Published in "Journal of Experimental Zoology Part B: Molecular and
Developmental Evolution doi: 10.1002/jez.b.22609, 2015"
which should be cited to refer to this work.

The Origin of Turtles: A
Paleontological Perspective

WALTER G. JOYCE*

Department of Geoscience, University of Fribourg, Fribourg, Switzerland

The origin of turtles and their unusual body plan has fascinated scientists for the last two centuries.
Over the course of the last decades, a broad sample of molecular analyses have favored a sister
group relationship of turtles with archosaurs, but recent studies reveal that this signal may be the
result of systematic biases affecting molecular approaches, in particular sampling, non-randomly
distributed rate heterogeneity among taxa, and the use, and the use of concatenated data sets.
Morphological studies, by contrast, disfavor archosaurian relationships for turtles, but the
proposed alternative topologies are poorly supported as well. The recently revived paleontological
hypothesis that the Middle Permian Eunotosaurus africanusis an intermediate stem turtle is now
robustly supported by numerous characters that were previously thought to be unique to turtles
and that are now shown to have originated over the course of tens of millions of years unrelated to
the origin of the turtle shell. Although E. africanus does not solve the placement of turtles within
Amniota, it successfully extends the stem lineage of turtles to the Permian and helps resolve some
questions associated with the origin of turtles, in particular the non-composite origin of the shell,
the slow origin of the shell, and the terrestrial setting for the origin of turtles.
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The origin of turtles and their unusual body plan remain some of
the most vexing questions in vertebrate evolution. The debate is
unusually complex as it involves several interrelated issues, in
particular, the relationship of turtles relative to extant amniotes
(e.g., Zardoya and Meyer, '98; Tzika et al., 2011; Field et al., 2014),
the closest fossil relatives of turtles (e.g., Laurin and Reisz, '95;
deBraga and Rieppel, '97; Lee, '97; Carroll, 2013), the placement
of the shoulder girdle (Nagashima et al., 2009, 2013; Lyson and
Joyce, 2012), the origin of the turtle shell (e.g., Burke, '89;
Nagashima et al., 2007; Scheyer et al., 2008; Joyce et al., 2009;
Lyson et al., 2013a), the speed of the origin of the turtle shell (e.g.,
Rieppel, 2001; Joyce et al., 2009), and the ecological settings for
the origin of turtles (e.g., Rieppel and Reisz, '99; Joyce and
Gauthier, 2004; Scheyer and Sander, 2007). The recent discovery
of the intermediate fossil taxon Odontochelys semitestacea from
the Late Triassic of China (Li et al., 2008) sheds much light on
some aspects of this discussion as it clearly is situated outside the
previously recognized turtle clade Testudinata (herein defined as
the clade originating from the first amniote with a fully
developed turtle shell [sensu Joyce et al., 2004] consisting of
interlocking neurals, costals, peripherals, pygals, and plastral
elements [Gaffney and Meylan, '88]). Most importantly, this
taxon reveals that the origin of the turtle shell occurred through
the novel interaction of the dorsal vertebrae and ribs, the shoulder

girdles, and perhaps also the gastralia with the dermis, as had
been predicted for years by developmental biologists (e.g.,
Zangerl, '39; Burke, '89; Gilbert et al., 2001), and not through the
fusion of these elements with osteoderms, as had largely been
favored by paleontologists (e.g., Cox, '69; Lee, '97; Joyce et al.,
2009). The finding of O. semitestacea, furthermore, spawned
renewed interest in the old hypothesis (Watson, "14) that turtles
may be related to the Permian taxon Eunotosaurus africanus
(Carroll, 2009; Lyson et al., 2010, 2013a, 2014). However, while
the hypothesis that the Middle Triassic O. semitestacea is a
derived stem turtle has been universally accepted (e.g.,
Nagashima et al., 2009; Kuratani et al., 2011; Anquetin, 2012;
Nagashima et al., 2012, 2013; Hirasawa et al., 2013, 2014), likely
because of the presence of a fully developed plastron, the

reinterpretation of the Late Permian E. africanus as an
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intermediate stem turtle is less quickly gaining acceptance (e.g.,
Kuratani et al., 2011; Nagashima et al., 2012, 2013; Hirasawa
et al., 2013, 2014). This reluctance likely stems from a series of
misconceptions about amniote systematics and the fossil record,
in particular, the remaining ambiguity regarding the phyloge-
netic position of turtles. The purpose of this contribution is
therefore to clear up these misconceptions and to summarize the
mounting evidence in favor of E. africanus as an intermediate
stem turtle.

THE TRADITIONAL CLASSIFICATION OF FOSSIL REPTILES
USING TEMPORAL FENESTRAE IS OUT OF DATE

Williston ('17) published a fundamental treatment of the phylogeny
and classification of amniotes based on Osborn’s (‘03) work on
temporal fenestration that was highly influential for many decades.
The basis of this classification was the number of openings in the
temporal region of the skull. According to Williston’s classification,
taxa that lack temporal fenestrae are grouped as Anapsida
(e.g., turtles, various basal reptiles), taxa with a pair of upper
temporal fenestrae as Parapsida (a.k.a. Euryapsida; e.g., ichthyo-
saurs and squamates), taxa with a pair of lower temporal fenestrae
as Synapsida (e.g., mammals), and taxa with two pairs of temporal
fenestrae are grouped as Diapsida (e.g., crocodilians, Sphenodon).
The most influential new statement under Williston’s model is that
the anapsid condition is primitive, and that turtles are consequently
to be considered the most primitive of living amniotes. Most
subsequent authors followed Williston’s model and placed
“anapsid” tetrapods from the Permian and Triassic as the “direct
ancestors” to turtles, such as pareiasaurs (Gregory, '46), diadectids
(Olson, '47), or “captorhinomorphs” (Carroll, '69).

Although the temporal region provides important phyloge-
netic information for amniote phylogeny, the last decades of
research have shown that Williston’s (‘17) system is far too
simplistic, because many formerly homogenous groups were
shown to exhibit multiple conditions (e.g., Dilkes, '98; Rieppel,
2000b; Tsuji and Miiller, 2009) and because phylogenetic
analyses have shown that the number of temporal fenestrae
changed multiple times throughout amniote evolution (e.g.,
Miiller, 2003). The possible placement of anapsid turtles within
crown Diapsida only underlines this point, as it implies the
secondary loss of both temporal fenestrae (Rieppel and deBraga,
1996; Rieppel, 2000a), a conclusion already proposed by early
opponents to the Williston model (Broom, '24; Goodrich, ’30;
deBeer, '37) and readily accepted by those favoring this
phylogenetic arrangement. However, even if turtles evolved
from diapsid ancestors, there is no reason to believe a priori that
the loss of both temporal fenestrations occurs in synchrony with
the acquisition of the turtle shell. The early stem lineage of turtles
is therefore expected to potentially be populated with taxa with
the diapsid condition. Fenestration alone is, therefore, not a
strong argument for or against the placement of Eunotosaurus
africanus, or any other taxon, along the stem lineage of turtles.

MOLECULAR RESULTS MAY BE AFFECTED BY
SYSTEMATIC BIASES

The discussion regarding the origin of turtles has been dominated
over the course of the last 20 years by phylogenetic hypotheses
obtained from molecular data and I herein only intend to provide
a brief overview. The first decade of molecular research did not
provide consistent results for amniote phylogeny and turtles were
variously placed as sister to Aves (Pollock et al., 2000; Cotton and
Page, 2002), Crocodilia (Hedges and Poling, '99; Mannen and Li,
’99; Cao et al., 2000), Diapsida (e.g., Caspers et al., '96; Strimmer
and von Haeseler, '96), Lepidosauria (Hedges, '94), Thecodontia
(i.e., Mammalia + Archosauria, Gardiner, '93), or Archosauria
(e.g., Platz and Conlon, '97; Cao et al., '98; Zardoya and Meyer,
'98; Kumazawa and Nishida, '99; Rest et al., 2003). Over the
course of the second decade, however, the vast majority of
analyses utilizing molecular data supported a sister group
relationship of turtles to archosaurs using a broad range of
data and analytical techniques (e.g., Iwabe et al., 2005; Hugall
et al., 2007; Shen et al., 2011; Chiari et al., 2012; Crawford et al.,
2012; Fong et al., 2012; Abramyan et al., 2013; Schaffer et al.,
2013; Wang et al., 2013), although occasional support was also
found for a sister group relationship with crocodilians (e.g.,
Shedlock et al., 2007; Tzika et al., 2011). The only major molecular
study to arrive at a truly conflicting result in the last 10 years was
the study of Lyson et al. (2012) utilizing microDNA data, but the
recent expansion and reanalyses of this data set by Field et al.
(2014) and Thomson et al. (2014) retrieved archosaurian affinities
as well. Molecular analyses are, therefore, converging upon a
turtle and archosaur relationship.

Some of the greatest concerns for all types of systematics are
referred to as “systematic biases.” One of the first such biases to be
discovered is also one of the most intuitive to understand.
Felsenstein (‘78) noted that parsimony methods will retrieve the
wrong result in a four-taxon system, if two unrelated branches
are significantly longer than the others, because randomly
accumulated homoplasy in the long branches will wrongfully
serve as synapomorphies (i.e., secondary homologies sensu de
Pinna, '91), an effect referred to as long-branch attraction. Most
vexingly, the addition of data does not solve this problem, but
rather amplifies it, thereby producing greater confidence for the
wrong result (Felsenstein, '78). Taken to the extreme, the use of
the total genomes will not solve problems associated with long-
branch attraction, but only compound them.

Although the consistent signal being retrieved from increas-
ingly diverse sets of molecular data is impressive, the persistent
morphological signal against the archosaurian relationships of
turtles (e.g., Reisz and Laurin, '91; deBraga and Rieppel, '97; Lee,
’97; Miiller, 2004; Lyson et al., 2010; Lee, 2013; see below)
combined with the complete lack of a morphological signal in
support of the archosaur hypothesis (Rieppel, 2000a; Lyson et al.,
2010), despite earnest attempts to find some (Bhullar and Bever,
2009), gives reasons to speculate if molecular hypothesis are
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perhaps converging upon the same result because of a systematic
bias. Three partially interrelated biases come to mind that might
be relevant to this particular phylogenetic conundrum: sampling,
rate heterogeneity, and the use of concatenated data sets.

Sampling is of enduring importance in systematics (e.g.,
Lecointre and Philippe, '93; Graybeal, '98; Hillis, '98; Rannala
et al., '98) because the inclusion of intermediate morphologies or
genotypes helps avoid a broad set of systematic biases, including
the above-mentioned long-branch attraction (Gauthier et al.,
’88b; Donoghue et al., '89). However, whereas paleontologists at
least have the potential to sample all of life, despite massive
taphonomic filters (Benton et al., 2000), molecular systematists
can only sample extant taxa, or at best newly extinct taxa
(Nicholls, 2005). This issue is compounded by the fact that extant
taxa do not sample the Amniote tree at random, but rather as
eight discrete clades (i.e., Aves, Crocodilia, Monotremata,
Marsupialia, Placentalia, Squamata, Sphenodon, and Testudines)
that diversified within the last 100 Ma and that are interconnected
by lineages spanning many hundreds of millions of years (e.g.,
Wang et al., 2013). Significant portions of the tree, in particular,
the stem lineages of various clade combinations, are therefore
inherently out of reach for molecular systematists and must be
modeled. The fact that the three primary lineages of reptiles likely
diversified from one another within a short time in the middle to
late Permian (Wang et al., 2013) does not make matters easier for
systematists using neontological data alone.

Varying rates of molecular evolution may be the basis of yet
another systematic bias. Although rates of molecular evolution
have been shown to be variable across the tree, all molecular
methods rely at least partially on a certain amount of rate
homogeneity among lineages (e.g., Philippe et al. 2005).
Unfortunately, rates do not vary at random across the tree, but
rather have a strong taxonomic signal as well. For instance, the
study of Hugall et al. (2007) revealed that crocodilians and turtles
showed the slowest rate of molecular evolution among tetrapods,
while passerine birds and snakes, among others, show some of the
fastest rates. It is therefore possible that the rate-averaging effect
of various molecular methods pulls taxa with slow rates towards
the tips of the tree, or towards one another, while pushing taxa
with fast rates towards the base of the tree. Indeed, most taxa with
controversial phylogenetic relationships (see Gauthier et al.,
2012; for examples within Lepidosauria) display deviant rates of
molecular evolution (Hugall et al., 2007).

The vast majority of recent molecular analyses of turtle
relationships used concatenated data (i.e., a super matrix
approach using sequence data from 100s to 1000s of genes).
This approach is utilized regularly, as it allows incorporation of
the greatest amount of data, but studies have shown that it is
prone to systematic error as well (e.g., Nishihara et al., 2007;
Salichos and Rokas, 2013). Using one of the largest data sets
assembled to date, Lu et al. (2013) recently evaluated the
phylogenetic signal contained in 4,584 orthologous genes

separately and arrived at the surprising conclusion that the
three primary placements of turtles (i.e., as sister to Diapsida,
Lepidosauria, or Archosauria) are supported by roughly the same
number of genes, and that an archosaurian signal emerges only
through the concatenation of the data. From a molecular
perspective, turtles, archosaurs, and lepidosaurs, therefore,
seem to form a hard polytomy (Lu et al., 2013), likely due to
their rapid diversification, and the recent trend towards
recovering archosaurian sister group relationships for turtles
may be the result of rate heterogeneity in combination with the
use of concatenated data.

There only is one tree of life and it is apparent that either the
molecular or the morphological signal is wrong. As outlined
above, there are good reasons to seriously entertain the idea that
the molecular data may possibly be converging on the wrong
answer due to systematic biases associated with sampling, rate
heterogeneity, and the use of concatenated data. Future
molecular studies should therefore focus their efforts on
identifying sequence data relevant to resolving divergences
that occurred during the late Paleozoic and calibrate rate
heterogeneity through the use of fossils. The traditional focus
on obtaining ever-increasing amounts of sequence data from
extant taxa is not sufficient any longer (Philippe et al., 2011).
Until these points have been addressed, the debate regarding the
placement of turtles within Amniota remains far from over.

STEM-TURTLES CAN BE IDENTIFIED WITHOUT
UNDERSTANDING THE PLACEMENT OF TURTLES

In contrast to molecular systematists, paleontologists not only
have the ability to investigate the placement of turtles among
extant amniotes, but also the organisms that populate the stem
lineage of turtles (i.e., the phylogenetic lineage of extinct
organisms that leads to the modern turtle clade). However, it is
not necessary to understand the placement of turtles within the
amniote system to assign fossils to their stem lineage with
confidence. For instance, recent cladistic analyses have assigned a
broad sample of shelled amniotes from the Late Triassic (e.g.,
Proterochersis robusta, Proganochelys quenstedti, Palaeochersis
talampayensis) to the Pleistocene (e.g., Meiolania platyceps) to the
stem lineage of turtle (e.g., Joyce, 2007; Anquetin, 2012; Sterli
et al., 2013) and these results have been uncontroversial in regards
to the placement of these taxa within Testudinata (e.g., Gaffney
et al., 2007; Joyce and Sterli, 2012; Joyce et al., 2013a), even
though none of these studies utilized global amniote matrices. The
reason for this lack of controversy is, of course, the presence of
fully developed turtle shells in all of these taxa, a “key-character”
assumed to have great weight (Joyce and Sterli, 2012).

Li et al. (2008) used a global matrix to assign Odontochelys
semitestacea to the stem lineage of turtle and Lyson et al. (2010)
utilized the same matrix to assign Eunotosaurus africanus to the
stem lineage as well. Interestingly, whereas the analysis of Li et al.
(2008) places turtles along the stem of Lepidosauria, not Archosauria,
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the analysis of Lyson et al. (2010) hypothesized that turtles are
outside of Diapsida. However, is the hypothesis that E. africanus is a
stem turtle contingent upon the placement of the entire clade outside
of Diapsida? Is it possible that E. africanus is a stem turtle, but that
turtles are nevertheless sister to archosaurs or lepidosaurs?

In a recent study, Lee (2013) explored this question by
retrofitting turtles and Eunotosaurus africanus to previously-
published morphological data sets with contradictory outcomes
in regards to turtle origins. In all analysis, E. africanus was placed
as sister to turtles at the base of the reptilian tree, much as already
noted by Lyson et al. (2010), thereby giving additional credence to
the notion that E. africanus is a tree changing taxon (see
sampling above). In the next analysis, Lee (2013) forced turtles as
sister to archosaurs, as supported by the abundant molecular data
(see above), and noticed that this arrangement only requires the
addition of few steps. More importantly, however, even though
E. africanus was allowed to float in all analyses, also those with
forced topologies, it consistently was retrieved as a stem turtle.

The analysis of Lee (2013) is important for two reasons. It first
demonstrates that two competing morphological analyses with
different taxonomic focuses (i.e., deBraga and Rieppel, '97 [with
modification from Rieppel and Reisz, '99; Li et al., 2008; Lyson
et al.,, 2011; and Lee, 2013] and Miiller and Tsuji, 2007 [with
modifications from Modesto et al., 2009; Tsuji et al., 2010, 2012;
and Lee, 2013]) converge on the placement of turtles outside of
crown Diapsida, but that this result may not be statistically
significant relative to other solutions. The morphological signal is
therefore not able to resolve the placement of turtles within
amniotes for the moment, just like the molecular data, perhaps
because of a sampling bias, or perhaps because the three major
reptilian lineages diverged from one another very rapidly during
the Late Paleozoic, the same two biases effecting molecular data.
The analysis of Lee (2013), secondly, reveals that the interpre-
tation of E. africanus as an intermediate stem turtle is highly
robust, relatively immune to perturbances, and that this place-
ment is independent from the placement of turtles within
Amniota. So, even though morphology cannot resolve the
placement of turtles within amniotes with great confidence
either, the signal referring E. africanus to the stem lineage of
turtles is strong and cannot be flippantly brushed aside. This
contrasts the placement of sauropterygians along the stem
lineage of turtles, which has only been supported by a single
analysis (deBraga and Rieppel, '97, and some of the following
studies utilizing this matrix), but is easily perturbed through the
addition of new taxa and/or characters (Rieppel and Reisz, '99;
Lyson et al, 2011; Lee, 2013). All studies that utilize
sauropterygians as model organisms for the origin of turtles
therefore lack a solid phylogenetic footing.

THE EUNOTOSAURUS HYPOTHESIS
In the type description of Eunotosaurus africanus, Seeley ('92)
already compared the number of dorsal vertebrae, the elongate

shape of the dorsal vertebrae, and the expanded ribs found in this
taxon with those of turtles, but hesitated from placing it along the
stem lineage of turtles. Watson ('14) later reinvestigated E.
africanus based on additional material and expanded the list of
possible synapomorphies to include the purported presence of 10
elongate dorsal vertebrae (actually 9, see below) that are much
longer than the cervicals and caudals, the purported presence of 8
expanded ribs (actually 9, see below), an anterior shift of the
dorsal ribs relative to the dorsal vertebrae, and the purported
presence of dermal ossifications (not confirmed to be present in
later studies, Lyson et al., 2013). Many years later, Parsons and
Williams ('61) dismissed a relationship of E. africanus with
turtles, because the ribs of modern turtles, as seen in marine
turtles with reduced costals, are purportedly not as wide as those
of E. africanus. This assessment was not only incorrect (see
below) but also had far reaching effects, as most following
authors disregarded the Eunotosaurus hypothesis completely.
The discovery of Odontochelys semitestacea (Li et al., 2008)
immediately renewed interest in a potential link of E. africanus
with turtles (Carroll, 2009), because O. semitestacea bridges the
apparent morphological gap between E. africanus
turtles (i.e., amniotes with a full turtle shell). A link has since

and true

been formally proposed (Lyson et al., 2010) and backed up by a
series of additional studies (Lyson and Joyce, 2012; Lee, 2013;
Lyson et al., 2013a,b, 2014). The list of unique characters
that unite E. africanus with O. semitestacea and turtles has
grown to be impressive (Fig. 1). For simplicity I will discuss these
in anatomical groups, even though they could be further
anatomized:

Dorsal Vertebral Count/Elongation of Dorsal Vertebrae Relative to
Other Vertebrae

As already noted by Seeley ('92) and Watson ('14), Eunotosaurus
africanus can be united with turtles based on dorsal vertebral
count and elongation of the dorsal vertebrae relative to
surrounding parts of the body. The number of vertebrae varies
greatly among vertebrates, but such an extreme reduction is
unique to these taxa (Miiller et al., 2010). More importantly,
whereas the reduction in vertebral number in most taxa is
correlated with a shortening of the dorsal column, E. africanus,
0. semitestacea, and turtles show a unique elongation of these
vertebrae relative to the surrounding regions. This trend is only
reversed in some modern turtles after the acquisition of extreme
neck mobility (Werneburg et al., 2014).

Modern turtles universally have 10 dorsal ribs, of which the
first and tenth are greatly shortened and the second to ninth form
costals (i.e., ribs that interact with the dermis to form a composite
with metaplastic bone, more details below). The most primitive
turtles with a well-preserved shell, such as Proganochelys
quenstedti or Proterochersis robusta, also reveal the presence
of 10 dorsal ribs, but the first is greatly elongated, like the last
cervical, whereas the remaining nine form costals (Gaffney, 90,
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Cryptodira Pleurodira

sEmEEmEEnm full neck retraction

(homoplastic)

Testudines
Proganochelys quenstedti horizontally oriented ribs
neck and tail armor loss of palatal teeth

aquatic habitat preference

loss of one pair of costals

Testudinata (i.e., “turtles”)
sutural articulation of costals
formation of peripherals, pygals
addition of one cervical vertebra

conversion of one cervical to a dorsal vertebra

formation of ramphotheca

Odontochelys semitestacea definitive presence of true costals

definitive presence of true neurals

definitive presence of nuchal

. = formation of plastron
Eunotosaurus africanus

S W
AL

Archosauria Lepidosauria

= addition of two cervical vertebrae

= presence of (proto?)-neurals

= reduction of number of dorsal vertebrae

= clongation of dorsal vertebrae relative to those of the remaining vertebral column

= formation of 9 pairs of proto-costals through perichondral expansion of dorsal ribs

= |0ss of intercostal musculature

= restriction of abdominal muscle insertions to the anterior and posterior thoracic ribs
= paired gastralia

= vide trunk

Reptilia

Figure 1. A simplified cladogram summarizing the hierarchical distribution of characters and taxa discussed in the text.
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fig. 75; Joyce, 2007; Joyce et al., 2013a). The cervical-like nature
of the first thoracic vertebra and rib of basal turtles is striking
(Gaffney, '90, fig. 108) and it is possible that this vertebra is a
cervical that was “captured” by the shell. Once this “dorsalized”
vertebra is removed from consideration, the basal condition of
turtles overlaps with that found in Odontochelys semitestacea (Li
et al., 2008) and E. africanus (Lyson et al., 2013a) in regards to the
number of dorsal vertebrae and ribs. The only apparent disparity
between these groups pertains to the number of cervical vertebrae
(Lietal., 2008; Lyson et al., 2013a), and it is necessary to postulate
the addition of two cervical vertebrae from E. africanus to O.
semitestacea and the addition of yet another cervical vertebra and
the capture of the most posterior cervical by the shell from O.
semitestacea to Testudinata (Fig. 1). I speculate that the
acquisition of additional cervical vertebrae is likely linked to
the origin of the turtle shell, which demanded the acquisition of a
more elongate and flexible neck to compensate for the extreme
stiffening of the truck (Werneburg et al., 2014). The loss of the
most posterior costal at the base of crown Testudines is already
well documented by numerous phylogenetic studies (e.g.,
Gaffney et al., '91; Joyce, 2007).

Dorsal Ribs Expanded by Perichondral Outgrowths and Metaplastic
Bone

Seeley ('92) and Watson ('14) already highlighted the presence of
expanded ribs as a potential, diagnostic synapomorphy between
E. africanus and turtles, but this character was later dismissed by
Parsons and Williams ('61) because the ribs of modern turtles
appear to be less expanded that those of E. africanus. The latter
conclusion, however, was misguided because Parsons and
Williams ('61) failed to distinguish between the rib portion and
the metaplastic outgrowths of the ribs in both taxa.

Although paleontological data now clearly reject the tradi-
tional hypothesis that the costals of turtles are the result of an
evolutionary fusion of the ribs and overlying osteoderms (Li et al.,
2008), these bones are nevertheless composites formed through
the expansion of the rib into the skin through perichondral and
metaplastic outgrowths (e.g., Scheyer et al., 2008). Embryological
studies reveal that the ribs grow into the dermis during ontogeny,
initially through an expansion of the rib’s perichondral collar,
and then through the metaplastic ossification of the overlying
(Hirasawa et al., 2013; fig. 2) or surrounding (Scheyer et al., 2008;
fig. 2) dermal tissue. Accordingly to some definitions, the
perichondral and metaplastic portions of the costal should be
considered to be “appositional bone” (Patterson, '77) or
“Zuwachsknochen” (Starck, ’'55) and the entire costal could
therefore be regarded to be endoskeletal in nature (Rieppel and
Reisz, 99). I find this point to be semantic at best and misleading
at worst, because the categorization of the entire costals as purely
endoskeletal unnecessarily downplays the role of the dermis in
the formation of these bones. I herein distinguish clearly between
the original endochondral portions of the rib versus the

appositional, perichondral and metaplastic portions of the rib.
I also call any rib with perichondral outgrowths a proto-costal
and a rib with perichondral and metaplastic outgrowths a costal
and similarly term any (still hypothetical) dorsal vertebra with
perichondral outgrowths a proto-neural and a dorsal vertebra
with perichondral and metaplastic outgrowths a neural.

Parsons and Williams ('61) originally observed that the
endochondral ribs of modern turtles are significantly narrower
than the overlying metaplastic bone, which is most apparent in
many juvenile and various aquatic turtles, where the distal
portions of the ribs are not covered by metaplastic bone. These
authors, however, erred by presuming that the broadened
elements of E. africanus consist only of the rib and lack
perichondral or metaplastic outgrowths. This assumption does
not appear to be false at first look, because the expanded ribs of
most amniotes consist of endochondral bone only. However,
Lyson et al. (2013a) recently revealed that the expanded ribs of E.
africanus actually consist of a vertically oriented endochondral
rib and horizontally expanded perichondral outgrowths of the
ribs (Lyson et al., 2013a, figs. 2, 3), a character previously thought
to be unique to turtles (Scheyer et al., 2008). Although Li et al.
(2008) state that O. semitestacea lacks costals, it is apparent from
the images accompanying the type description (Li et al., 2008,
figs. 1, 3) that the costals are T-shaped in cross section (Lyson
et al., 2010). However, only histological analysis will reveal
whether this taxon possessed proto-costals or true costals. It is
similarly unclear if the midline of 0. semitestacea possessed
proto-neurals or true neurals. Only testudinates are therefore
known to have true costals and true neurals, as defined herein
(Fig. 1).

The costals of E. africanus differ primarily from those of crown
turtles by having vertically oriented ribs and by lacking sutural
contacts (Lyson et al., 2013, figs. 1, 2), but this morphological gap
is bridged by Odontochelys semitestacea, which lacks sutural
contacts between the costals (Li et al., 2008, fig. 1), and numerous
stem turtles that possess vertically oriented ribs as well (Gaffney,
’90, fig. 81; Joyce et al., 2009, fig. 1, Joyce et al., 2013a, fig. 2). The
only major transitions within this character complex, therefore,
occur within the known turtle stem lineage (Fig. 1).

The realization that E. africanus possesses expanded ribs that
are structurally equivalent with those of turtles is particularly
significant, because it corroborates predictions made by
embryological studies as to the origin of these structures (Lyson
et al., 2013a).

The Turtle Breathing Apparatus

Extant amniotes exhibit a broad range of breathing mechanisms,
but all groups show some type of costal ventilation (i.e., breathing
through the expansion and contraction of the ribcage). Turtles are
the notable exception to the rule, because the formation of the
shell precludes movement between the ribs. Instead, turtles rely
on a unique system formed by two pairs of antagonistic



/ldoc.rero.ch

http

abdominal muscles, the M. transversus and M. obliquus
abdominis (Gaunt and Gans, '69; Brainerd and Owerkowicz,
2006). Paleontologists have puzzled over the origin of this
breathing mechanism (Rieppel and Reisz, '99), but few insights
have been produced on how this breathing system might have
originated.

A recent study by Lyson et al. (2014) demonstrated that the
presence of intercostal muscles can be traced in osteological
specimens with confidence by tracing the fibers muscles leave
behind in bone at their insertion points using histological
sections. This discovery is important, as it allows the recon-
struction of the breathing apparatus of extinct organisms with
confidence. Lyson et al. (2014) also showed that turtles are the
only extant amniotes known to have fully lost their intercostal
musculature at post-hatching stage, but also that all groups of
extant amniotes with broadened ribs (e.g., ant eaters, loris, tree
shrews) exhibit reduced amounts of intercostal musculature
(Jenkins, '70). It therefore seems to be universally true in amniotes
that the rib cage is most commonly stiffened through an
expansion of the ribs, which in return results in a reduction of
intercostal breathing and the necessity to explore alternative
modes of breathing. In turtles this conundrum was solved
through the specialization of the abdominal muscles. As Lyson
et al. (2014) note, these muscles symplesiomorphically attach to
the visceral side of all dorsal ribs in other amniotes, but are
constricted to the anterior and posterior dorsal ribs in turtles, but
not the middle dorsal ribs. Incidentally, the points of insertion of
the abdominal muscles can also be traced with confidence in
histological sections of the ribs and it is therefore possible to
reconstruct the origin of the turtle breathing apparatus in the
fossil record.

In a final step, Lyson et al. (2014) analyzed the expanded ribs of
Eunotosaurus africanus and arrived at the surprising conclusion
that this taxon (1) lacks intercostal muscles and (2) that the insertion
site for the abdominal muscles are restricted to the anterior and
posterior dorsal ribs, and are lacking in the middle dorsal ribs. All
osteological correlates for the unique turtle breathing system are
therefore to be found in E. africanus as well. This highly surprising
result provides unusually strong support for the phylogenetic
relationships of E. africanus with turtles (Fig. 1).

Turtles are linked to Eunotosaurus africanus by a number of
additional characters, but these lack the same weight as those
outlined above, because they either are not exclusive to these
taxa, or represent reptilian symplesiomorphies, or are based on
difficult homology assessments. These include, among others, the
presence of paired gastralia lacking lateral and medial elements
(present among numerous parareptiles, Lyson et al., 2013a), the
symplesiomorphic presence of cleithra (Lyson et al., 2013a, b; not
sensu Joyce et al., 2006), cranial tubercles (Lyson et al., 2012; also
present in a broad sample of amniotes), and a wide trunk (Lyson
et al., 2012; also present in a broad sample of amniotes). A recent
reevaluation of the should girdle of turtles reveals that the

scapula is not located within the rib cage, as often erroneously
reported, but rather anterior to the rib cage (Lyson and Joyce,
2012). This arrangement is hardly unique, however, as it broadly
occurs among basal amniotes and therefore demands no special
explanation (Lyson and Joyce, 2012). Given the absence of neck
and tail armor in O. semitestacea, their presence in Proganochelys
quenstedti and Chinlechelys tenertesta is now best interpreted as
a derived synapomorphy of these two taxa only, not a basal
symplesiomorphy of Testudinata (contra Joyce et al.,, 2009).
Finally, recent investigations have shown that the hooked
element in the pes of turtles is a composite structure formed by
the fifth distal tarsal and the fifth metatarsal, but the homology of
structure with similar hooked elements in other reptiles remains
unclear for the moment (Joyce et al., 2013b).

THE ORIGIN OF TURTLES OCCURRED ON LAND
The purported ecology of the origin of turtles has historically been
used to support various phylogenetic scenarios, as a sister group
relationship with various terrestrial groups of vertebrates implies a
terrestrial origin of the group, whereas a close relationship with
aquatic groups implies an aquatic origin (Joyce and Gauthier,
2004). Five lines of evidence have been developed in the last
decade to support the terrestrial nature of the earliest turtles (i.e.,
taxa at the base of the clade Testudinata). First, basal turtles
universally have a reduced phalangeal count (e.g., Gaffney, '90,
'96; Sterli et al., 2007) and/or short hands, characters that
correlated with terrestrial habitat preferences today (Joyce and
Gauthier, 2004). Second, many basal turtles known from complete
skeletons are known to have osteoderms (e.g., Gaffney, '90; Joyce
et al., 2014), another feature only found among terrestrial turtles
today (Joyce and Gauthier, 2004). Third, at least two lineages of
basal turtles have tail clubs (e.g., Gaffney, '90, '96), which are
defensive features that cannot be utilized under water (Joyce and
Gauthier, 2004). Fourth, the shell bone histology of basal turtles
shows characteristics otherwise typically found among modern
terrestrial turtles (Scheyer and Sander, 2007). And finally, despite a
global preponderance of marine and freshwater aquatic faunas
from the Triassic, basal turtles are universally found in terrestrial
sediments and associated with terrestrial faunas, particularly
sauropodomorph dinosaurs (Joyce and Gauthier, 2004; Joyce
et al., 2009, 2013a). Aquatic turtle abound in freshwater aquatic
sediments globally following the Middle Jurassic (e.g., Wings et al.,
2012). This coincides with the origin of the crown group (Danilov
and Parham, 2006; Joyce, 2007; Anquetin, 2012), which is
universally optimized in phylogenetic analyses to have originated
from an aquatic ancestor. The derived turtle stem lineage is,
therefore, clearly terrestrial and a close relationship with marine
sauropterygians cannot be corroborated using ecological
arguments.

This consensus was somewhat challenged by Odontochelys
semitestacea. Li et al. (2008) note that all known specimens of
0. semitestacea originate from sediments that were deposited in a
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small marine basin surrounded by land from three sides and
known to contain terrestrial floras and faunas. All known
specimens, therefore, could have easily washed in from the
nearby coasts. Li et al. (2008) furthermore noted that the
shortened hands of O. semitestacea are equivalent in length to
modern turtles living in “stagnant or small bodies of water,” but
failed to emphasize that this category of turtles implies swampy,
freshwater habitats, not coastal marine waters (Joyce and
Gauthier, 2004). Although Li et al. (2008) at no point indicate
marine habitat preference for this taxon, the image of O.
semitestacea as a marine proto-turtle has nevertheless been
burned into the collective mind of the scientific community
through countless reconstructions of this taxon portraying O.
semitestacea as an agile swimmer of open marine waters (e.g.,
Benton et al., 2013). However, this habitat preference is highly
unlikely for this taxon, because neither its stiffened torso nor its
reduced limbs and tail would have allowed effective propulsion in
marine settings.

One observation allows me to even question the freshwater
aquatic habitat preferences for O. semitestacea. 1 agree with Li
et al. (2008) that this taxon plots with various “swampy” taxa in
the ternary diagram of Joyce and Gauthier (2004), but this
diagram is based on modern turtles with a phalangeal count of
2-3-3-3-3 or less. The primary difference between terrestrial
turtles and aquatic turtles is the relative length of the proximal
phalanges, because turtles that walk on dry land need short
phalanges to allow rollover, whereas aquatic turtles require
elongate phalanges for the formation of effective flippers or
paddles (Joyce and Gauthier, 2004). The unguals are typically
elongate in both groups to support the claws. Unlike all
testudinates, O. semitestacea still possess a primitive phalangeal
count of 2-3-4-4-3 (Li et al., 2008), but the proximal phalanges
are notably robust and shortened, as in extant terrestrial turtles.
This taxon is therefore pushed into the semi-aquatic habitat zone
in the ternary diagram of Joyce and Gauthier (2004) by its
plesiomorphic phalangeal count, not because it has the long
phalanges characteristic of aquatic turtles.

In conclusion, Odontochelys semitestacea was likely a fully
terrestrial stem turtle, and, at most, an inhabitant of swampy
freshwater environments. This conclusion does not help resolve
the origin of turtles in any detail, as most groups of amniotes have
a strong terrestrial signal in the Permian and Triassic, including
archosaurs and Eunotosaurus africanus. However, the potentially
freshwater aquatic habitat preferences of O. semitestacea should
not tacitly be used as evidence in favor of relationships with
marine sauropterygians.

DISCUSSION AND CONCLUSIONS

The origin of turtles has puzzled paleontologists for more than
100 years, because the fossil record had failed to provide
recognizable intermediate forms beyond the Late Triassic
Proganochelys quenstedti (Gaffney, '90). The origin of birds

had posed a similar problem for over a century, because the stem
lineage of birds was primarily filled by the Late Jurassic taxon
Archaeopteryx lithographica. This taxon displays enough
characters to clearly link it with crown birds (e.g., feathers,
wings, fused clavicles, reduced fingers), but also numerous
symplesiomorphies that highlight its reptilian affiliations (e.g.,
teeth, long tail, gastralia; Huxley, '68). A lack of additional fossils,
however, provided enough room for an acrimonious debate
regarding the precise placement of birds within Archosauria (e.g.,
Ostrom, '76; Martin et al., '80; Chatterjee, '91). This lack of
transitional fossils furthermore cemented the idea that most
avian characters originated in parallel with one another in direct
relationship with flight (e.g., Feduccia, '96).

Over the course of the last 20 years, an astounding sample of
intermediate forms has identified birds as highly derived
theropod dinosaurs beyond all reasonable doubt (Zhou, 2004).
Although the debate continues regarding the precise interrela-
tionships of various theropod groups (e.g., Xu et al., 2011;
Godefroit et al., 2013), the primary steps within this transitional
series are now clear. One of the most surprising realizations of this
research program has been that the majority of characters
historically associated with birds and flight (e.g., various types of
feathers, hollow bones, furculum, avian breathing) originated
one by one over the course of tens of millions of years deep within
the theropod clade (e.g., Xu et al., 2001; Schachner et al., 2009;
Foth et al., 2014) and were not developed in concert with flight.
This conclusion at the same time provides the most convincing
support for the theropod origin of birds, because birds are linked
to theropods by a long list of synapomorphies that were
previously though to be unique to birds.

In the older literature, turtles were variously allied with
Eunotosaurus africanus (Watson, "14), plesiosaurs (Moodie, '08),
placodonts (Jaeckel, '02), “cotylosaurs” (Cope, '96), temnospond-
yls (Vallén, '42), pareiasaurs (Gregory, '46), diadectids (Olson,
’47), and captorhinomorphs (Carroll, '69), but most of these
hypotheses were support by isolated characters and lacked a
global perspective. Early cladistic hypotheses on turtle origins
placed turtles as sister to captorhinids (Gaffney and McKenna,
’79; Gaffney and Meylan, '88; Gauthier et al., '88a), but larger,
computer-assisted analyses hypothesized a sister group relation-
ship to “anapsid” procolophonids (Reisz and Laurin, '91; Laurin
and Reisz, '95) or pareiasaurs (Lee, 93, '97), “parapsid”
sauropterygians (Rieppel and deBragga, '96; deBraga and
Rieppel, '97), or “parapsid/diapsid” lepidosaurs (Miiller, 2004).
Interestingly, all modern analysis excluded E. africanus a priori,
even though this taxon had consistently been listed as sister to
turtles in standard paleontological textbooks and classifications
throughout much of the century (e.g., Huene, '56; Romer, ’56;
Carroll, ’88).

One reason why none of these hypotheses fully convinced the
systematic community is because turtles remained highly
apomorphic (Carroll, 2013) and because none of the characters
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that are truly unique to turtle (i.e., reduced count of notably
elongate dorsal vertebrae that decrease in length from anterior to
posterior; articulation of the dorsal ribs with two adjacent
vertebrae along a single process; plastron formed from the
interclavicle, clavicles, and gastralia in interaction with the dermis;
carapace formed by the ribs, vertebrae, and cleithra in interaction
with the dermis; turtle respiration; the putatively unique placement
of the shoulder girdle relative to the rib cage) are to be found among
potential sister groups. Conversely, even though multiple groups of
shelled amniotes are present in the Triassic that could potentially be
the sister of turtles, such as Henodus chelyops (Huene, '36) or
Sinosaurosphargis yunguiensis (Liet al., 2011), close analysis of the
“shells” of these taxa (Westphal, '76; Li et al., 2011) and character
optimization (deBraga and Rieppel, '97; Li et al., 2011; Neenan
et al., 2013) universally reject homology of these shells with those
of turtles.

The Eunotosaurus hypothesis is different from all previous
hypotheses regarding the origin of turtles because it is based on
an impressive set of characters that were previously thought to be
unique to turtles that originated one by one over the course of
tens of millions of years. The most convincing aspect of the
Eunotosaurus hypothesis is that these characters do not originate
in parallel with the turtle shell, but rather in sequence as
exaptations (Gould and Vrba, '82) millions of years prior to the
formation of a full shell and for reasons not related to the
formation of the shell. In this regard, our understanding of the
origin of turtles is now finally converging on progress reached
regarding the origin of birds. Although future finds are expected
to reveal additional nuances and homoplastic complications, the
overall evolutionary frame now seems to be set.

The most recent comprehensive reviews of the molecular (Lu
et al., 2013) and morphological (Lee, 2013) data reveal that neither
source can resolve the placement of turtles within Amniota with
confidence. This is consistent with the divergence of the three
primary lineages of reptiles (Testudines, Lepidosauria, Archosau-
ria) within little time in the late Paleozoic. Eunotosaurus africanus
solves many questions regarding the origin of turtles, in particular
the origin of the turtle shell, but it does not resolve the placement of
turtles within the amniote system. Future work will therefore have
to focus on better understanding the anatomy of E. africanus, in
particular its cranial anatomy, and in revising the phylogenetic
relationships of Late Paleozoic amniotes. Regardless of the
outcome of this debate, the hopeful monster has left the building.
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