chelodina in the Late Cretaceous or the Pa-
leocene, and independently in each branch
of the South American long-necked genera
(clade Hydromedusa + Yaminuechelys and
Chelus) during the Late Cretaceous.

Although the three hypotheses for the
origin of the long neck are reasonable expla-
nations and equally parsimonious, external
evidence available up to now suggests that
a single, common origin of the long neck in
the group would seem unlikely. For example,
until now there are no long-necked chelids
in the stem group, the oldest known long-
necked chelids (i.e., Yaminuechelys) are from
the Late Cretaceous, and our age estimation
for the origin of the clade containing these
extinct long-necked taxa is also Late Creta-
ceous in age. However, we need to be cautious
with these conclusions because new evidence
could alter our hypothesis.

Conclusions

The total taxon Pan-Chelidae is a compel-
ling case study, in terms of divergence time

167

estimations, because of its current disjointed
distribution, and the implications of splits
before or after the final separation of South
America, Australia and Antarctica. In the pres-
ent study, we approach this topic by building
a dataset as complete as possible, compiling
and modifying molecular and morphological
matrices to analyze these data sources both
individually and in combination, using several
analytical techniques of phylogenetic search,
evolutionary rate estimations, and molecular/
morphological clock analyses.

Our phylogenetic
(fig. 1B) mainly agrees with the topology re-

molecular analysis
covered in previous molecular analyses;
however our morphological analysis (fig. 1A)
shows some differences with previous mor-
phological analyses. We present for the
first time a total-evidence analysis for Pan-
Chelidae. Primarily, it is worth noting that our
TE phylogeny recovered as monophyletic the
clades: Chelidae and Australasian and South
American chelids. Some extinct taxa were re-
covered as a monophyletic group in the stem
group, and some extinct taxa are located in-
side the crown group. The position of those
extinct taxa agrees, in general, with the state
of knowledge, from descriptive studies, and
previous phylogenies.

Regarding the dating analyses, there were
nodes with similar dates obtained by the
three analyses, and also nodes dated with sig-
nificant differences (figs. 3 and 4). However,
considering the dates produced by analyzing
all the information available up to now (TE
TD analysis, fig. 2), we can hypothesize that:
i) the origin of the clade formed by Chelidae
+ South American extinct chelids could have
occurred in the Late Jurassic (146.82 mya);
ii) the origin and diversification of Cheli-
dae occurred during the Cretaceous; iii) the
South American clade would have begun to
diversify in the Early Cretaceous, before the
Australasian clade, which would have begun

to diversify in the Late Cretaceous; iv) basal
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radiations in the South American and the
Australasian clades, with emergence of long-
necked lineages, would have occurred before
the K/Pg boundary; v) main basal diversifica-
tions in the South American and the Austral-
asian clades would have occurred before the
final breakup of Southern Gondwana; vi) di-
versifications in the South American and the
Australasian clades at genera and species level
would have occurred once the Drake Passage
opened and the land masses were separated.
These hypotheses would be tested in future
works when new extinct and extant pan-che-
lids are included.
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