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Transient presence of a teiid lizard in the European Eocene suggests
transatlantic dispersal and rapid extinction

Augé Marc Louis'® - Brizuela Santiago?

Abstract

Several teiid specimens (frontal, vertebra, maxillae) are described from the late Eocene of Europe (MP17, Phosphorites
du Quercy). The results of phylogenetic analyses confirm that these European Eocene fossils belong to teiid lizards and
more specifically to the subfamily Tupinambinae. So far, the Paleogene record of teiids is limited to South America and no
occurrence of crown teiids is known in Europe. This disjunct distribution of teiids during the Eocene suggests transatlantic
dispersal and this possibility is discussed. The presence of teiids in the European fossil record is brief (limited to standard
level MP17). The circumstances that prevented the persistence of an invading clade in Europe are examined. Ecological
(e.g. biotic interactions) and/or demographic (Allee effect) processes may have been involved.
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Introduction

Extant teiids are a New World lizard family, widely distributed
in South and Central America and the West Indies with a
single native genus in North America (Brizuela and Albino
2004). They are active, diurnal lizards and sometimes consid-
ered as the ecological counterparts of Old World lacertid liz-
ards (Pianka and Vitt 2003).

The Cenozoic fossil record of Teiidae (sensu Nydam et al.
2007) is nearly limited to South America (Quadros et al. 2018).
The earliest records of teiids are from the early Paleogene of
Brazil and Argentina (Carvalho 2001; Brizuela and Albino
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2016). These records are of tupinambine teiids indicating that
the family had already differentiated in the two main lineages
before the Paleocene—Eocene boundary. The origin of the family
would be therefore older (Cretaceous—Paleocene) as also inferred
by molecular data (Giugliano et al. 2007). Recently, a Late
Cretaceous European radiation of lizards, i.e. Barbatteiidae, has
been recognised (Venczel and Codrea 2016; Codrea et al. 2017)
and is considered as sister to Teiidae, further sustaining the early
origin of the Teiidae. As far as we know, outside South America,
teiid lizards have only been reported from the Neogene of North
America and the Caribbean with their earliest presence
(Cnemidophorinae) in the lower Miocene of Florida (Estes
1983).

A purported teiid lizard has already been described in the
European Eocene (Augé 2005), but there are some apparently
significant morphological differences between this taxon and
modern teiids (Brizuela 2010). Here, we report the presence of
a teiid lizard in the European late Eocene. An azygous frontal
from the locality of La Bouffie (European Standard
Mammalian level MP 17, Phosphorites du Quercy, France,
Fig. 1) is nearly identical to frontals of extant teiid lizards.
Moreover, one trunk vertebra and two fragmentary maxillae
from coeval localities in the Phosphorites du Quercy (late
Eocene, MP17) show distinct teiid morphology.

The family Teiidae (sensu stricto) has no known Paleocene or
early Eocene record in Europe. Barbatteiidae are present in the
late European Mesozoic but a phylogenetic analysis including
the fossils studied here indicates that these fossils were of crown
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Fig. 1 Geographical and stratigraphic setting of Eocene teiids in Europe. a Map showing the geographical location of the Phosphorites du Quercy
(France). b Stratigraphic chart of the early Paleogene, showing the age (MP17) of the localities that have yielded teiids remains

teiids. Therefore, independent evolution of the European forms is
unlikely, for lack of suitable local ancestors.

The disjunct distribution of teiid lizards during the Eocene
(South America and Europe) deserves some explanations.
Most taxa have undergone significant shifts in their geograph-
ic range and these movements of species between distinct
biotas often follow the physical removal of barriers between
them (e.g. The Great American Interchange (Marshall et al.
1982; Stehli and Webbs 1985, Webb 1991). Exceptions to
these generalisations are known and there are compelling ev-
idence that some vertebrates (lizards and land mammals)
crossed the Atlantic during the Paleogene probably by rafting
(Vermeij 2005). The possibility of transatlantic dispersal in-
volving teiid lizards during the late Eocene is discussed below.

The vertebrate fossil record chronicles many episodes of
dispersal and biotic interchanges. These are common and im-
portant biogeographic phenomenon (Vermeij 2005). Present
biological invasions provide evidence that species disperse to
places where those species did not originate (e.g. Simpson
1940; Mooney and Cleland 2001). The study of past dis-
persals or invasions in the history of life offers opportunities
to examine the long term consequences of biological ex-
changes and in particular the fate of newcomers in the recip-
ient biota. On an evolutionary time scale, the persistence of the
new established species depends mostly on conditions en-
countered in the recipient biota. The presence of teiid lizards
in the European fossil record is brief (MP17, early late

Eocene) so, this event opens an opportunity to examine the
circumstances that apparently prevented the persistence and
diversification of an invading clade.

Geological setting

Specimens described here were recovered from three localities
within the Phosphorites du Quercy (southwestern France)
which comprises numerous fissures and cavities dissolved
out of the ancient limestone bedrock during the Eocene and
the Oligocene. These fissures accumulated phosphatic sedi-
ments that produced rich vertebrate faunas. Over the last few
decades, a time sequence for these localities and their fossils
was determined. The age of the most productive localities
ranges from the late middle Eocene (MP16, late Bartonian)
to the late Oligocene (MP28, Chattian) (Géze 1938; Schmidt-
Kittler 1987; Rage 2006). The three localities that yielded teiid
lizards were assigned a MP17 (late Eocene) age.

Material and methods

The fossils studied here are deposited in the Muséum national
d’Histoire naturelle, Paris, France (Institutional Abbreviation:
MNHN).



The morphological datasets for the phylogenetic analyses
were assembled in Nexus format (see matrices in appendices
1, 2 and 3, character list in appendices 4 and 5). The matrices
were analysed by parsimony method, using the traditional
search, tree bisection reconnection option in the program
TNT Version 1.1, December 2007 (Goloboff et al. 2008).
Consensus trees were edited with the program Mesquite, ver-
sion 3.04 (Maddison and Maddison 2016). A separate analysis
was conducted using the New Technology Search in TNT.
Bremer Support values were also generated by the New
Technology Search program.

Here, we perform three analyses of morphological data.
The first analysis is limited to characters related to the verte-
bral column, and it includes 21 vertebral characters coded in
24 extant and two fossil taxa (the varanid genus Saniwa and
the purported teiid vertebra described above) with the
outgroup genus Sphenodon (see characters and discussion in
Augé and Guével 2018). The extant taxa are taken from spe-
cies belonging to the main lizard groups: Gekkota, Cordy-
lidae, Scincidae, Lacertidae, Teiidae, Iguania (Iguanidae s.l.
and Agamidae), Anguimorpha (Anguidae, Xenosaurus,
Heloderma, Varanidae sensu Estes et al. 1988, see details in
Augé and Guével 2018). An important lizard taxon, the
Amphisbaenia, has not been included in this analysis. False
phylogenetic signals associated with morphological
convergence in burrowing taxa (e.g. Amphisbaenia) are now
widely recognised (e.g. Ceriiansky et al. 2015; Reeder et al.
2015). Besides, this vertebra is clearly different from
amphisbaenian vertebrae which lack a neural spine and
present prezygapophyseal processes. Multistate characters
were treated as unordered except for character 6.

The second analysis concerns characters related to the
frontal of taxa belonging to the main lizard groups, it
includes 11 characters coded in 47 taxa (appendix 4).
More taxa are included than in the first analysis, as the
skull morphology of lizards has been more extensively
studied than their vertebral morphology. The matrix in-
cludes 3 fossil taxa (Saniwa ensidens, Merkurosaurus
ornatus, Pseudopus laurillardi) and the frontal BFI 1877
studied here. As for the first analysis, most of the charac-
ters are drawn from the literature and previous phyloge-
netic analyses (Estes et al. 1988; Conrad 2008; Smith
2009a; Gauthier et al. 2012; Quadros et al. 2018).
Polarity of some characters (3, 5) is modified relative to
their classic encoding (see justification).

The third analysis includes 11 extant teiid genera and
the fossil specimens from the Eocene of Quercy described
above. Fifty-nine morphological characters (mainly skull
and vertebral characters, see appendix 5) were analysed.
Terminal taxa are composite of the available specimens,
and fossils are considered of the same taxon. In coding
extant genera, the most common state was recorded (less
common states are mentioned in text of appendix 5).

When the states are equally common, both are recorded.
Most characters are from Presch (1974), Denton and
O’Neill (1995), and Nydam et al. (2007), some are mod-
ified and some are new characters not previously used in
phylogenetic analysis.

The systematics of Teiidae has changed in the past years
with the resurrection and proposal of genera, not always with
consistent phylogenetic relations resolutions (see Harvey et al.
2012; Goicoechea et al. 2016; Tucker et al. 2016). These stud-
ies are based mainly on external, soft anatomy and molecular
data (e.g. diagnosis of Salvator and Tupinambis), and there-
fore are inapplicable to fossil materials. Hence, we follow
Nydam et al.’s (2007) osteology-based taxonomy, which does
not account for all (now) known diversity but is of use in
palacontology.

Figures and map were elaborated with Inkscape (Inkscape
Team, 2019), and QGIS (2,18 Las Palmas) (QGIS Team,
2018), the map based on a XYZ tyle from Google Satellite
(http://www.google.cn/maps/vt?lyrs=s @ 189&gl=cn&x=
{x}&y={y}&z={z}: access 1505/2018).

Systematic palaeontology

Order Squamata Oppel, 1811
Superfamily Lacertoidea Fitzinger, 1826
Family Teiidae Gray, 1827
Tupinambinae Bonaparte, (1831)
Teiidae incertae sedis

Material: Frontal, BFI 1877, MNHN, Ex collection Mathis,
La Bouffie, Phosphorites du Quercy (France), late Eocene
(Priabonien, MP17), Fig. 2. Incomplete maxilla, PRR 2007,
MNHN, Perriére B, Phosphorites du Quercy (France), late
Eocene (Priabonian, MP17), Fig. 4. Incomplete maxilla,
MAL 615, MNHN, Malpéri¢, Phosphorites du Quercy
(France), late Eocene (Priabonian, MP17). Trunk vertebra,
PRR 2006, MNHN, Perri¢re B, Phosphorites du Quercy
(France), late Eocene (Priabonian, MP17), Fig. 5.

Description

Frontal BFI 1877, (Fig. 2): Incomplete frontal, missing its
anterior end; thus, the exact shape of this margin cannot be
determined. The frontal is azygous, without any traces of a
suture. In general shape, the bone is slightly constricted be-
tween the orbits, although the lateral borders are not markedly
concave. The frontal reaches its greatest width at the
frontoparietal suture where two transversely oriented, small
posterolateral processes are present (interorbital width,
5.1 mm; frontoparietal suture, 9.5 mm).


http://www.google.cn/maps/vt?lyrs=s@189&gl=cn&x=%7bx%7d&y=%7by%7d&z=%7bz%7d:
http://www.google.cn/maps/vt?lyrs=s@189&gl=cn&x=%7bx%7d&y=%7by%7d&z=%7bz%7d:

Fig. 2 Frontal, BFI 1877, MNHN, Ex collection Mathis, La Bouffie,
Phosphorites du Quercy (France), late Eocene (Priabonien, MP17). a
dorsal view; b ventral view; ¢ posterior view; d right lateral view. FP.h.,

In dorsal view, the anterior part of the frontal shows a weak
ornamentation, which consists of faint subcircular swellings
separated by shallow grooves. No osteodermal crust is pres-
ent. This ornamentation tends to disappear towards the poste-
rior margin of the bone. The posterior border of the frontal is
slightly concave and nearly smooth, except for the presence of
a small median, triangular process and some incipient
interdigitations.

In posterior view (Fig. 2c) the bone shows two (dorsal and
ventral) elongated, curved grooves which correspond to articular
surfaces between the frontal and the parietal that certainly
allowed some movements (cranial kinesis). These two grooves
are shallow and poorly developed (i.e. less developed than those
of the Scincoidea, whereas they are lacking in lacertid lizards).
Medial to each posterolateral process, there are two triangular
(obtuse) articulation facets. These facets would have received,
in life, thin anterior projections of the parietal, i.e. parietal tabs
(= lappets of the parietal of Codrea et al. 2017) and form part of
the frontoparietal mesokinetic hinge.

In ventral view, medial to the well-developed supraorbital
flanges (sensu Smith 2009a), two rather low cristae cranii
(sensu Oelrich 1956) run parallel to the lateral margin of the
bone. The cristae cranii approach one another rather closely at
mid-orbit (but they do not meet, so they do not form a closed
olfactory canal) while they diverge posteriorly.

In lateral view, the frontal is slightly convex, articulation
facets for the prefrontal and postfrontal are present, the former
being more developed (particularly dorsoventrally) than the
latter. These articulation facets do not contact each other, so
the frontal bordered medially the orbit.

Comments

This frontal exhibits several characters that can be used for
phylogenetic analysis (e.g. Camp 1923; Estes et al. 1988;
Gauthier et al. 2012).

In ventral view, the presence of two posteroventral triangu-
lar articulation facets for the parietal tabs is an apomorphy of
the Lacertiformes (Lacertidae + Teiioidea) although present in
some other taxa (e.g. Xantusiidae, Estes et al. 1988).

frontoparietal mesokinetic hinge; Pf.a.f., prefrontal articulation facet;
Pt.a.fparietal tab articulation facet. Scale bar equals 5 mm

Between these parietal tabs, the frontoparietal suture of
extant teiids is more or less strongly interdigitating, following
Gauthier (1984) and Estes et al. (1988) (teiid apomorphy
according to Gauthier et al. 2012). These interdigitations are
hardly visible on the frontal from La Bouffie but, some extant
teiid genera (e.g. Tupinambis, Fig. 3) have the same poorly
developed frontoparietal interdigitations.

Ontogenetic fusion of the frontals has evolved many times
within Squamata and has been considered a synapomorphy of
Iguania and of Gekkota, with many independent acquisitions in
other taxa (Estes et al. 1988). Following these authors, fusion of
frontals in embryonic or early stages of postembryonic
ontogeny is a teiid synapomorphy. According to Conrad’s
(2008) and Gauthier’s et al. (Gauthier et al. 2012) more
recent phylogenetic hypotheses, frontal fusion is an apomor-
phy of the Teiioidea (sensu Estes et al. 1988, Teiidae +
Gymnophthalmidae).

Fig. 3 Frontal, extant Tupinambis salvator (Teiidae). a dorsal view; b
posterior view. Scale bar equals 10 mm



Estes et al. (1988) consider that developed cristae cranii
that restrict contribution of the prefrontal to the orbitonasal
fenestra are the common condition in squamates, with the
exception of Teiidae and most Iguania. The fossil not only
presents shallow cristae cranii but also a large prefrontal
articulation facet that allows the inference of an important
contribution of the prefrontal to nasolacrimal fenestra. The
shallow cristae cranii of the fossil allows differentiation
from most gymnophthalmids in which they fuse into an
olfactory duct (Presch 1980). The exclusion from this
family is more evident because of the absence of posterior
frontal tabs that project posteriorly over dorsal surface
of parietal (apomorphy of Gymnophthalmidae, Estes
et al. 1988).

As stated before the Barbatteiidae, a European Cretaceous
clade are considered as sister to the extant teiids (Venczel and
Codrea 2016; Codrea et al. 2017). Frontals of the barbatteiids
(Barbatteius and Oardasaurus) present extensive osteodermal
crust with the evident impressions of cephalic scales (Codrea
et al. 2017), unlike BFI 1877. The frontoparietal suture of
Oardasaurus glyphis is manifestly serrated and in dorsal view
forms an inverted U, unlike the suture in BFI 1877. The
known frontal of Barbatteius vremiri is less informative be-
cause of the dermal crust development across the
frontoparietal suture (Venczel and Codrea 2016).

The concave outline of the frontal also differs from the
subparallel borders present in several lizard taxa (see Conrad
2008), in particular the extinct Polyglyphanodontinae
(Sulimski 1975). According to Conrad (2008), the Teiidae
and Iguania share the same condition regarding constriction
of the frontal between the orbit. However, the level of con-
striction between the orbits, and therefore the hour-glass shape
of'the frontal is a character state difficult to evaluate because it
is expressed as a ratio and the taxonomic level considered in
different studies. For example, when Estes et al. (1988: 144)
recorded their character 7, that is lateral border of the frontal,
they used the term “strongly constricted between the orbits”.
In that sense, this character occurs in many iguanians but is
absent in Teiidae. Estes et al. (1988) and Smith (2009b,
character 44) consider that Iguania are diagnosed, among oth-
er apomorphies, by a constricted frontal. Gauthier et al. 2012
(characters 48 and 49) try to quantify the degree of interorbital
constriction in relation to the frontoparietal suture although
they suggest rather arbitrary intervals. Measurements of BFI
1877 and an extant teiid, Tupinambis merianae, give values
that correspond to derived states of Gauthier et al. (2012)
character 49. However, these authors did not record these
characters on their list of teiid synapomorphies.

To sum up this point, the frontal from La Bouffie is mod-
erately constricted between the orbits, a feature that is also
fairly common in Teiidae, Gymnophthalmidae, Iguania and
some members of Scincoidea or Lacertidae, even those with
strong supraorbital flanges.

In addition, some other characters, though not regarded as
teiid synapomorphies, may give useful phylogenetic informa-
tion. This is the case for the lack of cephalic scale impressions
on the dorsal surface of the frontal. In recent teiids, head scales
are loosely attached to the skull bones (Pianka and Vitt 2003),
although according to Codrea et al. (2017: 8), occasionally,
some (e.g. Ameiva, Cnemidophorus and Kentropyx) bears at-
tenuated rugosities. To be precise, teiids have cephalic scales
and no osteoderms underlying them. In contrast, lacertids
have large cephalic scales (scutes) and also cephalic
osteoderms. Absence of rugosities is a feature common to all
teiid lizards in contrast with the frontal of lacertids that usually
bears grooves at the limits of epidermal scutes. The frontal of
adult teiids bears low, irregular and poorly defined dermal
rugosities (e.g. Pholidoscelis, Fig. 2 in Bochaton et al. 2017:
Ameiva according to the nomenclature followed here) and the
subcircular swellings that appear on the frontal from La
Bouffie may be interpreted in that sense.

Concerning the articular facets between the frontal and pa-
rietal, two kinds of superimposed surfaces are present on each
side of the posterior margin of our specimen: 1—A dorsal one,
shallow and weakly developed, that corresponds to the lateral
articular surface present on the frontoparietal suture of most
lizards (i.e. frontoparietal mesokinetic hinge). Versluys
(Verluys 1910) defined the term mesokinesis and applied it
to any movement in the skull roof anterior to the parietal. Later
Frazzetta (1962) restricted its usage to movements at the
frontoparietal joint and as recognised by Evans (2008) de-
scriptions of mesokinesis often focus on the frontoparietal
hinge line. 2—A ventral one, under-lapping the mesokinetic
joint, triangular and well-developed that received the parietal
tab (apomorphy of Lacertiformes, sensu Estes et al. 1988).
Coexistence of these two articular surfaces seems to be a
unique feature of teiid lizards, not seen in lacertids that have
only facets for the parietal tabs (Fig. 3). Indeed, among teiids,
the dorsal surfaces are slightly more developed (i.e. with more
overlap onto the frontal) in the Teiinae, whereas the
Tupinambinae present a condition more similar to that of
BFI 1877 (i.e. shorter dorsal overlap). BFI 1877 presents a
marked ridge between these left and right complex articula-
tions (Fig. 2¢). This condition is not observed in extant teiids:
in most taxa these pairs are separated by a convex surface and
not a marked crest; in some cases, where the frontoparietal
suture is deep (i.e. dorsoventrally developed), they are sepa-
rated by dorsoventrally oriented ridges and grooves (e.g.
Ameiva, Tupinambis, the interdigitating part of the
frontoparietal suture).

Fragmentary maxilla PRR 2007 (Fig. 4): This specimen is a
heavily built fragmentary maxilla (anterior part of a right max-
illa, the premaxillary processes and the facial process are bro-
ken off) having the first six tooth positions preserved. The
lateral surface of the maxilla bears a faint dermal ornamenta-
tion consisting of irregular swellings very similar to the



Fig. 4 Incomplete maxilla, PRR 2007, MNHN, Perri¢re B, Phosphorites du Quercy (France), late Eocene (Priabonian, MP17). a labial view; b lingual
view (scale bar equals 5 mm); ¢ dorsal (occlusal) view (scale bar equals 1 mm)

dermal rugosities seen on the frontal. There is one labial fora-
men that opens above the level of the third tooth.

In lingual view, the supradental shelf is eroded. The medial
face of the facial process is poorly preserved but the basal part
of the nasolacrimal ridge is certainly present. A small anterior
ridge runs nearly parallel to the anterior margin of the facial
process and it may represent the cristae transversalis. This
condition is similar to that seen in Tupinambinae (Brizuela
2010, see discussion) but it is a relatively ubiquitous feature
in many lizard groups.

The six tooth positions preserved consist of five complete
teeth (b—f) and the space for another, more anterior one (a).
The three anterior teeth (b—d) are unicuspid, slightly curved
with a rounded to obtusely pointed apex. Teeth (e) and (f) are
slightly bicuspid (more e than f), and cusps are mesiodistally
arranged with the anterior one more diminutive. The dentition
is therefore markedly heterodont. No striations are present on
any of the teeth. The tooth shafts are robust, their basal half is

subcylindrical, then they become conical towards the apex.
The tooth bases are firmly cemented to the supradental table
(sensu Rage and Augé 2010). Cementum covers vastly the
tooth bases and remains even when the teeth are not present,
leaving a kind of “alveolus”. So, tooth implantation is
subpleurodont of the pseudothecodont type (Denton and
O’Neill 1995) where cementum fills all the surface of the
supradental table. Two large rounded resorption cavities are
present lingual to tooth bases (d) and (f), the former smaller
than the later whose base is almost entirely resorbed.

Fragmentary maxilla MAL 615: This specimen is a frag-
mentary left maxilla (posterior part) which preserves only four
complete teeth. Their morphology is identical to that of the
maxillary teeth from Perriére with extensive cementum de-
posits around the tooth bases and on the supradental table.
The palatal shelf (sensu Oelrich 1956 dorsal part of the
supradental table) is wide. There is a shallow depression (jugal
facet) along the posterior part of the nasal process. A low ridge



separates the jugal facet from the flat medial surface of the
palatal shelf.

This maxilla may represent the same taxon as the maxilla
from Perriére B on the basis of teiid morphology, comparable
size and similarity in tooth morphology.

Actually, tooth morphology is not identical and it slightly
differs between the two specimens. In the posterior fragment,
the penultimate tooth is short, stocky with a blunt apex.
Hence, if both specimens are from the same taxon, the
heterodonty includes uni, bicuspid and robust unicuspid (or
molariform or amblyodont sensu Estes and Williams 1984;
Augé 2005) teeth. This type of heterodonty has been docu-
mented in Tupinambis (Presch 1974; Dessem 1985; Kosma
2004; Brizuela and Albino 2010).

Comments

According to Edmund (1960), tooth replacement of the
“iguanid method” is observed in gekkonids, iguanids, scincids,
cordylids, xantusiids and lacertids. In iguanids, the replacement
pit develops largely in an apical direction. In contrast, replace-
ment pits in teiids affect mainly the base of the teeth and they do
not develop much in an apical direction. The lack of marked
striations on the teeth favours the exclusion of most Scincoidea
that bear apical enamel crest, unlike most lacertids and teiids.
Kosma (2004: 166) considers that tooth striations cannot be
considered as an autapomorphic character of “Scincomorpha”
because they are also present in other groups (i.e. some
Anguimorpha). In Teiidae, there are only faint convergent stri-
ations in those tupinambines with robust teeth (Tupinambis,
Dracaena, and Paradracaena) but there are no marked distinct
stria (with the exception of the irregular mesiodistal crest ob-
served in molariform teeth of Tupinambis).

In general, teiid dentition is considered subpleurodont (sensu
Presch 1974, and Zaher and Rieppel 1999) where successive
tooth positions are delimited by interdental walls or septa (see
controversy between Zaher and Rieppel 1999 and Caldwell
et al. 2003) which are not always complete. The amount of
cementum can help generally differentiate between taxa within
the family. Three conditions can be recognised regarding the
amount of cementum (see Denton and O’Neill 1995; Nydam
et al. 2007; Brizuela 2010); a: taxa with little cementum
(Cnemidophorus, Ameiva, Kentropyx, Aspidoscelis); b: taxa
with abundant cementum that partially conceals the interdental
septa (Crocodilurus, Tupinambis); c: taxa with much cementum
that totally conceals the interdental septa (i.e. pseudothecodont)
(Dicrodon, Dracaena, Paradracaena, Teius). These conditions
are not always clear-cut or evident (the conditions grade into
one another). These fossil maxillac seem to conform to the
pseudothecodont type.

The assignment of these maxillae is based on several charac-
ters which in combination strongly suggest teiid relationships:
conspicuous cementum deposit around tooth bases, deep,

subcircular replacement pits, “subpleurodont” tooth implantation
and marked heterodont dentition (Nydam and Cifelli 2002).
These are all teiid synapomorphies according to many authors
(e.g. Estes et al. 1988; Pianka and Vitt 2003; Nydam et al. 2007)
and shared with Borioteiioidea (Nydam et al. 2007). This type of
subpleurodont dentition (sensu Zaher and Rieppel 1999 or
pseudothecodont) is observed in some Tupinambinae
(Dracaena and the extinct Paradracaena) and some Teiinae
(Dicrodon and Teius). In both cases, it is associated with a very
particular dentition: large molariform teeth in Tupinambinae,
transversely bicuspid teeth in Teiinae. Neither is the case for
the fossil material whose dentition would be similar to that of
Tupinambis (if both maxillae are from the same taxon). Some
specimens of 7. merianae present much cementum, close to the
pseudothecodont type.

Additionally, the heavily built maxillae and robust dentition
are characteristics consistent with teiid affinities.
Trunk vertebra PRR 2006 (Fig. 5). This is a large and robust
vertebra, dorsoventrally depressed, and the condyle is broken
off. In dorsal view, the neural arch is low, and the vertebra is
wide and constricted between the pre- and postzygapophyses.
The dorsal surface of the neural arch shows a distinct median
crest that rises posteriorly into a neural spine that is incom-
plete. The neural arch does not completely cover the centrum,
of which the anterior edge is visible in dorsal view. The ante-
rior edge of the neural arch shows a well-developed
zygosphene that possesses ventrolaterally oriented articular
facets. The vertebra is strongly depressed where the
zygosphenal articular facets and the prezygapophyses meet
so that these two structures seem to form a continuous articu-
lar surface. In dorsal view, between the lateral zygosphenal
articular surfaces, the roof of the zygosphene is incised.
Anteriorly, the zygosphene is thin (but not laminar). The
cotyle is oval (dorsoventrally flattened) and it faces
anteroventrally, as in most lizards with procoelous vertebrae.
However, the ventral rim of the cotyle is not strongly retracted
posteriorly, so that the concave surface of the cotyle is slightly
exposed in ventral view, in contrast to most Anguimorpha. In
anterior view, the outline of the neural canal is triangular and
rather constricted. Anterolaterally, the synapophyseal facet is
moderately elongated beneath the prezygapophyses and
slightly posteriorly inclined. The ventral aspect of the centrum
is triangular and bears a wide, rounded sagittal ridge. No sub-
central foramina are present.

Comments

This vertebra shows a characteristic teiid form: depressed, cen-
trum flat and triangular in ventral view, presence of a well-defined
zygosphene, presence of a deep depression between the
zygosphenal articular facet and the prezygapophysis (Hoffstetter
and Gasc 1969; Albino and Brizuela 2014), and taken together,
these characters strongly suggest teiid relationships. The trunk



Fig.5 Trunk vertebra, PRR 2006, MNHN, Perriére B, Phosphorites du Quercy (France), late Eocene (Priabonian, MP17). a dorsal view, b ventral view,
c lateral view, d posterior view, e anterior view. Scale bar equals 5 mm

vertebrae of the varanid genus Saniwa, present in the European
Eocene, share some features with the vertebra from Perriére, in
particular a depressed centrum and the presence of a zygosphene.
However, the zygosphene on the vertebrae of Saniwa is rudimen-
tary, without any articular surfaces (pseudozygosphene, sensu
Hoffstetter and Gasc 1969) and its cotyle shows a definite varanid
morphology (articular surface of cotyle directed ventrally) that is
absent in the vertebra from Perricre.

Among extant teiids, a small and triangular neural canal
and rounded sagittal crest (i.e. without marked borders) are
indicative of tupinambine affinities. Variation exists in the
depth of the zygosphene among teiids: while in the teiine it
is shallow, it is deep in (adult) tupinambine (Albino and
Brizuela 2014). The zygosphene in PRR 2006 appears to have
an intermediate depth.

Comparisons

Referral of the specimens described here to the family Teiidae
is based on several synapomorphies shared with extant mem-
bers of the family Teiidae (frontal, maxillae) or a combination
of characters that are only present in teiids (vertebra).

The frontal from La Bouftfie differs significantly from that
of most lizard taxa (in particular Lacertidae and Scincoidea)
by its absence of osteodermal covering and scale impressions,
its contact with the parietal which involves two structures
(ventral facets receiving the parietal tabs and dorsal hinges),
and its moderate constriction between the orbits, a feature also
present in many iguanids but much more developed in this
group, see for example the genus Cadurciguana from the late
Eocene of the Phosphorites du Quercy. In addition, the frontal
from Cadurciguana bears the mark of the parietal foramen
which was located between the frontal and the parietal, a
feature absent in frontal BFI 1877. This frontal does not
underlap the parietal laterally (no trace of underlap is visible),
so it differs from Iguanian (and more generally from
Anguimorphan) condition (see Smith 2009a).

The fragmentary maxillae bear amblyodont teeth, like
some other lacertid lizards from the Eocene/Oligocene of the
Phosphorites du Quercy (Escampcerta; Dracaenosaurus) but
teeth of these species do not have a subpleurodont implanta-
tion, sensu Zaher and Rieppel 1999. Moreover, Escampcerta,
from coeval localities in the Quercy, is considerably smaller
than maxillae MAL615 and PRR 2007 and Dracaenosaurus



(a lacertid from the late Oligocene of Europe, Cerfiansky et al.
2016) has mesiodistally elongated amblyodont teeth that dif-
fer markedly from the teeth described here. Some extant (e.g.
Tiliqua scincoides) or fossil scincids (Pyrenasaurus evansae,
Bolet and Augé 2014) bear enlarged teeth but their implanta-
tion is different (not subpleurodont) and the posterior part of
the maxilla (end of the facial process) is elevated and bears an
incision, not present in maxilla MAL 615.

The dorsal vertebra differs strongly from that of lacertid
and scincoid lizards by its low neural arch, its nearly smooth
ventral surface, with a slightly rounded sagittal ridge, the
cotyle and condyle markedly flattened and its well-
developed zygosphene. The most similar dorsal vertebrae
are those of varanid lizards but they lack a zygosphene except
for the genus Saniwa, known in the early Eocene of Europe,
but its zygosphene is inconspicuous and Saniwa disappears
from Europe at the end of the early Eocene.

So all fossils show strong teiid affinities, their size and
proportion are rather comparable and they come from the
same stratigraphic level (early late Eocene, MP17), and in
the case of one maxilla and the vertebra, they come from the
same locality. Regarding size, and considering that the 6 tooth
spaces of the maxilla PRR 2007 measure 4.9 mm long and
assuming a conservative tooth count of 15 teeth for this max-
illa (maxillary tooth count of most extant teiids is between 15
and 20 teeth), gives a rough estimate of the length of the
maxilla (= 12.2 mm). This value is consistent with the size
of the frontal BFI 1877 (length =13 mm) and of the dorsal
vertebra PRR 2006 (dorsal length = 11.5 mm).

These fossils come from two different localities, Perriére B
and La Bouffie (and even three if we consider the maxilla
MAL 615 from Malpéri¢) and it may be asked if specimens
from different localities could be referred to the same species.

The three localities belong to the same geographic and
geologic area (Phosphorites du Quercy, France) and sedi-
mentary conditions are similar (see geological setting).
Moreover, they are very similar in age (late Eocene,
MP17). Actually, if we compare the lizard assemblages
from Malpérié, Perriere B and La Bouffie (see Table 1),
the set of species from the poor localities (La Bouffie,
Perriére B) is a subset of the assemblage of the more
diverse locality, Malpéri¢ (nearly all lizard taxa, species
or genera present at Perriére or La Bouffie are shared with
the assemblage of Malpéri¢). This pattern points to the
similarity between the lizard assemblages from the three
localities so that their differences in diversity and abun-
dance mainly reflect differences in quantity and exploita-
tion of the fossiliferous substratum.

Hence, attribution of these fossils to the same species is a
plausible option (at least as plausible as the attribution of dif-
ferent fossils from the same locality to the same species) but
we consider that the available material is insufficient to allow
comparisons with other teiids at the species level.

Phylogenetic study

Among the three analyses performed here (see material and
methods), the two first analyses are conducted with subsets of
large morphological datasets, limited to vertebral characters
(analysis 1) and frontal characters (analysis 2). Why using a
subset of large morphological dataset and a different scoring
of characters? In phylogenetic analyses including isolated fos-
sils, missing data are a serious nuisance when large morpho-
logical datasets are used (e.g. Scotland et al. 2003; Sansom
and Wills 2013; Augé and Guével 2018, Villa et al. 2018a,
2018b). Missing data cause taxa to drift down trees from their
original position (Sansom 2015) and Guillerme and Cooper
2016 state that the ability to recover the “best” tree decreases
as the number of missing data increase.

Now, it is widely recognised that large morphological data
sets have so far failed to recover congruent phylogenies of
squamate reptiles. In contrast, many authors (e.g. Wiens
et al. 2012; Reeder et al. 2015; Pyron 2015) consider that
molecular phylogenetic analyses (and combined analyses)
have resolved the phylogeny of Squamates that is increasingly
supported by new genomic data. According to these analyses,
gekkonids (with Dibamidae) are regarded as the most basal
lizard group and character states in our analyses are scored in
accord with this phylogenetic topology. Hence, our choice ofa
subset of large data set. How to judge merits or failure of this
partition of data? The answer is straightforward: phylogenetic
hypotheses which are derived from morphological data can be
tested with combined or molecular studies. The likelihood that
congruent results are independent and reflect the true phylog-
eny is high. In other words, recovering a morphological tree
that approximates the combined or molecular trees would be
an important stepping-stone on the way to inferring phyloge-
netic relationships of extinct taxa.

Results

Three equally most parsimonious trees are recovered from the
first matrix (vertebral characters) (length (L) 48, consistency
index (Ci) 0.58, retention index (Ri) 0.84). These trees were
used for the strict consensus tree (Fig. 6, L 49, Ci 0.57, Ri
0.83), with two nodes collapsed. Bremer Support values for
trees one step longer than the most parsimonious trees: clade
vertebra Quercy + Ameiva = 100; clade Iguania + Angui-
morpha (Toxicofera) =33. In each of the four trees, the fossil
vertebra from the Eocene of Quercy forms a monophyletic
group with the teiid genus Ameiva. Interestingly, the results of
this analysis are largely congruent with those of recent molecular
and combined analyses of lizard phylogeny (e.g. basal position
of Gekkota, Iguania included in Anguimorpha, see Pyron et al.
2013; Reeder et al. 2015) which reinforces the confidence in the
results of this analysis. However, in this case, the analysis fails to
recover lacertids and teiids as a monophyletic group. An



Table 1  Nestedness: Distribution of lizard taxa among the MP17 (late
Eocene) localities from the Phosphorites du Quercy. Taxa in species poor

most diverse locality (Malpéri¢). Only three taxa (out of 20) present at La
Bouffie and Perricre are absent from Malpérié¢. Data in Augé 2005 and

localities (La Bouffie, Perriére, Aubrelong) form subsets of those of the Bolet and Augé 2014
MP17 Malpérié La Bouffie Perriére B
Iguania
Iguanidae
Geiseltaliellus lamandini Geiseltaliellus lamandini
Geiseltaliellus pradiguensis
Cadurciguana hoffstetteri Cadurciguana hoffstetteri
Pseudolacerta mucronata
Gekkota
Cadurcogekko piveteaui Cadurcogekko piveteaui Cadurcogekko piveteaui
Lacertoidea
Lacertidae
Plesiolacerta lydekkeri Plesiolacerta lydekkeri Plesiolacerta lydekkeri
Quercycerta maxima Quercycerta maxima
Gracilicerta sindexi Gracilicerta sindexi Gracilicerta sindexi
Escampcerta amblyodonta
Teiidae sp. Teiidae sp Teiidae sp Teiidae sp
Lacertoidea
incertae sedis
Brevisaurus smithi
Scincoidea
Scincidae
Orthoscincus malperiensis
?Cordyliformes
Eocordyla mathisi
Anguimorpha
Anguidae
Glyptosaurinae
Placosaurus sp Placosaurus sp Placosaurus sp
Anguinae
Anguis sp Anguis sp Anguis sp
Platynota Helvetisaurus
Necrosaurus eucarinatus Necrosaurus eucarinatus
Necrosaurus cayluxi Necrosaurus cayluxi Necrosaurus cayluxi
Helodermatidae
Eurheloderma gallicum Eurheloderma gallicum
Amphisbaenia
Blanidae
Blanidae indet Blanidae indet Blanidae indet
Iguania
Iguanidae
Geiseltaliellus lamandini X X
Geiseltaliellus pradiguensis X
Cadurciguana hoffstetteri X X
Pseudolacerta mucronata X
Gekkota
Cadurcogekko piveteaui X X X
Lacertoidea
Brevisaurus smithi X



Table 1 (continued)

MP17 Malpérié La Bouffie Perri¢re B
Lacertidae
Plesiolacerta lydekkeri X X X
Quercycerta maxima X X
Gracilicerta sindexi X X X
Escampcerta amblyodonta X
Teiidae
Teiidae indet X X X
Scincoidea
Scincoidea indet A
Scincoidea indet B
Scincidae
Orthoscincus malperiensis X
?Cordylidae
Eocordyla mathisi X
Anguimorpha
Anguidae
Placosaurus sp X X X
cf Anguis X X X
Ophisaurus s.1. X X X
Helvetisaurus X
Necrosaurus X X X
Helodermatidae
Eurheloderma gallicum X X
Amphisbaenia
Blanidae
Blanidae indet X X X

analysis of the same dataset conducted with the New
Technology Search program in TNT gives nearly the same

Fig. 6 Strict consensus tree of
three most parcimonious trees
from the analysis of members of
the main lizard families (except
Amphisbaenia) and the vertebra S 9
from the Quercy (PRR 2006), é\'{’
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results, and the strict consensus tree (Fig. 7, L 48, Ci 0.58, Ri
0.84) is perfectly congruent with molecular or combined

Teiidae
N
o
(2 (2
S Q@ S o 12
3 14 2 S S & I
© § ¢ o s § & 8 § 5§ & 8 s &
S $ & S & £ S5 & T F o 2 a §F § & 5§ & 5 5
§ £ 5§ &85 9 8 F S L2 § S § 8§ s § §
s 9O N S Ny J
s ¢ 8 5 5 & £ s 8 9 & S & £ @ o T & &
& o S @ N I < ¥ 5 0 O «a S I ¥ T § g £ ¢




phylogenetic analyses of lizards (except for arrangement within
Anguimorpha). In particular, it recovers the monophyletic group
Lacertoidea (teiids and lacertids).

The second analysis (frontal characters) gives 38 equally
most parsimonious trees (L 27, Ci 0.51, Ri 0.89). The strict
consensus tree (Fig. 8, L32, Ci 0.43, Ri 0.85 with 8 nodes
collapsed) shows that the frontal from the Eocene of Quercy
forms a monophyletic group with the teiid species Ameiva
ameiva and Tupinambis merianae. Another analysis, with
the same taxa and characters (except character 4 that has been
excluded) gives 38 equally most parsimonious trees (L 23, Ci
0.52, Ri 0.90) resulting in a strict consensus tree after 8 nodes
have been collapsed (Fig. 9, L 28, Ci 0.42, Ri 0.86). Bremer
Support values for trees one step longer than the most parsi-
monious trees: clade frontal Quercy, Tupinambis merianae,
Ameiva ameiva =100; clade Iguania + Anguimorpha
(Toxicofera) =33. The reason for excluding character 4
(subolfactory processes contact) from the analysis is that this
character may be associated with false phylogenetic signal as
its derived state is only present in Gekkota and varanids.
These taxa are widely recognised as, respectively one of the
most basal lizard group (Gekkota) and one of the most derived
(varanids). Once again, the results of these two analyses are
largely congruent whith those of recent molecular and com-
bined analyses of lizard phylogeny, in particular a monophy-
letic clade including Anguimorpha and Iguania is recovered
(cf Toxicofera sensu Vidal and Hedges 2005) with a new
morphological apomorphy, character 9 (frontal underlaps pa-
rietal laterally). These two analyses also support the placement
of the frontal BFI 1877 within Teiidae.

Teiidae

Four equally most parsimonious trees are recovered from
the third analysis (extant teiids + fossil specimens) with TNT
(length (L) 85 steps, consistency index (Ci) 0.83, retention
index (Ri) 0.83). The resulting trees were used for the strict
consensus tree (Fig. 10, L 92; Ci 0.77; Ri 0.75). In this case,
the fairly high retention and consistency indices indicate that
there is relatively little homoplasy in our morphological
dataset (Klingenberg and Gidaszewski 2010).

The fossil specimens are recovered as sister to the extant
genus Dracaena, highly nested in a group including the extant
genera Callopistes, Crocodilurus, Dracaena and Tupinambis,
confirming the monophyly of the subfamily Tupinambinae
(Estes et al. 1988). These results suggest that the Eocene fos-
sils from the Quercy belong to this subfamily. The
Tupinambinae are nested in a large polytomy with the rest of
the teiids, the Teiinae failing to form a monophyletic group.

Hence, it is clear from these analyses and descriptions that
the lizard fossils studied here belong to teiid lizards and more
specifically the third analysis suggests that they belong to the
subfamily Tupinambinae.

Origin of European teiids

Atlantic crossing

If teiid lizards were present in Europe during the late Eocene
(MP17), one critical question arises: where did they come

from? This question (geographical origin of European teiids)
leads to different proposals: The most straightforward

Fig. 7 Strict consensus tree of three most parcimonious trees from the
analysis of members of the main lizard families (except Amphisbaenia)
and the vertebra from the Quercy (PRR 2006), conducted with TNT new
search program. Ameiva and Quercy vertebra are sister taxa, monophyly

of Lacerta and teiids is also recovered. Note the general conformity of the
topology of this tree with results obtained from molecular analyses of
extant lizards, except for the placement of Iguania within “Anguimorpha”
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Fig. 8 Strict consensus tree (L 32, Ci 0.42, Ri 0.85) resulting from the
analysis of 11 morphological characters of the frontal taken from 44
extant lizard taxa representing the main lizard families, three fossil
lizards (Saniwa, Merkurosaurus, Pseudopus laurillardi) and the frontal
BFI 1877. Ameiva ameiva, Salvator merianae (extant Teiidae) and

hypothesis implies a European origin: Several lizard remains
from the Late Cretaceous have already been referred to
Teiidae or taxa regarded as closely related to Teiidae in
Europe (Chamopsiidae, Borioteiioidea, see Gheerbrant et al.
1997; Rage 1999; Folie and Codrea 2005; Makadi 2006,
2013a, 2013b, Barbatteiidae see Codrea et al. 2017). None
of these Late Cretaceous taxa persisted into the European
Paleogene.

Extant teiids are only known in the New World (they are
widely distributed in South America, with some genera
reaching Central and North America and the West Indies,
Harvey et al. 2012). Historically, it has been stated that teiids
(sensu lato, e.g. Nydam et al. 2007) had a wider distribution,
chiefly in the Late Cretaceous, when an extinct basal group,
polyglyphanodontines (Borioteiioidea sensu Nydam et al.
2007) was diverse in Asia (Mongolia), Europe and North
America. The fossil record indicates that all these Northern
Hemisphere teiids became extinct by the end of the
Cretaceous, presumably as a result of the K/Pg extinction event
(Longrich et al. 2012). However, due to the rarity of Paleocene
lizard fossils, this disappearance may be the result of sampling
artefacts. Longrich et al. (2012) rejected this possibility for the
fossil record of North America and, in the same vein, the studies

Quercy frontal form a monophyletic group. Note also the general
conformity of the tree topology with those obtained from molecular and
combined analyses, in particular a monophyletic clade including Iguania
and “Anguimorpha” is recovered (Toxicofera)

of Paleocene fossil localities in Europe (Folie 2006; Smith et al.
2014) confirmed the absence of Borioteiioidea and certainly of
Barbatteiidae after the K/Pg boundary.

Recent phylogenetical investigations suggested that the
purported early teiids were actually distantly related to the
teiid group and even to Lacertoidea. For instance, Gauthier
et al. (2012) state that polyglyphanodontians lack several
apomorphies associated with crown Sclero- glossa (i.e. major
squamate clades except Iguania) and far from being stem te-
iids (e.g. Estes 1983), they are stem Scleroglossa, but the
authors did not consider chamopsiid lizards in their analysis.
What is clear is that the systematic position of the borioteiioid
lizards is in a state of flux and could continue to shift with new
analyses (Nydam 2013).

An important implication of these results is that the family
Teiidae (sensu stricto = crown teiids) has no known Paleocene
or early Eocene record in Europe and perhaps in the Mesozoic
rendering endemic evolution of teiids in Europe an improbable
alternative. Hence, the disjunct distribution of teiid lizards dur-
ing the Eocene (South America and Europe) requires another
explanation, particularly given the context of “splendid isola-
tion” (Simpson 1980) that characterised South America during
most of the Cenozoic. The radiation of teiids and their arrival in
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Fig. 9 Strict consensus tree (L 28, Ci 0.43, Ri 0.86) resulting from the
analysis of the same matrix than those in Fig. 8, except character 4 has
been deactivated. The same general topology is preserved, in particular
extant teiids and frontal BFI 1877 form a monophyletic assemblage. Note
also that there are a smaller amount of nodes in this consensus tree than

Europe post-date the major episodes of continental movement
that marked the break-up of Gondwana by a considerable pe-
riod. In the Eocene, the Atlantic margins of South America and
Africa were already widely separated and South America has
been continuously surrounded by oceans from the early

Fig. 10 Strict consensus tree of e 4
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the strict consensus tree in Fig. 8 and that the Ri and Ci are slightly more
significant than in analysis Fig. 8. These results may confirm the potential
nuisance of convergent characters to morphological phylogenetic
analyses

Eocene to the Pliocene (splendid isolation), so no obvious
vicariant event can explain the distribution of Eocene Teiidae.

Altogether, the fossil record favours the hypothesis that
Eocene European teiids came from elsewhere and their recent
distribution strongly supports migration from the New World.

Tupinambinae
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South American origin of Teiidae is well supported both by
palaeontological and molecular data; thus, the possibility of
transatlantic dispersal must be favoured. Two main hypothe-
ses may be proposed:

1. The dispersal of Teiidae to Europe may have occurred via
a northern route (North America). Northward dispersal of
South American elements (Teiidae in particular,
Giugliano et al. 2007) may have been facilitated by a
structure formed by the Greater Antilles which connected
to South America near the Eocene/Oligocene transition
(Tturralde-Vinent and MacPhee 1999).

2. Dispersal via a Southern route, where Africa may have
played the role of a stopover for migrating teiids.

Either hypothesis has its shortcomings, the first being the
absence of fossil teiids in the Paleogene of Africa and North
America.

Faunal exchanges between North America and Europe are
well documented in the early Eocene (migrations tied to the
PETM, Paleocene/Eocene Thermal Maximum) and they en-
compass a wide range of taxa, the best-known being the mam-
mals and to a lesser degree the lizards (Augé 2003; Smith et al.
2006; Smith 2009a). However, no teiid fossil is known in the
numerous and well-studied fossiliferous localities of North
America (Smith 2009b; Smith 2011; Smith and Gauthier
2013) or Europe (Rage 2013; Augé 2005) during this period.
Then, faunal exchange between North America and Europe
severed after the early Eocene, and since that time, their squa-
mate fauna follow a separate way.

Here, we favoured the scenario that implies the southern
route because classic cases of transatlantic dispersal between
Africa and South America are well documented for
caviomorph rodents and primates (New World monkeys, plat-
yrrhines) during the late Eocene—Oligocene period (Poux et al.
2006; Antoine et al. 2012). It is also well worth noting that
transatlantic dispersal of amphisbaenians during the
Paleogene has already been suggested (Vidal et al. 2008), as
well as westward dispersal of the scincid Mabuya (Carranza
and Arnold 2003) and of several gekkonid taxa (Carranza and
Amold 2006; Gamble et al. 2011).

Moreover, transtethys faunal exchanges between Africa
and Europe are well documented during the Eocene (e.g.
Gheerbrant and Rage 2006; Angst et al. 2013). For instance,
among lizards, the presence of cordylid remains in the late
Eocene of Spain (locality of Sossis, Bolet and Evans 2013)
and possibly of France (Phosphorites du Quercy, Augé 2005)
is the result of dispersal from Africa.

Physical context

Direct land connection between Africa and South America
was severed after the Late Cretaceous and by the middle

Eocene the shortest distance between them exceeded
1000 km (Sclater et al. 1977; Scotese 2004; Eagles 2007).
Hence, if land vertebrates migrated from one continent to
the other after this period, some kind of transatlantic dispersal
must have occurred (Hoffstetter 1972; De Oliveira et al.
2009).

The currents of the South Atlantic gyre (a counterclockwise
pattern of water circulation, Haq 1981; Parrish 1993) began
after the formation of deep water connection between South
and Central Atlantic basins (at least since 50 Ma, early
Eocene, De Oliveira et al. 2009).

It seems reasonable to assume that the direction of major
transatlantic dispersal events between Africa and South
America is unidirectional and westwards and the idea that
west-to-east dispersal is possible is regarded with scepticism.
The reason is that the curvature and rotation of the earth give
rise to the Hadley circulation (winds) and ocean currents that
run east to west in the tropical latitudes (the so called Atlantic
South Equatorial Current, SEC, Peterson and Stramma 1991;
Bourles et al. 1999) (Fig. 11). The most likely scenario
explaining migration of Caviomorpha rodents and
Platyrrhines primates would have been an equatorial route that
utilised the SEC which is the northern portion of the South
Atlantic gyre. When the SEC meets the South American con-
tinent, a portion of the SEC (the Brazil Current) flows South to
the Equator along the Brazilian coast to the offshore of the Rio
de la Plata. In the southern part of the South Atlantic gyre,
southeastward-flowing winds drive eastward-flowing currents
(South Atlantic Current, SAC, Mc Cartney 1977) (Fig. 11).
According to Vianna and Menezes (2011), the latitudes be-
tween 35°S and 40°S are dominated by eastward flows and
east of the Rio Grande Rise this eastern current is intensified.
The SAC passes south of Rio Grande Rise and the Walvis
Ridge (20-30° S) that 50-60 Ma ago constituted a set of
islands and shallow waters (De Oliveira et al. 2009) that
would have favoured transatlantic migration.

The South Atlantic Current is a natural vector for an east-
ward transatlantic journey. Two main objections may be raised
against this hypothesis: 1—the SAC meets the Antarctic
Circumpolar Current (AAC), so it may be too cold to convey
mostly tropical animals. 2—This current is weaker than its
counterpart in the North Atlantic (Gulf Stream) and too slow
to transport South American animals to Africa.

However, the SAC is distinct from the Antarctic Circumpolar
Current and is separated from it by the Subtropical Front
(Stramma and Peterson 1990). This front stretches across most
of the South Atlantic and Deacon (1933) observed a sudden
change in surface temperature of at least 4 °C. According to
Deacon (1937), the surface waters just north of the front have
minimum temperatures ranging from 11.5 °C in winter to
14.5 °C in summer and are often warmer by 5 °C or more.
Then, the Subtropical Front operates as a northern boundary to
the cold waters of the Antarctic Circumpolar Current. To be fair,
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Fig. 11 Map Atlantic: schematic representation of the upper-level cur-
rents in the South Atlantic Ocean. Surface currents of the South Atlantic
Ocean modified from Peterson and Stramma 1991 and Lawver et al., not
published. AAC, Antarctic Circumpolar current; BC, Brazilian current;
NBC, North Brazilian current; NECC, North Equatorial Counter current;
SAC, South Atlantic current; SEC, Atlantic South Equatorial current;
RGR, Rio Grande ridge; STF, subtropical front; WR, Walvis ridge .

the surface velocities of the SAC are not large (they are on the
order of 20 cm/s, Roden 1986) when compared with those of the
South Equatorial Current where westward velocities often reach
50 cm/s (Peterson and Stramma 1991).

On the other hand, it has often been suggested that large
seafloor plateaus such as the Rio Grande Rise or the Walvis
Ridge may have been an intermediate stop for mammals mi-
grating from Africa to South America during the Paleogene
(De Oliveira et al. 2009). However, the Walvis Ridge and Rio
Grande Rise are situated in the southern part of the South
Atlantic gyre (Fig. 11), so it is highly improbable that these
structures have ever been an intermediate stop for mammals
migrating from Africa to South America. On the contrary, at
the latitude of these ridges, any South American rafts would

E SEC

| ]
1000 km

Obviously, there is no current running from Africa to South America near
those ridges and if they have been an intermediate stop for vertebrate
migrants, the Brazil Current and the SEC would have swept any raft first
southward and then eastward towards Africa. Lawver, L.A., Dalziel,
L.M., Grahagan, L.M., Intercontinental Migrations Routes for South
American Land Mammals: Paleogeographic Constraints

have been swept southward by the Brazil Current and then
eastward towards Africa, and according to Vianna and
Menezes (2011) east of the Rio Grande Rise the eastern cur-
rents are intensified.

Moreover, equatorial surface currents are not limited to the
south of the South Equatorial Current (SEC) but they involve
a complex system: the SEC bifurcates on the coast of Brazil.
Its Northern branch, the North Brazil Current (NBC), turns
back and maintains a consistent eastward current that flows
into the North Equatorial Counter Current (NECC, Fratantoni
et al. 2000). The NECC runs eastward and transports water
against the mean westward wind stress in the tropics. The
mean eastward velocity for the NECC is 30 cm/s and maxi-
mum velocities of up to 50 cm/s have been measured in the



winter (Richardson and McKee 1984; Arnault 1987;
Fratantoni 2001).

The Atlantic NECC is characterised by its extreme season-
ality and variability (Carton and Katz 1990; Fratantoni et al.
2000). Interestingly, this large-scale variability has been in
part linked to the El Nifio/Southern Oscillation phenomenon
(ENSO) in the Pacific. A response to El Nifio events occurs in
the tropical Atlantic, and coincide with intensification of the
NECC (Hisard 1980).

To sum up, the upper-level circulation in the South Atlantic
Ocean does not prevent eastward migrations between South
America and Africa and isolated events like ENSO could even
favour this direction. ENSO phenomena have been proposed
for the early-middle Eocene based on sequence analysis of
pollen profiles at Messel (Lenz et al. 2016). There are at least
two possible routes, both have their pros and cons and neither
can be dismissed at present.

In the same vein, two papers (Sanmartin et al. 2007; Linder
et al. 2013) have investigated the existence of dispersal asym-
metry in the Southern Hemisphere and more specifically
whether inferred asymmetries are consistent with the direction
of the West Wind Drift (i.e. westward flowing winds and the
associated currents). Contrary to expectations, these studies
did not detect any significant directional asymmetry in long-
distance dispersal events.

Candidates for migration

Phylogenetic reconstructions favour dispersal from Africa to
South America for rodents and primates (see references
above), bats (Lim 2009; Springer et al. 2011), birds with lim-
ited flight capability as the hoatzin (Mayr et al. 2011) and
lizards (amphisbaenians, Vidal et al. 2008; geckos, Carranza
et al. 2000; scincids, Carranza and Armold 2003).

The presence of land vertebrates with purported South
American affinities in Europe has already been suggested
(Mourer-Chauviré 1999; Rage 1999). These early records
have not been confirmed, like the purported European
xenarthran Eurotamandua (Storch 1981; Storch and
Habersetzer 1991). Recent studies of this animal from
Messel suggest it is related to Pholidota, not Xenarthra
(Delsuc et al. 2001; Rose 2012).

New studies suggest dispersal from South America to
Africa for invertebrates (e.g. land snails, Woodruff and
Mulvey 1997), and vertebrates (here restricted to terrestrial
taxa), lizards (Amphisbaenidae, Ezcurra and Agnolin 2012;
geckos, Gamble et al. 2011) and birds (terrestrial “Terror”
birds, Mourer-Chauviré et al. 2011; Angst et al. 2013).
Among invertebrates, dispersal by birds is a prevalent mech-
anism for land snails (Rees 1965; Gittenberger 2012).

Rafting on floating vegetation has been repeatedly sug-
gested for vertebrates (adults or eggs) migrating from Africa
to South America (Hoffstetter 1972; Houle 1999), Africa to

Madagascar or around the Caribbean (Losos 2009), sweep-
stakes dispersal according to Simpson 1940). Some early pro-
posals include Matthew’s (1915) calculations about the fre-
quency of observed vegetation or natural rafts and he conclud-
ed that rafting is a reasonable explanation for small mammal
dispersal.

Lavers (2000) gave a confirmed range of rafting for lizards
of 1500 km, and Censky et al. (1998) made observations of
over-water dispersal of green iguanas between islands in the
Caribbean. Anolis lizards have recolonised islands denuded by
hurricanes in the Bahamas up to 300 km away (Calsbeek and
Smith 2003). In the Afrotropical region, phylogenetic studies
of gekkonids (Kluge and Nussbaum 1995) and chameleons
(Raxworthy et al. 2002) have implicated over-water dispersal
from Madagascar to Africa. A major aspect of these reports is
that all the confirmed successful sweepstakes events have in-
volved reptiles and more precisely lizards. These ectothermic
vertebrates do not face the high energy demands of mammals.
In addition, heterothermy is a daily reality in reptiles (Malan
1996; Mc Nab 2002) and many species also readily enter
dormancy during climatic fluctuations, seasonal drought or
shortage of food resource (Zug 1993; Bradshaw 2003).
Long-distance drift is expected to be favoured by the low
energy demand of lizards, their resistance to starvation and
the capability of some lizards (e.g. Anolis) to store sperm,
among other characters. An additional ability of the Teiidae
that would have facilitated long-distance rafting is that many
of its members are excellent swimmers (e.g. Kentropyx
striata) and some are even considered semi-aquatic (fresh wa-
ter, e.g. Crocodilurus, Dracaena), while others (Tupinambis
merianae) are known to withstand long periods of time sub-
merged under water (Avila-Pires 2000). However, this argu-
ment must be put into perspective as teiids are fresh water
swimmers which does not guarantee their survival in oceanic
water.

At this point, it may be worth noting that several authors
have suggested that the over-water dispersal of lemurs, tenrecs
and rodents to Madagascar was facilitated by their ability to
lower their energy demands by going into a state of torpor or
hibernation (Martin 1972; Yoder 1996; Kappeler 2000; Yoder
et al. 2003). In the same vein, Hoffstetter (1980) suggested
that the colonization of South America by platyrrhines mon-
keys from Africa may be tied to their ‘plesiomorphic
heterothermy’, as he saw torpor as a character that was likely
to have been present in all ancient primates.

Cossins and Barnes (1996) and Lovegrove (2000) noted
the prevalence of mammals undergoing torpor in the
Southern Hemisphere. Why so many southern mammals spe-
cies show torpor is not clear. Unpredictable environments due
to El Niflo events are often suggested. However historical
processes like the sorting of species through immigration
may also provide important insight into the geographic distri-
bution of torpor in mammals.



Teiid lizards in Europe

The presence of teiid lizards in the European Cenozoic is very
brief (only one Mammalian standard level, MP17 in the late
Eocene). Apart from the remains described here, Augé (2005)
has described the species Brevisaurus smithi, a putative teiid.
Brizuela (2010) mentions several characters (e.g. uniform
dentition, presence of only the anterior narial support) that
deviate from those of extant teiids. Thus, further studies are
needed in order to confirm this assignment. These teiid lizards
were able to gain a foothold in Europe, but apparently, they
neither diversified nor persisted in the recipient biota (Fig. 12).
So, it would be interesting to examine the circumstances
(physical and biological) surrounding this failure. The late
Eocene in Europe corresponded to a progressive drop in tem-
perature (Zachos et al. 2001; Mosbrugger et al. 2005; Liu et al.
2009) initiated during the middle Eocene and continued after
the Eocene/Oligocene boundary. Despite deceasing tempera-
ture, the late Eocene in Europe is characterised by a rich and
diverse lizard fauna (Augé and Smith 2009). Sampling-
corrected lepidosaurian diversity curves (Smith et al. 2006;
Cleary et al. 2018) confirm that Europe and North America
have high generic diversity in the late Eocene and diversity in
Europe is at its maximum during this period (Cleary et al.
2018). At that time, Europe was an archipelago, relatively
isolated from the nearest continents, although episodic faunal
exchanges are still possible, in particular with Africa and Asia.

Abiotic factors, like the temperature drop during the late
Eocene period, may explain change in the distribution of ver-
tebrate and could have limited the survival of many species
particularly subtropical lizards like Teiidea. Extant teiids have
high body temperatures (Schall 1977; Casas-Andreu and
Currola-Hidalgo 1993) and they are poorly diversified or ab-
sent in temperate zones and at high elevations. However, sev-
eral thermophilic taxa (iguanids, gekkonids, cordylids,
helodermatids, varanids and boids, Rage 2013) persisted
throughout the late Eocene in the Phosphorites du Quercy
and temperatures certainly remained rather high.

Turnover of lizard species is rather low during the
late Eocene (0.18 between MP17 and MP18) but it be-
comes greater than 0.50 (0.67) across the Eocene/
Oligocene boundary (Table 2). In addition, the per spe-
cies change in species richness (as defined by Sax et al.
2005, see legend Table 2) over the late Eocene (MP17-
MP20) is low (—0.19 between MP17 and MPI18). In
stark contrast, the variation (decline) in species richness
(—0.44) across the Eocene/Oligocene boundary is im-
portant. The minimum bound on per species change is
— 1, the point at which 100% of the initial species rich-
ness is lost; the maximum bound is potentially unlimit-
ed but a positive value denotes an increase in species
richness. Actually, a severe extinction event affected the
lizard fauna across the Eocene/Oligocene boundary

M Iguanidae

M Gekkota

W Lacertidae

M Teiidae
Scincoidae

W Anguidae

M Varanidae

[ Amphisbaenian

Malpérié

La Bouffie

>

Perriere

Fig. 12 Percentage of teiid specimens in the MP17 lizard fauna from the
Phosphorites du Quercy: Perriére B, 2% (total number of specimens:
109); La Bouffie, 1% (total number of specimens 220); Malpérié, 1%
(total number of specimens 169). It may be added that two other
localities from the MP17 level of the Phosphorites du Quercy have
yielded no teiid remains (Aubrelong 2 and Les Pradigues)

(Grande Coupure, Stehlin 1909) but disappearance of
teiids in Europe largely predates this event and it occurs
during a period of low biotic turnover (at least for
lizards).

Biotic interactions are the other processes that structure the
distribution and presence of species. For example, Losos
(2009) provided strong evidence that extant sympatric anoles
(Iguania) interact ecologically in the West Indies. Usually, it is
difficult to separate the resistance of biotic communities from
resistance determined by abiotic environments (Rejmanek
1999). Nevertheless, the competition model may be helpful
here: it postulates that communities are saturated and are struc-
tured by competition processes, and that competition often
leads to extinction of subordinate species (Simberloff 1981).



Table 2 Apparent turnover and per species change in species richness
in several standard levels of the European Paleogene (MP17-MP20, late
Eocene; MP21-22 earliest early Oligocene; GC, Eocene—Oligocene
Grande Coupure). The per species change in species richness over some

specified time interval is calculated as oS = (Sf— So)/So, where So and Sf
are the initial and final number of species, respectively. Apparent turnover
of species is calculated as the sum of species appearances and extinctions
divided by the sum of initial and final species richness

Standard levels Species richness (S) Extinction Appearance Per species Apparent turnover
change in S

MP 21-22 10 14 5 —0.44 0.67

MP 19-20 18 1 2 0.05 0.08

MP 18 17 6 1 -0.19 0.18

MP 17 21 3 8 0.23 0.28

MP 16 17 - - - -

A widely accepted definition of competition is a negative in-
teraction between two species of the same trophic level that
occurs as a result of shared use of the same resources (Connell
1983). The late Eocene (MP17-MP19) localities of the
Phosphorites du Quercy have yielded very diverse assem-
blages of lizards. Thus, the trophic niche occupied by lizards
may have been near saturation at that time, exacerbating the
effects of competition.

Two potential competitors of teiids have been present for a
long time in the European Eocene: lacertid lizards and a pur-
ported Varanidae, the genus Palaeovaranus (ex-Necrosaurus,
Georgalis 2017). Lacertid and teiid lizards are highly active
animals with high temperatures and a rather diversified diet.
According to Vitt and Pianka (2004), teiids appear to be eco-
logical couterparts of lacertids and the Bauplan of teiids is
similar to that of many lacertids. The Eocene lacertid
Plesiolacerta lydekkeri is present in the same localities
(Cerftansky and Augé 2013) as the teiid described here and
their sizes are similar. Moreover, Vitt and Pianka (2004) state
that varanids are active and voracious predators, resembling in
many ways some of the extant large teiids like Ameiva. The
genus Palaeovaranus, a purported varanid lizard, is also pres-
ent in the Eocene localities that yielded teiid lizards (Augé
2005). Palaeovaranus shows large recurved, pointed teeth
with basal fluting that may reveal the presence of plicidentine,
which is a derived character of varanid lizards. The size of
Palaeovaranus and Plesiolacerta is comparable to that of the
Eocene teiid.

Most often, negative abundance correlations between
two taxa are regarded as the result of competitive exclusion.
Competitive explanations have traditionally been used by
palaecontologists to account for the extinction of several
groups. In many cases, these explanations have been
questioned by a close examination of the fossil record
(e.g. Raup 1982; Benton 1983, 1987; Miller 2000; Augé
2007). A test has been proposed to highlight the purported
negative abundance relations between two taxa over geo-
logical periods, the so called double-wedge pattern (Benton
1996; Sepkoski 1996). However, it cannot be used here due

to the brief presence of teiids in the European Eocene. In the
absence of direct information, some evidence of competi-
tion between two groups may come from their complemen-
tary distribution (Diamond 1975). It is worth noting that
during the Cenozoic era, teiids never co-occurred with
lacertids or Varanoidea, except in the European Eocene.
Moreover, as recognised by Holt et al. (2005), if the ances-
tral habitat of an invading species is different from its new
habitat (cf. ecological niche sensu Hutchinson 1978 and
Holt and Gaines 1992), extinction of this species is proba-
ble. Abiotic conditions in Europe and South America during
the Eocene may have been comparable (subtropical climate
and relative isolation from other continents) but their biotic
environments were clearly different as far as lizard diversity
is concerned: the MP17 European locality of Malpérié has
yielded 13 lizard families or subfamilies. In South America,
the only confirmed Eocene lizard is the tupinambinae teiid
Lumbrerasaurus (Brizuela and Albino 2016), although
there is a rich and diverse fauna of lizards mention in
Itaborai (Brazil) which has yet to be published and which
would include an Iguania incertae sedis, a gekkonid, two
“Scincomorpha” incertae sedis, a Teiidae, and two
Anguimorpha incertae sedis (Carvhalo 2001). If this is con-
firmed, then in the Eocene of South America, there would
have been at least 5 lizard families or subfamilies, still fewer
than in the European Eocene.

An old hypothesis (Elton 1958) about the relationship be-
tween the diversity and the relative invasibility of a region is
that more diverse communities should be more resistant to
invasion (Case 1990; Tilman 2004). To be fair, many obser-
vational studies show that more diverse extant communities
support more invaders (e.g. Rejmanek 1996; Wiser et al.
1998) and recent studies that quantified species richness of
geographic regions have often found an increase in species
diversity (Sax et al. 2002; Sax and Gaines 2003). On the other
hand, Kinlan and Hastings (2005) found a strong relation be-
tween the inability of a species to increase from low density
(Allee effects) and the importance of long-distance dispersal.
The probability that teiid lizards cross significant



oceanic barriers and arrive in Europe is certainly low.
So, the number of successful invasions is probably
very limited and presumably those invasions are
achieved by just a few individuals. The success of
recent deliberate introductions within a region mostly
depends on the number of introduction and the number
of introduced individuals (Green 1997; Levine 2000;
D’Antonio et al. 2001). Actually, the number of teiid
specimens collected in the localities from the
Phosphorites du Quercy is very low and represents on-
ly a minute fraction of the lizard specimens yielded by
these localities (Fig. 12). Allee effects encompass all
aspects of the processes that result in negative popula-
tion growth rates at low density (Allee 1931): for ex-
ample, a small number of individuals may fail to en-
counter mates simply by chance or be wiped out by
stochastic environmental fluctuations. In sum, several
mechanisms may explain the rapid disappearance of
teiid lizards in Europe: competition; demographic pro-
cesses resulting from the low number of invaders and
more questionably, the possible existence of a “species
capacity or carrying capacity”: species richness in a
given area could be bounded at some equilibrium point
(McArthur and Wilson 1967).

Conclusion

Biotic invasions are a pervasive component of present
global change and have important consequences for the
conservation of biological diversity. It is often argued
from the fossil record of biotic interchange that the less
diverse region (South America in the case of Eocene
fossil lizards) is typically more invaded by species than
the more diverse region (Europe, see Vermeij 1991).
Arrival of South American teiids in the European
Eocene is clearly a departure from this pattern as lizard
taxa in Europe outnumbered those in South America.

>Recent surveys of biotic interchanges suggest that a pos-
itive relationship exists between the number of native species
in a region and the number of invaders whereas past biotic
exchanges over geologic times support negative effects of
diversity on invasibility. How to reconcile these two disparate
observations? One possibility is that, for extant biotic inter-
changes, there has not been enough time since the recent in-
vasions for extinction to occur and that present communities
carry an extinction debt (Tilman et al. 1996) that will eventu-
ally be paid.

The brief presence of teiid lizards in the European Eocene
(limited to the MP17 standard level) may illustrate this pro-
cess. Their rapid disappearance from the European fossil re-
cord may be tentatively ascribed to ecological and demo-
graphical mechanisms that regulate biodiversity: arrival of

teiids in Europe was probably achieved by few individuals;
biotic interactions (e.g. competition with Lacertidae,
Varanoidea and even Helodermatidae) certainly prevented
them from diversifying and expanding their range in the new
region. In addition, the inability of European teiids to increase
from low densities may have been reinforced by demographic
processes (Allee effects). So, the eventual fate of this taxon is
to decline in numbers and distribution and eventually to
disappear.

As a last point, further support for our hypothesis may
come from the discovery of new teiid remains from the
Eocene of Europe as well as from the Paleogene of Africa,
the purported pathway between Europe and South America.
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