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Abstract

Generally, the species is considered to be the only naturally occurring taxon. However,
species recognised and defined using different species delimitation criteria cannot readily be
compared, impacting studies of biodiversity through Deep Time. This comparability issue is

particularly marked when comparing extant with extinct species, because the only available data
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for species delimitation in fossils is derived from their preserved morphology, which is generally
restricted to osteology in vertebrates. Here, we quantify intraspecific, intrageneric, and
intergeneric osteological variability in extant species of lacertid lizards using pairwise
dissimilarity scores based on a dataset of 253 discrete osteological characters for 99 specimens
referred to 24 species. Variability is always significantly lower intraspecifically than between
individuals belonging to distinct species of a single genus, which is in turn significantly lower
than intergeneric variability. Average values of intraspecific variability and associated standard
deviations are consistent (with few exceptions), with an overall average within a species of 0.208
changes per character scored. Application of the same methods to six extinct lacertid species
(represented by 40 fossil specimens) revealed that intraspecific osteological variability is
inconsistent, which can at least in part be attributed to different researchers having unequal
expectations of the skeletal dissimilarity within species units. Such a divergent interpretation of
intraspecific and interspecific variability among extant and extinct species reinforces the
incomparability of the species unit. Lacertidae is an example where extant species recognised
and defined based on a number of delimitation criteria show comparable and consistent
intraspecific osteological variability. Here, as well as in equivalent cases, application of those
skeletal dissimilarity values to palaeontological species delimitation potentially provides a way

to ameliorate inconsistencies created by the use of morphology to define species.

Running head: MORPHOEOGICAL-SPECIES PEEIMITATIONIN-FACERTIDAESPECIES

COMPARABILITY IN BIOLOGY AND PALAEONTOLOGY

Keywords: species delimitation, morphological disparity, osteology, intraspecific variation,

Lacertidae, taxonomic bias
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Species are the fundamental biological units;-andunits and are often considered the only
naturally occurring taxa (e.g., Simpson 1940; Dunbar 1950; Gingerich 1985; Haffer 1986; Baum
1998; Harrison 1998; Wiens and Penkrot 2002; Hey et al. 2003; Queiroz 2005, 2007; Rieppel
2009; Hausdorf and Hennig 2010). However, the observable nature of a species is difficult to
grasp;-andgrasp and may vary from species to species. This difficulty of recognizing species and
describing them in a consistent way (the “species problem”; Trueman 1924) is among the oldest
problems in biology (Queiroz 2005; Allmon 2013), and has culminated in the formulation of
nearly 40 species concepts, siree-most famously Mayr’s (1942) eoined-the-fameus-Biological
Species Concept (Zachos 2016, 2018). However, most of these prepesed-species concepts have
the same underlying assumption, namely that species are independently evolving lineages. This
communality was recognized by Simpson (1951), who noted that earlier species concepts mainly
diverged in the operational criteria they suggested to delimit species. This view was further
developed by Wiley (1978) and later by de-Queiroz (1998, 2005, 2007), who proposed a general
or unified species concept, solely based on this communality of independent evolution.
Consequently, the issue of describing species in a consistent way across all biological sciences
has since been recognized to be of an operational nature and should thus be called the species

delimitation problem (Queiroz 2005).

The disparate operational criteria proposed in eenflieting-different earlierspecies

concepts resttted-inled researchers to develop various approaches to delimit species-—Diverging

speeies-delimitation-metheds, which may-in-tura-often lead to conflicting species counts when
applied to a single dataset -(Haffer1986:-Wiens-andPenkrot2002: Doan-and-Castoe- 2003
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methods-mayrecognize-several-units-as-distinet-speeies(Haffer 1986; Wiens and Penkrot 2002;

Doan and Castoe 2003; Agapow et al. 2004 Sites and Marshall 2004: Marshall et al. 2006;

Knowles and Carstens 2007; Queiroz 2007; Hausdorf and Hennig 2010; Hausdorf 2011;

Carstens et al. 2013 );-whi

ies. Any such

recognized “species” unit (taxonomic species, sensu Simpson 1940) is an estimate of the

naturally occurring species (real species, sensu Simpson 1940)-As-such;-the resulting taxonemie

speeies-units and will approach the real species units-to differing degrees-depending-on-the

. Hence, although

different-methodologies-ereatethese diverging-units that-are all called “species”, they;-but-these

are not necessarily comparable (Cracraft 1987), and should not be used in a comparative context

(e-gwhen-studying-changes-in-biodiversity). For instance, application of different species

delimitation methods (based on molecular or morphological data) to a clade of the extant

phrynosomatid lizard Sceloporus, resulted in recognition of five species by all approaches, but

only two of the species were the same (Wiens and Penkrot 2002). The-same-delimitation

species based on a non-phylogenetic and a phylogenetic species criterion (Agapow et al. 2004)
found that the latter approach usually resulted in higher species counts, be it in plants, fungi,

invertebrates, or vertebrates.

trapdoor spiders, six molecular delimitation approaches yielded species counts ranging from

three to 18, and not a single one was recognized as the same species by all approaches (Carstens
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et al. 2013). Given that species are generally used as fundamental units in a variety of biological

studies, these issues have wide-reaching implications;-be-it-in-population-level-analyses;

v (Sites and Marshall 2003,

2004; Balakrishnan 2005). We herein call this issue the “species comparability problem”.

The species comparability problem is Hkely-to-be-especially pronounced when comparing
extinct and extant species, where not only the methodology to delimit species is often different,
but there are also fewer available data upon which species delimitation can be based (Simpson
1951; Benton and Pearson 2001; Bruner 2004; Allmon and Smith 2011; Barnosky et al. 2011;
Carrasco 2013; Miller III 2016). Theis restricted amount of data results beth-from having few
specimens avatlable-per species, as well as having a limited range of data preserved in each
specimen. As-a-eConsequeneetly, even if palacontologists may-agree with biologists on a
particular species criterion (e.g., reproductive isolation), the available data in the fossil record
may not allow accurate application of that criterion (Benton and Pearson 2001), given that fossil
specimens of extinct species “caught in the act” of reproducing have been found but are
exceedingly rare (see Joyce et al. 2012). In fact, within palaeontology, the “species problem” has
been recognized as comprising three distinct, but-interdependent issues: 1) the “species nature
problem” (what constitutes a species in living organisms?); 2) the “species recognition problem”
(can extant species be recognized in the fossil record?); and 3) the “species study problem” (can
extinct species be studied as are modern species?) (Allmon 2013). In-the-context-of these
palacontological“species-problems”;-we-add-tThe species comparability problem as-can be
added as a fourth aspeetissue—tt-, resultsresulting from the “species nature problem” and the

“species recognition problem” — as long as we delimit extant species using methodologies that
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cannot be applied to fossils, we cannot assume that those taxonomic units, created based on

disparate delimitation criteria, are comparable, even if we all call them “species”.

Most species of fossil taxa are delimited based on some understanding of “significant”
morphological differences, either in a strict comparative context, or based on a phylogenetic
analysis and resulting apomorphic features (Wood 1931; Queiroz 2007; Reichenbacher et al.
2007; Bernardi and Minelli 2011; Carrasco 2013; Allmon 2016; Kimura et al. 2016; Miller I1I
2016; Brochu and Sumrall 2020). These morphological differences can be calculated in twe
ways—H-in-direct comparison to the holotype specimen (a typological interpretation of the
species), or 2)-in comparison to observed intraspecific variability of a “type population”, where

the holotype may-er-may not represent the arithmetic mean (a polytypic or population

interpretation of the species; Simpson 1940; Mayr 1942; Dzik 1985).-In-vertebrate

Many species of extinct vertebrates are known from single specimens (Watanabe 2016;
Tschopp and Upchurch 2019), rendering any morphological comparison necessarily typological.
Additionally, possible comparisons are mainly restricted to hard tissues, given that the
morphology of soft tissues only preserve in exceptional circumstances (e.g., Christiansen and
Tschopp 2010; Rauhut et al. 2012; Zheng et al. 2017; Fabbri et al. 2020; Bell and Hendrickx
2021). Even the preserved fossil hard parts we-de-have-are often incomplete, hampering
comparison beth-among fossil taxa and between fossil and extant taxa (e.g., Mannion and
Upchurch 2010; Cleary et al. 2015; Brown et al. 2019). At the same time, osteology plays a
minor role in species diagnoses or in identification keys of extant vertebrates (see Villa et al.

2018, 2019; Ceriansky and Syromyatnikova 2019; Villa and Delfino 2019; for notable

http://mc.manuscriptcentral.com/systbiol

Page 6 of 113



Page 7 of 113 Systematic Biology

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

exceptions in lizards). Taxonomists and systematists generally identify specimens of extant taxa

based on external (soft tissue) morphology, while species delimitation methods are almost

entirely based on molecular approaches (e-g--Carstens-et-al-2643Wiens 2007). Despite-extensive

actually-comparable—In-factTherefore, it has been proposed that at least some palacontological

species are more inclusive than neontological species (Trueman 1924; Cope and Lacy 1992;
Brochu and Sumrall 2020), meaning that they may rather correspond to neontological genera or
other higher-level taxonomic units. This may result from the fact that fixed diagnostic
morphological traits do not necessarily exist (e.g., in cryptic species; Wiley 1978; Wiens and
Servedio 2000; Wiens and Penkrot 2002; Allmon and Smith 2011; Brochu and Sumrall 2020), or
they only occur in soft tissues. On the other hand, sexual dimorphisms may not be recognized as

such in fossils and could instead be interpreted as diagnostic features of two distinct extinct

species, effeetively-which would erroneously deublingdouble the real-species count for sexually

reproducing species (Wiley 1978).

comparability problem may also affect entirely palacontological datasets. The application of
different values of morphological disparity to delimit species sometimes results in diverging
interpretations of diversity. Possible examples are Cambrian versus Ordovician trilobites (Foote
1990), and the Dmanisi hominins in Georgia (Arsdale and Wolpoff 2013; Lordkipanidze et al.
2013; Schwartz et al. 2014; Zollikofer et al. 2014; Rightmire et al. 2019). These issues impact
especially-maecroevelutionaryany studiesstudy using “species” as its basic unit, including
analyses of biodiversity through Deep Time (e.g., Carrasco 2013), as-wel-as-assessments-of

eurrent-extinction rates
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mostly-rely-on-changes-in-speecies-numbers-over-time, and evolutionary tempo or mode. Indeed,

this challenge was the main reason for unexpected results in species diversity curves of small
North American mammals (Carrasco 2013), and was recognised as one of the major “severe data
comparison problems” by Barnosky et al. (2011: box 1) when trying to understand the extent of

any current extinction.

Although several species delimitation methods are known and regularly applied in
molecular phylogenetics and phylogenomics (e.g., Sites and Marshall 2003, 2004; Marshall et al.
2006; Carstens et al. 2013), only a few of these approaches are applicable to morphological data,
and a very limited number of species delimitation methodologies has been explicitly used to
define species based on morphological data in the past (see Tschopp and Upchurch (2019), and
references therein) — although using intraspecific variation in extant species to guide delimitation

of extinct species was first proposed by Matthew (1930).

Numerous methodological approaches to mathematically quantify variability have been
developed sinee-then-and were applied for taxonomic purposes in extant taxa (e.g., Anderson and
Abbe 1934; Cain and Harrison 1958), culminating in the development of “Numerical
Taxonomy” (Sneath and Sokal 1973), which was mostly applied at higher taxonomic levels than
the species. Although numerical taxonomy as a field has since been abandoned in favour of
phylogenetic approaches, these methodologies continue to be used to quantify morphological
disparity, including intraspecific variability (e.g., Anderson and Whitaker 1934; Zarapkin 1939;
Wood et al. 1991; Dayan et al. 2002; Reichenbacher et al. 2007; Bever 2009; Foth et al. 2015).
There has also been continuous support for the idea that morphological intraspecific variability

may be used as a proxy for the presence of other operational species delimitation criteria (e.g.,

Hull 1965; Brochu and Sumrall 2020);-furtherreinforeing Matthew s-propesal-from1930.

http://mc.manuscriptcentral.com/systbiol

Page 8 of 113



Page 90of 113 Systematic Biology

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

r01

202

r03

204

205

206

However, only in the study of fossil mammals has an explicit application of extant variability
scores, to delimit extinct species or assess their validity, been relatively widespread (e.g.,

Simpson 1941; Gingerich 1981; Kay 1982; Kelley 1986; Roth 1992).

In lacertid lizards — the focus of our study — knowledge of morphological intraspecific
variability is mostly limited to external or soft tissue features. Several previous studies have
analysed or discussed intraspecific variability in lacertid lizards, but mostly focused on single
species or particular character complexes (e.g., Mateo 1988; Bruner et al. 2005; Brecko et al.
2008; Bruner and Costantini 2009; Kirchhof et al. 2012; Borczyk et al. 2014; Tayhan et al.
2016). Few studies have quantified variability among extant taxa on a larger scale (Barahona and
Barbadillo 1998), or assessed the validity of extinct species based on osteological intraspecific
variability from extant relatives (Mateo 1988; Barahona et al. 2000). These latter studies focused

on the particular traits that have been suggested as diagnostic for certain putatively extinct

species. We-a

Our study is

the first to quantify intraspecific variability across a number of extant and extinct lacertid species

and, based on a large sample of osteological characters. As-suech;-it-significantly-inereases-both

MATERIALS & METHODS

Our study comprises three analytical steps. First, we characterised intraspecific (comparing two
specimens assigned to one species), intrageneric (comparing two specimens assigned to two distinct
species of a single genus), and intergeneric (comparing two specimens assigned to distinct genera)

osteological variability of lacertid lizards based on a dataset of 253 osteological character statements and

http://mc.manuscriptcentral.com/systbiol
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207 99 individual specimens from 24 extant species. Second, we added 40 fossil specimens of six different
208  species to the same dataset, to test for diverging species delimitation in neontological versus

209  palaeontological understandings of lacertid species. Third, for the extant species, we simulated the impact
210  of missing data and limited anatomical overlap (as observed in our sample of extinct species), to study

211 how this affects our morphological dissimilarity analyses.

212  Dataset

213 The dataset of lacertid lizards used herein is a modified version of the phylogenetic

14 matrix initially published #-by Villa et al. (2017) and extended and modified by Tschopp et al.

15 (2018b). FheirThese datasets was-were initially imported into, and modified in, Mesquite (v.
216  3.6; Maddison and Maddison 2017), and subsequently transferred to, and managed on
217  MorphoBank (O’Leary and Kaufman 2012). The modified matrix includes 30 additional
218  characters in respect to Tschopp et al. (2018b), whereas the taxon sampling follows Villa et al.
219  (2017) in including specimen-level operational taxonomic units (OTUs), but more than triples
20  their sample of 37 extant OTUs by adding 62 extant and 40 extinct OTUs. The final matrix is

21 available on MorphoBank (http://morphobank.org/permalink/?P4084), and among the

22  supplementary material on Dryad (add doi).

223 Character sampling.—Disparity analyses do not depend on characters being

224  phylogenetically significant (i.e., invariable within a certain clade, so it carries a clear

225  phylogenetic signal), because variability is assessed on a pairwise basis, independent of any

226  phylogenetic context (Gerber 2019). In fact, case studies have shown that disparate character
227  coding strategies in discrete datasets do not have any significant impact on the outcome of

228  disparity studies in caecilian amphibians (Hetherington et al. 2015). Hence, inclusion of as many
229  characters as possible, irrespective of their variability within and among species, should yield

230 more accurate estimates of overall intraspecific osteological disparity.

10
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Several characters were added based on existing literature (Queiroz 1987; Estes et al.

1988; Denton and O’Neill 1995; Scanlon 1996; Lee 1998; Conrad 2008; Brizuela 2010; Gauthier

et al. 2012; Bailon et al. 2014; Ceriiansky et al. 2016b; Quadros et al. 2018) and personal
observations. Because we were interested in morphological disparity in general, and intraspecific
variability more specifically, we did not restrict the character sampling to phylogenetically
significant characters, but explicitly also included characters that ranged from high to no
variability among the scored specimens (even within species). Whereas this may be problematic
for phylogenetic analysis (Wilkinson 1997; Gerber 2019), it is the preferred approach for
morphological disparity analyses, which effectively represent a phenetic approach to measure
morphological diversity (Lloyd 2016). The final dataset included 253 characters, 219 of which
are qualitative, and 34 quantitative (all of them discretized). Cranial characters constitute the
majority of the dataset (167), followed by postcranial (69), and dental features (17)._ The

character list is provided as Supplementary Data 2.

Extant Taxon and Specimen sampling.—Pairwise dissimilarity is calculated between two

specimens, so two specimens per taxa are sufficient to obtain a score for variability within that

1"
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taxon. Because we were interested in intraspecific, intrageneric, and intergeneric variability, we
included all specimens of any genus represented by three or more specimens in total_(up to 59 in
Lacerta). By doing so, some included species are represented by a single specimen, which,
consequently, only contributed to the calculations of intrageneric and intergeneric variability.
The choice of these species and genera was mostly determined by the availability of skeletal
specimens in scientific collections. The final species sampling amounts to 24 extant species

belonging to seven genera of all three main subclades of Lacertidae (Gallotiinae, Eremiadini,

Lacertini; Supplementary Table 1).

12
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The specimen sampling of the matrix of Villa et al. (2017) was considerably increased
through scoring of additional lacertid specimens in European collections we could study first-
hand, and of specimens that were extensively figured in recent literature (e.g., Cerfiansky and

Syromyatnikova 2019). This approach limited the number of specimens that could be included.

However, we specifically targeted certain collections to capture as much variability as possible

be it geographical, ontogenetic, or sexual variability. FThe-totalnumber-ofWe included 99 extant

specimens ineladed-in the dataset for the dissimilarity analyses-is-99. Of the 24 sampled species,
16 were represented by two or more specimens (up to twelve; Fable-+:-Supplementary Table 1);
ameunting-to; a total of 91 specimens that-were used for our calculations of intraspecific

osteological variability. These include all eight sampled species of Lacerta (L. agilis, L.

13
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bilineata, L. media, L. pamphylica, L. schreiberi, L. strigata, L. trilineata, L. viridis), three

species of Podarcis (P. muralis, P. siculus, P. tiliguerta), two species of Timon (T. lepidus and T.
pater), Iberolacerta monticola, Ophisops elegans, and Psammodromus algirus. The remaining
eight specimens of the other ten-eight species solely contributed to the calculation of intrageneric
and intergeneric variability.-Al-seven-genera-represented-in-our-datasetinclude-at least-three

. S0 i L .

Extinct Taxon and Specimen sampling.—In order to test to what degree our approaches
can be applied to the fossil record, we sampled 40 OTUs belonging to six extinct species of
lacertids. These are Dracaenosaurus croizeti, “Lacerta” filholi and “L.” siculimelitensis,
Mediolacerta roceki, Plesiolacerta lydekkeri, and Pseudeumeces cadurcensis (Supplementary
Table 2).

Dracaenosaurus croizeti is here represented by seven specimens including three partial,

semi-articulated skulls and skeletons from Cournon (France), and four disarticulated, tooth-

bearing bones from Coderet (France). Our sample of “Lacerta” filholi includes four specimens:

two dentaries (including the holotype) and a maxilla from Pech du Fraysse (France), and a third

dentary from Coderet (France). It would have been possible to include other material based on

published figures (e.g., Augé and Smith 2009), but these are all single, disarticulated bones, so

the utility of their inclusion is limited. “Lacerta” siculimelitensis is also solely known from

disarticulated material. Here, we use locality-level OTUs instead of specimen-level OTUs so we

could score more characters per OTU. These are from five different sites: 1) Wied Incita Quarry

(Malta), 2) Contrada Fusco (Italy), 3) Spinagallo (Italy), 4) Gargano (Italy), and 5) Monte

Tuttavista (Italy). Using locality-level OTUs instead of single specimens increases the number of

characters available for pairwise comparison, which would be very low or non-existent in fossil

14
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specimens that only preserve bones from disparate skeletal regions. However, this approach also

increases the amount of potentially polymorphic features, equivalent to the use of a species- or

any other higher-level OTU (Wiens 1995, 2000; Prendini 2001 Brusatte 2010; Tschopp and

Upchurch 2019). We adopted a frequency scoring approach if a feature was observed to be

polymorphic among the recovered material from a single locality, following recommendations of

Wiens (1995, 2000). Thus, the calculated intraspecific variability in “L.” siculimelitensis does

not represent differences between individuals, but rather differences between potentially distinct

populations in time and space. Our sample of Mediolacerta roceki includes four specimens: the

most complete fossil of the species, a nearly complete lower jaw; the holotypic dentary; and two

disarticulated tooth-bearing bones from France and Germany. No articulated specimen is known

from Plesiolacerta lydekkeri. We included 12 specimens of P. lydekkeri in our dataset, many

based on figures by Cerﬁansky’ and Augé (2013). The included specimens comprise cranial and

postcranial material from several sites in France. However, a combination of these into locality-

level OTUs as implemented for “L.” siculimelitensis was not justifiable because most of the

material is from historic collections from a single locality (Quercy, France), where the respective

stratigraphic levels were not recorded, so that considerable time could be represented in the

sample. Hence, we also used this sample to test the impact of the absence of anatomical overlap

between specimens on disparity analyses. Pseudeumeces cadurcensis is here represented by eight

specimens: an articulated lower jaw (the most complete individual specimen to our knowledge),

and seven disarticulated cranial bones from a number of localities in France.

15
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Specimen Identification.—Correct species identifications of the sampled specimens is

ebvieusly-paramount to any-studyies of intraspecific variability. Here, 28 of the 99 specimens of
extant species were collected, identified based on external morphological features and locality
data, and then prepared by one of us (MD). The other identifications were mostly adopted from
the collection catalogues, which were assumed to have been compiled by other expert
herpetological taxonomists. Exceptions to this were made when we encountered identifications
that appeared highly dubious based on the associated collection data and/or strongly aberrant size
or morphology of the specimen, and where responsible collection managers-and/or-euratorsstaff
urged caution. These-All specimens with dubious identification were excluded from scoring.
Additionally;-mMany of the studied specimens were referred to a species and accessioned in
collections efthe-abeve-mentioned-institutions-before important revisions of those respective
species or genera were published, and the ID associated with the specimens we studied has not
been updated since. These include specimens identified as “Lacerta ocellata” and Lacerta
viridis. The populations formerly ascribed to the first taxon are now referred to several different
species included in the genus Timon. The species L. viridis is still a valid species within the
genus Lacerta, but populations previously referred to the subspecies L. viridis bilineata were
raised to species rank in the 1990s (see, among others, Arnold et al. 2007). All the species

currently recognized as valid have distinct geographical distributions, and therefore museum
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specimens, skeletal preparations included, catalogued as “Lacerta ocellata” and Lacerta viridis
with associated locality information could still be attributed to their respective species.

The identification of the fossil specimens was taken entirely from literature and museum
catalogues for analytical reasons. Because we wanted to test if extinct species as recognized by
palaeontologists had disparate intraspecific variability compared to extant species, we had to
resort to those earlier referrals by default.

Phylogenetic Framework

The phylogenetic framework we followed for-the-extant-and-extinet-speeies-is based on

earlier works (Carranza et al. 2004; Arnold et al. 2007; Kapli et al. 2011; Pyron et al. 2013;

Mendes et al. 2016; Cerr‘lansk}'l et al. 2016b, 2017; Cruzado-Caballero et al. 2019). Given that the

use of our compiled morphological matrix ineludes-highly-variable-characterstatemnents-that-may
not-be-phylogenetically-informative,-and-that,-therefore.-its-feasibility-for phylogenetic inference

may be limited (see Dataset — Character sampling), we hererefrain from performing an
independent analysis based on our own dataset. However, the main importance for this study is
that all included species belong to Lacertidae, so we can assess if osteological intraspecific
variability is consistent among the extant species in this particular clade, and could reasonably be
used as a guideline to delimit extinct lacertid species, as well.

Molecular, morphological, and total-evidence phylogenetic analyses all recover the

extant species in our dataset as members of Lacertidae. Lacertidae-can-be-subdivided-into-the-twe

20H-Pyren-etal2043)-All three major lacertid clades are represented in our dataset: Gallotia

and Psammodromus are gallotiine lacertids (Carranza et al. 2004; Arnold et al. 2007; Pyron et al.
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2013; Mendes et al. 2016; Cerﬁansky et al. 2016b, 2017; Cruzado-Caballero et al. 2019),
Ophisops elegans is an eremiadini lacertine (Kapli et al. 2011; Pyron et al. 2013), and the
remaining species belong to Lacertini (Carranza et al. 2004; Arnold et al. 2007; Kapli et al. 2011;
Pyron et al. 2013; Mendes et al. 2016).

The extinct species analysed-in-the-second-part-of our-analysis-were identified as lacertids

based on particular diagnostic characters (mostly in the jaw; Supplementary Data 3). Some were

later confirmed to be lacertids in phylogenetic analyses, although their exact position within

Lacertidae often remains uncertain (Cerfiansky et al. 2016b, 2017; Tschopp et al. 2018b;

Cruzado-Caballero et al. 2019; Wencker et al. inreview2021).
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Fsehopp-et-al2018b:-Cruzade-Caballero-et-al- 204 Based on these works, the species can be

tentatively referred to the subcla9).des Gallotiinae (Dracaenosaurus croizeti, “Lacerta” filholi,

Pseudeumeces cadurcensis, and possibly Mediolacerta roceki) and Lacertini (“L.”

siculimelitensis, Plesiolacerta lydekkeri).

Pairwise Dissimilarity

Pairwise dissimilarity as well as other disparity measures based on discrete
morphological characters have long been used in palaeontology to study variability and/or
morphospace occupation over time (e.g., Foote 1990, 1992a, 1993; Briggs et al. 1992; Lupia
1999; Bever 2009; Foth et al. 2015). The numerous proposed analytical approaches have various
properties; the choice of methodology strongly depends on the kind of disparity one plans to

study, and the type of data yeu-haveone has available (Ciampaglio et al. 2001). Pairwise

dissimilarity intuitively fits the purpose of quantifying intraspecific variability, and it also has
been shown to be relatively insensitive to sample size, especially when using averages (Foote
1992b, 1993; Ciampaglio et al. 2001), rendering this methodology useful for morphological
datasets of fossils. Fe-ourknewledge,pPairwise dissimilarity based on a discrete character

matrix was first-applied to delimit taxonomic units by Benson et al. (2012;) in plesiosaurs, whe

used-using mean values of species-level OTUs to delimit genera)—Fhe-same-approach-was

apphied- and by Tschopp et al. (2015)-; in sauropod dinosaurs, where both species and genus
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delimitation were partially based on weighted pairwise dissimilarity scores). However, we are
not aware of any previous study that has explored intraspecific osteological variability by means
of pairwise dissimilarity in extant species to test its applicability for delimitation of closely
related extinct species. Our analysis provides a nearly ideal test case because the taxonomy of the
included specimens of extant lacertid species is known a priori and was probably not based on
osteological features in most cases. Hence, we can test to what degree osteological intraspecific
variability varies within extant species and assess if these data may be of use to delimit extinct
species, which would render extant and extinct lacertid species comparable taxonomic units.

We used a custom R script (R Core Team 2019) to conduct our analyses (available-upon

reguestSupplementary Data 4). The script computes pairwise dissimilarity between all

specimens, categorising them by species and classifying them as intraspecific (comparing two
specimens assigned to one species), interspecific and intrageneric (comparing two specimens
assigned to two distinct species of a single genus), or intergeneric (comparing two specimens
assigned to distinct genera). With regard to multistate characters, disparity was calculated as the
numerical difference between character scorings (e.g., a comparison between state 0 and state 2
is regarded as a disparity of 2), because all 30 multistate characters form morphoclines that are
treated as ordered in a phylogenetic analysis (Foote 1992a; Brazeau 2011). Because we

discretized all quantitative characters, the number of states in the multistate characters in our

dataset amounts to three (23 characters), four (6 characters), to a maximum of five (1 character),

so their impact on the entire analysis is not expected to be considerably strong. Polymorphisms

were treated as the average of their scored states (e.g., 0&1 was treated as 0.5) because
polymorphic characters capture informative details and should not be ignored (Wiens 1995,

1998; Watanabe 2016; Tschopp and Upchurch 2019). When a character was not scored in one of

24

http://mc.manuscriptcentral.com/systbiol

Page 24 of 113



Page 25 of 113 Systematic Biology

527

528

529

530

531

532

633

634

635

636

537
538
Fsg
540
541
542
543
544

645

546

547

548

549

the individuals, dissimilarity for that character was not computed. The total dissimilarity across
all characters for each pairwise comparison was then divided by the total number of computed
dissimilarities (i.e., the number of characters scored in both individuals) to calculate weighted
pairwise dissimilarity, representing disparity in units of character state differences per character

compared. By doing so, we normalised the comparisons to the amount of data available for the

analysis, reducing the impact of lacking anatomical overlap (following Tschopp et al. 2015).

missing-data-in-extant-speeies{(Supplementary-Material 3)-Statistical significance was assessed
via ANOVA, using an a priori significance threshold of 0.05 and Tukey HSD post-hoc tests for
all statistical comparisons.

Fossil simulationSimulation

Missing data can be a serious issue in analyses of morphological disparity (Cope and
Lacy 1992; Smith et al. 2014; Gerber 2019). Due to sampling and preservation biases in the
fossils ineluded-in our dataset, missing data is widespread in our sample. Given the highly
divergent completeness seeres-of the specimens of extant versus extinct species, we created two
additional datasets to simulate the loss of data through fossilization observed in the extinct
species using six-extant partner species. The datasets simulate a loss of data equivalent to that of
our real fossil sample and a loss intermediate between the extant and extinct values (see below).

We deleted entries from the extant species Lacerta agilis, L. bilineata, L. trilineata,
Podarcis muralis, Psammodromus algirus, and Timon lepidus guided by the distribution of

missing data in extinct species in our dataset. The specimens of the other extant species were left
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in-their-original-stateuntouched;-whereas. the-The real fossil specimens ef-the-extinet-speetes

were deleted from the dataset, so they could not impact the simulation. Each of the simulated
extant species was assigned to an extinct partner species with an equal or lower number of scored
specimens (L. agilis — Plesiolacerta lydekkeri; L. bilineata — Dracaenosaurus croizeti; L.
trilineata — Pseudeumeces cadurcensis; Podarcis muralis — Mediolacerta roceki,
Psammodromus algirus — “L.” filholi; Timon lepidus — “L.” siculimelitensis). The distribution
patterns of missing values in the extinct partner species were used as a model for the extant
species-.

We-ereatedThe intermediate simulation was done using two custom Python scripts-for-the

. One script
divides the character matrix into 25 sections with ten characters each (13 characters in the last
section). It then calculates the percentage of missing values per character section in a predefined

set of OTUs (Supplementary Data 5). The second script randomly deletes a predefined

percentage of scored character states within any particular character section of a dataset

(Supplementary Data 6). Using these scripts, we could adopt the distribution pattern and

percentage of missing values found in an extinct species to simulate loss of data in the extant
partner species; for the simulation with intermediate loss of data we used a percentage of missing
values that was 20% lower for each section compared to the percentage observed in the extinct
partner species, calculated over the entire set of specimens per species.

For the simulated dataset with extreme loss of data (equivalent to the amount of missing
data observed in our extinct species), we matched single specimens within the extant and extinct
partner species (Supplementary Table 3) and exactly adopted the distribution and number of

missing values from the fossil to the extant partner specimens. In-eases-whenlf missing values
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occurred in an extant specimen, but not in the fossil partner specimen, a character substitute from
the same skeletal region was kept instead to obtain the exact same amount of missing data in the
simulated extant specimen.

TFhese-Our simulations excluded 48 to 68% (intermediate) and 69 to 94% (extreme) of the
data scored for these extant taxa, amounting to total values of missing data of 61 to 76%

(intermediate) and 77 to 95% (extreme). The resultant datasets (Supplementary Data 7) were

analysed according to the procedure detailed above for the complete dataset.

Data Exploration and Sensitivity Analyses

Principale Coordinate Analysis—In-a+First-step, we performed a principale coordinates
analysis (PCoA) implemented via the R package ‘ape’ (Paradis and Schliep 2019) using the
complete dataset to explore morphospace occupation of extant species and genera based on a
pairwise Euclidean distance matrix computed from our character scores. Principal coordinates
analysis was selected as a data ordination method over other techniques such as PCA-Principal

component analysis because of its ability to accommodate missing data values and discrete,

rather than continuous, data. However, PCoA is ineffective if specimens lack anatomical overlap,
as no dissimilarity can be computed. Therefore, our PCoA only incorporated specimens of extant
taxa, for which more complete scorings were available. We farther-used hierarchical clustering
analysis implemented through the R package ‘pvclust’ (https://github.com/shimo-lab/pvclust) to
determine whether PCoA clusters were able to discriminate between extant genera, and between
species within the well-represented genera Lacerta, Podarcis, and Timon. We used a
modification of Ward’s clustering method, with a significance threshold of 0.05.

Missing Data—Given the potential negative impact of missing data on disparity analyses

(Gerber 2019), we conducted sensitivity analyses to further assess the effects of missing data,
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sample size, and skeletal modularity in our dataset. First-wWe used a third custom Python script

(available-upenrequestSupplementary Data 8) to calculate the percentage of missing data of all

ingroup species for the complete dataset as well as for nine partitions: the cranial, dental, or
postcranial character partitions, plus each of these three-partitions divided into subsets of

qualitative or quantitative characters_(Supplementary Table 4).

In addition to quantifying missing data per se, we explored the dataset using the All

Characters Overlap Index (AOI) and the Comparable Characters Overlap Index (COI)

(introdueed-by-Tschopp et al. 2015)-and-formalised-by-; Tschopp-et-al(2018a). Our-ease

thatrelates-to-the-impaet-of-missing-data-perse-When analysing pairwise dissimilarity scores,

the AOI in particular is more meaningful than just calculating missing data, because only the

characters with anatomical overlap provide information concerning pairwise dissimilarity within
a certain group of OTUs. The AOI quantifies this amount of anatomical overlap within a group
in relation to the possible total amount of anatomical overlap (Tschopp et al. 2015, 2018a). In a
hypothetical case, two specimens could be scored for half the characters each, but could have no
anatomical overlap whatsoever, resulting in a relatively high completeness score of 50% but
AOIs and COIs of 0%, and no available data for pairwise dissimilarity analyses. By comparing
the overall overlap indices with the indices restricted to particular anatomical partitions, such as
the modules defined above for the completeness scores and sensitivity analysis, we can check if
anatomical overlap is localised in a certain module or spread over the entire dataset. For this

particular exploration, there is no point in dividing the characters into qualitative and quantitative
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sets, because we are solely interested in the impact of missing data and reduced anatomical
overlap among skeletal regions. Different conceptual types of characters can only rarely
contribute to an increase in missing data (e.g., when certain measurements are not available as a
result of preservation; Mannion et al. 2013; Tschopp and Upchurch 2019).

We used the template file provided by Tschopp et al. (2018a:supplementary-materials)

for the calculation of the overlap indices. Beeause-the-file loeks-itself-once-the-first-caleulations

and COI were then-calculated for every ingroup species assessed for intraspecific variability

(Supplementary Data 9-12)-(-e-with-mere-than-three-seored-specimens). These values allowed

us to identify subsets of characters that are considerably more completely scored than other
subsets, and hence less impacted by reduced anatomical overlap (Gerber 2019).

Furthermore, Fe-to assess the impact of lacking anatomical overlap in our dataset

directly, we computed every possible intraspecific pairwise comparison, recording the number of
characters scored in both specimens. We then computed the percentage of the maximum
intraspecific dissimilarity observed for each species that was achieved in each comparison.
Sample Size—To assess the impact of sample size in our dataset, we conducted
resampling with the four best-sampled taxa in our sample—: Lacerta agilis (N = 12), Laeerta-L.
bilineata (N = 12), Laeerta-L. viridis (N = 11), and Timon lepidus (N = 10). For each taxon,
resamples were done with numbers of specimens ranging from two to the maximum sampled,
with each sample size replicated 100 times, and the maximum, minimum, and mean pairwise

dissimilarity recorded.
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RESULTS
Pairwise Dissimilarity
Among extant taxa, intergeneric dissimilarity was consistently significantly greater than

intrageneric/interspecific dissimilarity, which in turn was consistently significantly greater than

intraspecific dissimilarity (Fig. 1). Peerly-sampled-tTaxa sampled by two or fewer specimens,

such as the three Gallotia species and Iberolacerta monticola showed insignificant differences
between intergeneric and intrageneric/interspecific dissimilarity and intrageneric/interspecific
and intraspecific dissimilarity, respectively. Lacerta media (sampled-byfourspecimensN = 4)
and Podarcis siculus (three-speetmnensN =3) also showed insignificant differences between
intrageneric/interspecific and intraspecific dissimilarity. Most, but not all, extinct taxa also had
dissimilarity values that were significantly lower intraspecifically compared to
intrageneric/interspecific variability, which was in turn significantly lower than intergeneric
dissimilarity (Supplementary Table 54).

“Lacerta” filholi showed equivalent intrageneric/interspecific and intergeneric
dissimilarity, indicating that it was as dissimilar from other Lacerta species as it was to species
placed in other genera. Mediolacerta roceki and Plesiolacerta lydekkeri showed equivalent
intergeneric and intraspecific dissimilarity. By contrast, Dracaenosaurus croizeti and
Pseudeumeces cadurcensis both showed significantly lower intraspecific dissimilarity than
intergeneric dissimilarity, as did “L.” siculimelitensis, which showed an extant-like pattern with
intrageneric/interspecific dissimilarity as intermediate between intraspecific and intergeneric

dissimilarity.
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Pairwise comparisons of all extant taxa recovered most taxa as displaying statistically
indistinguishable intraspecific dissimilarity (Fig. 2a) — thatisthus, thatthe-extant taxa generally
showed similar degrees of intraspecific morphological variability. Five out of six (100/120
comparisons, exactly) of the pairwise comparisons were statistically insignificant. The
significant differences in intraspecific dissimilarity mostly included afewthree outlier taxa.
Lacerta media was significantly more dissimilar than L. pamphylica, L. schreiberi, L. trilineata,
Ophisops elegans, Podarcis muralis, Podarcis tiliguerta, Psammodromus algirus, Timon

lepidus, and T. pater. Lacerta pamphylica and O. elegans was-were significantly less dissimilar

than L. agilis, L. bilineata, L. media, L. viridis, and T. lepidus—, Ophiseps-O. elegans was was
also significantly less dissimilar than L—agitis; L—bilineata~t—medias-L. schreiberi and; L.
trilineatasL—viridiss-and-T—lepidns. Aside from these three outlier taxa-(L—wmediaL—pamphylicas
and-O—elegansy, L. bilineata was significantly more dissimilar than L. trilineata and Podarcis
muralis. However, this signal appears to be an “edge effect” wherein the most and least
intraspecifically dissimilar taxa are significantly different from one another, but not to the
majority of taxa (Fig. 2a). Taken together, extant species showed a mean weighted pairwise
intraspecific dissimilarity of 0.2076 £ 0.0579 character state differences per character scored.
The non-outlier taxa, combined, showed a mean weighted pairwise intraspecific dissimilarity of
0.2089 =+ 0.0557 characters state differences per character scored. Lacerta media had a mean
weighted pairwise intraspecific variation of 0.2631 + 0.0786, L. pamphylica one of 0.1226 +
0.0477, and O. elegans one of 0.1286 + 0.0353 (all in units of character state differences per
character scored). Within extant taxa, dissimilarity was dominated by qualitative cranial and
postcranial characters, which did not differ significantly from the pooled intraspecific

dissimilarity derived from all characters. Quantitative cranial and postcranial characters, and
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The weighted intraspecific pairwise dissimilarities of Dracaenosaurus croizeti and
Pseudeumeces cadurcensis were significantly lower than the pooled intraspecific dissimilarities
of the extant taxa, while Mediolacerta roceki and Plesiolacerta lydekkeri were significantly more
dissimilar than the extant taxa (Fig. 2b3). “Lacerta” filholi and “L.” siculimelitensis did not differ
from extant taxa. A total of 8 of 15 pairwise comparisons among the extinct taxa were
statistically significant, indicating that the extinct taxa do not group with each other in terms of
intraspecific dissimilarity, as the extant taxa do. Dracaenosaurus croizeti, “Laeertal.” filholi,
“L.” siculimelitensis, and Pseudeumeces cadurcensis are all significantly less intraspecifically
dissimilar than Mediotacerta-M. roceki and Plesiolacerta lydekkeri. These results are unchanged
if the outlier extant taxa Laeerta-L. media, L. pamphylica, and Ophisops elegans are excluded

from the dataset.
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Under an intermediate fossilization simulation, al-but-ene single extant taxa did-net
approximated the patterns seen in their-its extinct partners (the-exeeption-being-Psammodromus
algirus, which was already similar to its extinct partner species “Lacerta” filholi when scored
completely). In this simulation, only Podarcis muralis differed significantly in intraspecific
dissimilarity from the average of the remaining “extant” species used in the simulations, being
significantly less variable than extant taxa. On the contrary, its extinct partner species,
Mediolacerta roceki, was significantly more variable than extant taxa, suggesting that the high
variability observed in this species is not solely due to low anatomical overlap and/or sample

size.

In the extreme simulated-fossilization simulation, no simulated fessi-"“fossilized” taxon
differed significantly from the extant taxa in terms of pairwise intraspecific dissimilarity, in
contrast to the extinct taxa. When compared to their extinct partner species, four species
approximated the intraspecific dissimilarity of their extinct partner (Lacerta agilis —
Plesiolacerta lydekkeri; L. bilineata — Dracaenosaurus croizeti; Psammodromus algirus — “L.”
filholi; Timon lepidus — “L.” siculimelitensis). For Laeerta-L. agilis and L. bilineata, this
statistical indistinctness appears to be an artifact of increasing variance, as mean and median
values of intraspecific dissimilarity remain distinct and more similar to their original dataset than
that of their extinct partner species. Timon lepidus shows a true approximation of the
intraspecific dissimilarity of “Lecertal.” siculimelitensis, while Psammodromus algirus
continues to resemble “Laeerta-L.” filholi, as it did in its original scoring and in the intermediate
simulated-fossilization simulation. Lacerta trilineata and Podarcis muralis remained

significantly different form-from their extinct partner species Pseudeumeces cadurcensis and

Mediolacerta roceki, respectively, suggesting that the low observed intraspecific variability in
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Pseudeumeces cadurcensis and the high variability in Mediotacerta-M. roceki are true signals.
Although L. agilis and L. bilineata are not statistically distinguishable from their extinct partners
under an extreme sinulated-fossilization simulation, the persistent differences in median values
shown in Fig-ure 43 suggest that the patterns seen in Plesiolacerta lydekkeri and
Draeaenosawius-D. croizeti may be true signals as well, that-which are not distinguishable in our

dataset due to sample size.
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Data Exploration and Sensitivity Analyses

Principale Coordinates Analysis—Principal coordinates analysis recovers a strong
separation between Timon and all other genera, with Gallotia, Podarcis, and Psammodromus
overlapping the Lacerta morphospace, and Iberolacerta and Ophisops forming separate clusters
nearby (Fig. 45a). Hierarchical clustering analysis finds Iberolacerta, Ophisops, Psammodromus,
and Timon to be the only genera to form statistically significant clusters with the exclusion of
other genera. Gallotia stehlini and G. simonyi form a statistically significant cluster, but do not
significantly group with G. caesaris. Although the individual species of Lacerta tend to cluster
together, the only Lacerta species to cluster together significantly was Lacerta pamphylica, and
several Lacerta specimens cluster with specimens of Podarcis rather than congeners.

Even with only specimens of Lacerta included, there is significant overlap between

species, and there is no significant tendency for hierarchical clustering analysis to group
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’776 specimens of a single species to the exclusion of those referred to others (Fig. 45b). An exception
777  is Lacerta pamphylica, of which all three specimens cluster together when all taxa are analysed,

778  but this cluster does not include one of the specimens when only Lacerta is included in the

779  analysis. This is probably a consequence of lacking more disparate species, which make L.

780  pamphylica appear more distinct when they are included for comparison. Other species often

781  cluster partially. For instance, L. agilis is split into one significant cluster of five specimens, with
782  the other 7seven tending to cluster insignificantly with two L. viridis specimens. Within

783  Podarcis (Fig. 45¢), only P. tiliguerta forms a statistically significant cluster, with specimens of

784  P. muralis, P. siculus, and P. waglerianus mixed together into a statistically insignificant cluster.

785  Within Timon (Fig. 54d), T. lepidus mostly forms one statistically insignificant cluster, but one

786  specimen is recovered in a near significant cluster with 7. pater. The sole specimens of 7.

787  princeps and T. kurdistanicus cluster together.
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Missing Data.—Within the matrix, missing data is distributed unequally (Table 12),

indicating that the absence of character scores in both extant and extinct species is non-random.
Such a non-random distribution of missing entries seems-to-beis fairly typical for morphological
datasets, especially when they include extinct taxa (e.g., Smith et al. 2014; Gerber 2019). As
expected, extant species have much higher completeness scores than extinct species that are

nearly always represented by fragmentary specimens. Throughout the entire dataset, dental
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characters (quantitative and qualitative) have fewer missing entries than cranial characters
(except for Lacerta pamphylica, which could only be scored from published figures), and cranial
characters are more completely scored than postcranial characters (except for L. viridis, which is
the sole extant species in our dataset that includes a specimen that only preserves postcranial
material). In all extant species, quantitative postcranial characters are the ones with most missing
entries per species, and quantitative dental characters make up the most completely scored subset
(except for L. pamphylica). In extinct species, quantitative dental characters are not consistently
the most completely scored subset: in Dracaenosaurus croizeti and Pseudeumeces cadurcensis,
qualitative dental characters have the least missing entries. In the extant species, the amount of
missing data dees-seem-to-have-ais slightly eerrelation-correlated with numbers of specimens per
species (Fig. 56), but there is no correlation with number of characters per subset (Table 12).
However, as mentioned above, these absolute values of missing data are not necessarily
correlated with the utility of the data-set for analyses of pairwise dissimilarity, which requires

anatomical-overlap;i-es-at least two individuals scored for the same character.

or Comple Crania Poster
Species st} Dental anial

Quant: Quak Total Quant: Qual Total Quant Qual Total
o : 253 14 153 17 4 B 47 6 536
Laceriaagitis 12 | %  66% 76% 75% | 98%  85% 98% 57% 7% 68%
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Quantification of anatomical overlap shows that extant lacertids have AOIs ranging from
34% (Lacerta media) to 75% (L. trilineata) when analysing the entire dataset, whereas extinct
species have values between 1% (Plesiolacerta lydekkeri) and 12% (“L.” siculimelitensis). COls
covering the entire dataset range from 56% (L. media) to 83% (L. pamphylica) in extant species,
and from 14% (Plesielacerta-P. lydekkeri) to 90% (Mediolacerta roceki) in extinct taxa (Table
13). The AOI and COI are slightly correlated with completeness values in extant taxa (the AOI
slightly more so than the COI). Whereas the COI of extant species does not seem to correlate
with the number of OTUs in a particular species, the AOI does so, even more than regular
completeness values (Fig. 56). Overlap indices in the extinct taxa, however, show the opposite
trends, with the COI being most correlated with number of specimens, AOI being stable, and
completeness decreasing with higher numbers of specimens (Fig. 56). As was-te-be-expected,
extinct species generally have much lower absolute numbers of comparable characters
(characters with anatomical overlap), total number of overlaps and AOI within the species
compared to extant species. Total number of characters with anatomical overlap among OTUs of
a particular extinct species range from 13 comparable characters (with 28 overlaps; “Lacertal.”
filholi) to 73 (with 127 overlaps; Dracaenosaurus croizeti). The lowest numbers in extant species
are present in L. pamphylica with 142 comparable characters and 235 overlaps (Supplementary

Table 63).

43

http://mc.manuscriptcentral.com/systbiol



834

835

836

837

100%
90%
80%
70%
60%
50%
40%
30%
20%

10%

0%

Systematic Biology

O
o
8 2 o
o (0]
(o) (@)
o
Og/
(@]
o o
o
o o ?
o o L .
U
- o o
2 4 6 8 10 12 14

Number of specimens

O Extant Completeness O Extinct Completeness
O Extant AOI QO Extinct AOI
QO Extant COI O Extinct COI

http://mc.manuscriptcentral.com/systbiol

44

Page 44 of 113



Page 45 of 113 Systematic Biology

45

http://mc.manuscriptcentral.com/systbiol



Systematic Biology Page 46 of 113

Dracaenosaunris-croizeti 7 % 0% 0%

n S 4 8%~ 0% 0%

% e e 4 0%—- 0% 0%
Plesiolacerta-lydelk » 3%7 1% 2%
Psendenmeces-cadureens 8 0%~ 0% 0%

46

http://mc.manuscriptcentral.com/systbiol



Page 47 of 113 Systematic Biology

F41

842
843
844
845
846
847
848
849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

Among the partitioned character sets, AOI and COI values-are generally highest in the
dental characters, and lowest in the postcranial characters, both in extant and extinct taxa. This is
in part because all but two of the sampled extinct species entirely lack anatomical overlap in the
postcranial partition (the exceptions are “Lacerta” siculimelitensis and Plesiolacerta lydekkeri).
However, a lack of anatomical overlap in a particular partition does not necessarily mean that
there are no characters scored in these taxa. For instance, Plesielacerta-P. lydekkeri was sampled
by the most specimens of all ineladed-extinct species;-; and-stil-its has-the-lowest overall values
ofAOI and COl:Haeking-everlap-here results from different specimens having different bones
preserved that cannot be directly compared. fn-faet-comparison-of the-distribution-ef-missing

data-and-the-overlap-indieesThese results further highlights that the negative impact on

dissimilarity analyses does not derive from the missing data per se, but from reduced anatomical

overlap.

compurisod-on-the-calerdation-ob patpwcise-disstmtharitsee-see-that-t The number of characters

missing from a particular pairwise comparison has no consistent relationship with the recovered

dissimilarity (Fig. 67). In most taxa, dissimilarity isrelatively-consistent-fora-widerangedoes

not seem to be correlated with the amount of lacking anatomical overlap, though some (most

notably Lacerta bilineata) appear to show a trend of increased dissimilarity with decreasing
overlap, and several show the highest dissimilarity between 150 and 200 missing characters (of a
total of 253) whereas comparisons with even fewer characters show less overall dissimilarity.
Minimum observed pairwise dissimilarity, on the other hand, did not show any correlation with
lacking anatomical overlap. Thus, lacking anatomical overlap does not seem to have a great

impact on average and minimum pairwise dissimilarity scores, whereas the highest dissimilarity
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amounts of anatomical overlap (as observed in our extinct species) does not seem to artificially

inflate dissimilarity.
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Sample sSize.—At a sample size of two individuals, maximum, mean, and minimum

dissimilarity are equal for each replicate as only one comparison is performed. As sample size

increases, maximum and minimum dissimilarity diverge, with increasing numbers of replicates
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finding the observed maximum or minimum dissimilarity, and mean dissimilarity stabilizes (Fig.

78). By a sample size of four or more individuals, the distributions of maximum and minimum

dissimilarity do not overlap each other and are almost distinct from the range of mean

dissimilarities, although the variance remains high. With seven or eight individual specimens

sampled, maximum and minimum dissimilarity do not overlap mean dissimilarity anymore, and

variance in mean, minimum, and maximum values decreases considerably.
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DiscussioN

Extant Lacertid Species are Comparable Units

All 14 extant lacertid lizard species we analysed for intraspecific variability display
comparable degrees of pairwise dissimilarity, with only three outlier taxa being significantly
more, or less, dissimilar than some (but not all) other species. Assuming the identification of the
specimens referred to these species was mostly based on external morphology and provenance,
and assuming it is correct, it is reassuring to see that all these species comprise a comparable
degree of skeletal dissimilarity. Moreover, the included species vary in body size, ecological
niche, and phylogenetic history, the species were represented by divergent sample sizes, and
specimens showed different degrees of anatomical overlap. Notwithstanding these differences in
their biology, sampling procedure, and available data, pairwise dissimilarity remains consistent.
The three partial exceptions are Lacerta media, L. pamphylica, and Ophisops elegans.

Lacerta media was found to have a significantly higher intraspecific variability than eight
other species within our dataset, whereas no significant difference was found with five other

species. It was sampled by four specimens in our dataset and alse-has the lowest anatomical

overlap scores over all characters as well as within the cranial, dental, and postcranial subsets;

and-it was-sampled-byfourspeeimens-in-our-dataset-(Tables 15-31). The high overall

dissimilarity is driven by high variability in qualitative cranial and postcranial characters
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(Supplementary Table 54). Lacerta media is less, or similarly, variable than many other species
in character subsets that generally show high variability (e.g., quantitative cranial and qualitative
dental characters). Our findings could be a result of sampling of specimens from distinct lineages
within L. media currently recognized as subspecies (probably L. m. media in Turkey and L. m.
wolterstorffi in Israel; Ahmadzadeh et al. 2013), suggesting that their morphological dissimilarity
would support distinction at species level of at least the northern and southern clades recognized
by Ahmadzadeh et al. (2013). However,-aAdditional sampling of the various subspecies (which

all occur relatively close to each other around the eastern coast of the Mediterranean) as well as a

more complete sampling of the entire geographical range of L. m. media (which reaches as far

east as northern Iran and the Caspian Sea) would provide an interesting case study to understand

if morphological variability corresponds to genetic or geographic distance in this species. If

geographically widespread species within a certain clade would also be morphologically more

variable than

species within that clade, any method for species delimitation based on our results would have to

normalize disparity values based on geographical distance among specimens.

Lacerta pamphylica has a significantly lower variability compared to four other species
(no significant difference is found with nine other species), although the three specimens
sampled cover a juvenile and an adult male and female. These were scored based on the-figures
provided by Cerfiansky and Syromyatnikova (2019:see-Supplementary-TFable—+), which only
figured part of the skull, so no postcranial material could be compared. Lacerta pamphylica has a
relatively small geographic distribution and no distinct lineages are known below the species

level (Ahmadzadeh et al. 2013; Kornilios et al. 2020), which may be a reason for low overall
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osteological variability. This low overall variability is mostly driven by a low variability in the
qualitative cranial characters (0.0991 £ 0.0482; Supplementary Table 54), which constitute the
majority of the included characters. This is the lowest value of intraspecific variability among
qualitative cranial characters for all extant species; it is significantly lower than the binned
qualitative cranial dissimilarity of the other extant species. The absence of scores for postcranial
characters may have artificially increased the impact of this character subset on the entire values,
but given the comparatively low dissimilarity, it remains possible that there is a genuine signal
that should be further explored with more extensive sampling.

Ophisops elegans has a comparably low intraspecific variability;as to that in Lacerta
pamphylica, being significantly different from six, but similar to seven other species. It is
sampled by four specimens and has intermediate levels of completeness and anatomical overlap.
Three specimens are from the Greek island of Samos, and one is from Armenia, so they probably
represent specimens of the subspecies O. e. macrodactylus and O. e. persicus, respectively
(Montgelard et al. 2020). No information is available on their sex and maturity. As in the other
outlier species, the pattern of variability is intriguing, especially because Montgelard et al. (2020)
proposed to elevate O. e. persicus to species level (so we would have two species represented in
our sample), but the low sample size, with three of four specimens coming from Samos Island,
casts doubt on this pattern being a genuine representation of intraspecific variability across the
entire species. Low overall variability of O. elegans is driven by a low dissimilarity among
qualitative cranial characters, as in L. pamphylica, but it also has very low to non-existent
variability in quantitative cranial and dental characters and qualitative dental and postcranial
characters (Supplementary Table 54). Quantitative cranial and qualitative dental characters are

otherwise more variable than average, so their low values in O. elegans is peculiar. Given that
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this was the only representative of the lacertid subclade Eremiadini (and that the sampled
specimens may represent two distinct species), one might take this as an indication that patterns
within Eremiadini are different from other lacertids, but additional species, subspecies, and
specimens will have to be sampled in this clade to confirm this. At present, we cannot
confidently exclude that the significant differences in intraspecific variability between these
three outlier species and some (though not all) other species are artefacts of low sample size and
restricted anatomical overlap.

The results from our studies corroborate that current species delimitation is generally
robust in the extant species we analysed, and that these taxa do not suffer considerably from the
species comparability problem. This stability; #n-turn;-suggests that osteological intraspecific
variability can be used as a proxy for other secondary defining properties and may be suitable for
species delimitation even in the absence of autapomorphic osteological features in a particular
species (as is the case in some of the analysed lacertids; Villa et al. 2017). Hence, these values
may also be of use to delimit extinct lacertid species. However, our results in the analysis of
mean pairwise dissimilarity in extinct lacertid species shows that some extinct species we
examined had divergent dissimilarity values compared to extant species.

Reasons for Incongruence in Dissimilarity Between Extant and Extinct Lacertids

The reasons for the diverging results in intraspecific osteological variability in the
sampled fossil taxa are-likely-to-be-manifeld—They-could include matrix and OTU construction,
missing data, the inclusion or exclusion of sexual dimorphisms and/or ontogenetic differences,
and differing interpretations by researchers of intraspecific variability. Al-these-factors-may

effectively-lead-to-incongruent species-delimitation—Moreover, palacontology provides a unique

opportunity to study species through time, which while generally beneficial, could lead to time-
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averaging — i.e., fossils of a species lineage sampled across a few thousand or tens of thousands
of years might include more ‘evolution’ and thus be more dissimilar than an extant specimen set
derived from a single time plane.

Matrix Construction—The effect of matrix construction on disparity analyses has been
discussed in detail by Lloyd (2016) and Gerber (2019). Herein,-wWe followed their
recommendations that the matrix should include as many characters as possible, irrespective of
their homoplasy rate (see Dataset — Character sampling). Additionally, we tested the impact of
OTU construction on our dataset by including two conceptual types of OTUs. Generally, the

species we-compared-in-this-analysis-were scored at specimen-level, with one exception

(“Lacerta” siculimelitensis), which comprises locality-level OTUs, so it is possible that some of

the observed variability among single specimens is obscured-Given-that-pelymerphie-characters

ach (see Dataset —
Extinct taxon and specimen sampling);-). itis-pessible-thatsome-of the-observed-variability
amengsingle-speeimens-is-obseured-OTU construction may thus have artificially lowered

intraspecific osteological variability in “L.” siculimelitensis (see below for a detailed assessment

ol this species) -Caeen-thatobsepoad b dpnbase oith the cloenlbipe Lo oL OP Lol L 2

-Missing entries in our

dataset indeed-result in much lower numbers of anatomical overlaps in extinct versus extant
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species (Fig. 67; Table 13), which can have a substantial impact on pairwise dissimilarity
analyses (Smith et al. 2014; Gerber 2019).

AHowever, non-randomly distributed missing entries, as present in our dataset, seem to

have a less significant impact on disparity analyses than randomly distributed ones shewn-by

fossilisation-(Smith ct al. 2014);nen-randomly-distributed-missing-entries-seem-to-have-aless

es. This pattern was

partially confirmed by our ews-simulations. Visualizing-the-dissimilarity-ofall-pairwise
Givenshews that most

taxa display either a flat relationship between low anatomical overlap and dissimilarity, or show
the highest dissimilarity with intermediate amounts of anatomical overlap, making-it is unlikely
that the high number of missing scores for extinct taxa is the only reasen-factor generating an
artificially high or low dissimilarity. Furthermore, our “simulated fossil” datasets only found two
extant species with artificially removed character scores to approximate intraspecific variation
patterns seen in those four extinct partner species that diverged from the general average
ebserved-(Fig. 34). Mediolacerta roceki and Pseudeumeces cadurcensis remained significantly
different compared to their extant partner species with an equivalent number of removed
character scores.

The significantly higher variability of Mediolacerta roceki and the significantly lower
intraspecific variability of Pseudeumeces cadurcensis are not solely artifacts of missing data and
low anatomical overlap, but include a true signal of the osteological variability that our dataset
captures despite the incompleteness of the fossil record. These two species have intermediate

values of completeness and AOI compared to the other extinct species—This, suggests-suggesting
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that analysis of weighted mean pairwise dissimilarity can yield meaningful results even at high
levels of missing data, but that there is no clear correlation between completeness and
significance of the result. Simulations as proposed in our study will be paramount in future
assessments to evaluate if the recovered signal is in fact true or if it is likely-impacted by
specimen and species incompleteness.

The low sample size in our dataset for both extant and extinct species (up to a maximum
of twelve specimens per species) may seem problematic at first, but does not appear to impact
our results considerably, corroborating earlier studies that showed little effect of low sample size
on mean pairwise dissimilarity analyses (Foote 1992b, 1993; Ciampaglio et al. 2001). In
molecular specimen-level phylogenetic analyses, genetic variation is thought to be covered
sufficiently to yield accurate trees, if ten specimens per species are included in an analysis
(Saunders et al. 1984; Carstens et al. 2013). For the study of morphological variation, wetkers-it
has beenhave suggested that at least eight (Roth 1992), ten (Ciampaglio et al. 2001), or 20 (Cope
and Lacy 1992) specimens need to be sampled to cover a significant portion of the actual
variability present in a species.

Our sensitivity analyses

(Eig—8)-suggest that mean dissimilarity values do not change significantly when analysing four
or more specimens, and that minimum and maximum values do not overlap recovered mean

values when sampling at least seven or eight specimens (Fig. 78). Thus, taxa represented by

seven or more individuals in our dataset while-peetly-sampled-species-in-our-dataset-may-have

dissimilarities-are-probably show representative mean dissimilarity and and-variance that are

comparable with-these-of-well-sampled-speeiesamong each other—This-is-especially-true fortaxa
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represented-by-seven-or-mere-individuals-in-our-dataset, whereas some doubts remain for those
species sampled by feur-er-fewer specimens — especially those with divergent results (see-the
diseussion-ofas is the case in the outlier species discussed above). This result is-premising-in
many-ways—It-shows that low sample sizes should not be regarded as impeding research on
morphological dissimilarity, and that the low number of available osteological specimens in
museum collections (Bell and Mead 2014) is not necessarily a barrier to applying the approaches

advocated here. However, it will be interesting to see studies with tens to hundreds of specimens

of a single species in future;

also-reduce-the-neeessitywith the ever-increasing availability of predueing-CT scans of wet-

specimens, a

wottd-stil-be-beneficial-as-they-provideing a wealth of additional information that is not visible

in skeletal preparations, this should only be a matter of time. East-butnetleast-it-shows-that

beth-diversity-and-disparity-in-extant-and-extinet taxa—Although-In sum, an inclusion of seven or

more specimens per species is advisable, but dissimilarity analyses ean-yield-significantresults

evenatwith lower sample sizess-but-these may yield meaningful results-wit-have-te-be if they

are carefully assessed for potential shortcomings when-stadying ranges-ofvariabilitydue to low

sample size.

Uneven Sampling of Ontogeny and Sexes.—Intraspecific variability is greatly affected by

sexually dimorphic features and ontogenetic changes. Hewever+In a complete sample including
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members of both sexes and from various ontogenetic stages, these two factors should probably
not have a large impact on the mean dissimilarity value, although they may increase the observed
ranges in dissimilarity considerably. Given that sex and ontogenetic stage are not known for
many fossil specimens, especially if they are only partially preserved, it remains difficult to
quantify the amount of variability that is absent in the extinct dataset. Hence, the expected
impact on studies of extinct species; if-any;-would be a lower range in variability compared to
more eompletely-extensively sampled extant species, whieh-is-similar to the effect of low
anatomical overlap and sample sizes in general. This would be especially the case if sexual
morphs, instead of being recognized as different sexes of a single species, are erroneously treated
as distinct species given their diverging morphology, something that is very difficult to assess in
palacontological samples (Wiley 1978; Tschopp and Upchurch 2019). In any case, sexual
dimorphisms and ontogenetically variable characters often affect certain character complexes. In
the case of sexual dimorphism, these are often restricted to soft tissue morphology associated
with the reproductive tract, which is generally not preserved in fossils, or to features bearing a
display function that may or may not have osteological correlates (and if they have, they may not
be recognised as such in fossils; Mallon 2017). Restricting our dataset to osteological characters,
and analysing mean pairwise dissimilarity over a complete set of cranial, dental, and postcranial
characters can probably be expected to reduce the confounding impact of these types of
intraspecific variability — even though we also deliberately included characters that are known to
be variable between sexes and through ontogeny.

Time-averaging in Fossils.—Time-averaging can result from a sampling of fossil
specimens from different geological ages (even if only thousands of years, a time span too short

to be recognisable in many geological contexts). Hence, fossil samples may combine variability
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that had accumulated over time while the species was adapting to changing environmental
eireumstanees-conditions through natural selection (Simpson 1937, 1951). The inclusion of
specimens from potentially different evolutionary stages within the same species would be

expected to partiewlarly-increase the-mean dissimilarity as well as range of variability because

such variability cannot be observed in samples of extant species (Kelley 1986). The resulting

higher observed variability in time-averaged fossil samples could counteract or even overwhelm

the impact of missing data and uneven sampling of sexes and ontogenetic stages.-Whereas-we

The Species Comparability Problem in Extinct Lacertids

The extinct species examined have more variable dissimilarity scores compared to extant
species, suggesting that a species comparability problem occurs both between extant and extinct
species, as well as among extinct species only. In two extinct species (Mediolacerta roceki and
Plesiolacerta lydekkeri), these intraspecific differences are as pronounced or larger than
intrageneric dissimilarity in extant genera, supporting earlier claims that these two extinct
taxonomic species units are more inclusive than extant taxonomic species units and more closely
compare to genera. At the same time, the other four extinct lacertid species are equally, or less,

variable than extant species (most importantly Dracaenosaurus croizeti).-Henee;-overall
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All aspects discussed above probably impacted our mean pairwise dissimilarity values

obtained from the sampled extinct species, but it remains difficult to estimate the contribution of
each of those factors, especially in the two species that remain significantly different even from
their extant partner species in the simulations. The low mean dissimilarity in Pseudeumeces
cadurcensis and the large variability in Mediolacerta roceki, in particular, indicate that these
results are a consequence of taxonomists holding diverging views on the “acceptable” or
“typical” amounts of intraspecific osteological variability within a species. What this means for
the extinct species analysed here is discussed below.

Dracaenosaurus croizeti—The observed variability in D. croizeti is significantly lower
than any other species we analysed, be it extant or extinct. This is true for the whole dataset as
well as the modules of qualitative cranial characters (the majority of characters in the dataset)
and qualitative and quantitative dental characters (Supplementary Table 45). Heweves;

v Variability is not significantly lower compared to the values obtained in its extant partner

species {L—acerta bilineata) with artificially decreased anatomical overlap (although the mean

value remains much lower; 0.1182+0.1425 in D. croizeti; 0.1632 £0.1297 in L. bilineata). Thus,

we cannot completely rule out that low anatomical overlap is driving these discordant values.

ree; Bohme and Ilg 2003).

Another reason for the low values might be the fact that This-is-a-very-considerable-amount-of
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{see-belew)—Dracaenosanrus. croizeti is highly specialized, with its strongly enlarged posterior

teeth adapted for crushing and the generally stout skull and jaws for the attachment of strong
musculature (Hoffstetter 1944; Miiller 2004; Cerfiansky et al. 2017). It-is-pessible-thatsSuch an
advanced specialization was possibly favoured by strong natural selection;-whieh that ultimately

constrained aspects of morphology and so reduced intraspecific variability, especially in cranial

and dental characters. Postcranial material of the sampled D. croizeti specimens was excluded

from contributing to the calculation of intraspecific variability because of the absence of

anatomical overlap in this module (Table 13), which was probably less i#mpaeted-constrained in

morphology by this feeding specialization_(and may thus have increased the dissimilarity)-than

in-this-speeies—Additionally, researchers may have been overly cautious in referring specimens

with slightly diverging morphologies to this species, -e+esearehers-thereby applying a more
strictly typological species concept when identifying fossils. This would suggest that additional
material now referred to “Dracaenosaurus sp.” should indeed be assigned to D. croizeti as well.
TFhese-sSpecimens that were not identified to species level are all from the same localities in
France and Germany that also produced specimens referred to D. croizeti (B6hme and Ilg 2003;

Certiansky et al. 2016a), further supporting our suggestion. Howeverinclusion-of all-this
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“Lacerta” filholi—No significant difference was found in recovered intraspecific
variability of “L.” filholi compared to extant species, as well as compared to its extant partner
species (Psammodromus algirus) in both the original dataset and the simulated dataset with
artificially reduced anatomical overlap. This indicates that the species “L.” filholi may represent
a unit comparable to extant species, although the included specimens cover a time span of
approximately 1.2 Myr;-and-allreferred speecimens-would-eover H-9-My- (Bohme and Ilg 2003).
We interpret our results with caution because the species is represented in our dataset by very
few, disarticulated specimens, and there may be much more variability occurring in the entire
duration of the species as currently understood. Only 13 characters could be compared in this
species, but the-high-COFof72% shews-that-the few comparable characters were shared in
several efthe-specimens. These are almost entirely restricted to dental and mandibular features
(the specimens referred to this species by Augé (2005) only include dentaries, maxillae, a few
premaxillae, and a coronoid), and it remains to be seen if other cranial and postcranial material
would alter the observed variability. In any case, the calculated intrageneric variability with other
Lacerta specimens was found to be significantly larger than normal intrageneric variability
within extant taxa, and even exceeded most of the recovered dissimilarity scores calculated

between extant genera (Supplementary Table 45). This finding suggests-supports earlier studies

suggesting that the referral of this species to the genus Lacerta is questionable -as-was-alse

recognized-by-(Augé (2005)-and-; Augé and Hervet {2009; Wencker et al. 2021);-whe

“Lacerta” siculimelitensis.—As for “L.” filholi, also “L.” siculimelitensis is comparable
to extant taxa in its intraspecific osteological variability, although it has a relatively low

dissimilarity score (0.1364 + 0.0641; Supplementary Table 45). The five OTUs included in the
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present analysis span a time range of 1.72 Myr (Delfino and Bailon 2000; Béhme and Ilg 2003;
Tschopp et al. 2018b);-and) and occur in southern continental Italy and on the islands Sardinia,
Sicily, and Malta. The relatively low variability probably underestimates true dissimilarity due to
the construction of the locality-level OTUs used in our analysis, so we may expect higher values
(i.e., values more closely matching the extant averagemean) being present if individual
specimens were scored separately. Thus, we expect this species to be comparable to extant

species. A

“L>fitheli-butilntrageneric variability observed in “L.” siculimelitensis was found to be higher

than in most extant species_(although less so than in “L.” filholi), suggesting that an attribution to

a distinct genus may be better supported by morphology;-attheugh-this-will-have-te-be-confirmed
Mediolacerta roceki—This species is significantly more variable than extant species. It
exceeds variability of extant species in almost all character modules that could be analysed;
theugh- (several of them were scored too incompletely to yield any data; (Supplementary Table
54). Mediolacerta roceki is also significantly different from its extant partner species Podarcis
muralis-which-did-not-end-up-with-significantly-higher variability- when deleting the same
characters as are missing in M. roceki (Fig. 34). Thus, reduced anatomical overlap alone cannot
explain the difference in dissimilarity. The time covered by the included specimens is probably
around 1.2 Myr (Bohme and Ilg 2003), and thus comparable to, or less than, “L.” filholi and “L.”

siculimelitensis, which have a significantly lower intraspecific variability. Mediolacerta roceki

This-speeies-was initially defined based on a dentition that is intermediate between the conditions
in “L.” filholi and the more clearly amblyodont Amblyolacerta dolnicensis (Augé 2005). It is

possible that this differential diagnosis is too vague to unambiguously identify lacertid tooth-
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bearing bones, so some of the referred specimens may actually belong to the less or more
amblyodont species, rather than to M. roceki.

Plesiolacerta lydekkeri—As with Mediolacerta roceki, intraspecific osteological
variability was found to be significantly higher in Plesiolacerta lydekkeri compared to extant
species. The high variability seems to be mostly driven by it having by far the highest
dissimilarity in qualitative dental characters, which are already among the most variable
characters in our dataset — other character modules that could be analysed show comparable
values to extant species (Supplementary Table 45). However;ilts extant partner species in the
simulated dataset (Lacerta agilis) did approximate the pattern observed in P. lydekkeri when
deleting nearly the exact same characters as those missing in P. /ydekkeri (Fig. 34). Thus, the
high variability in the teeth of the sampled P. /ydekkeri specimens may not be a true signal.
Indeed, although we scored 12 specimens, its completeness score is the lowest among the extinct
species (together with “L.” filholi; Table 12), and only 35 overlaps (in 23 characters) and thus

pairwise comparisons occur between these 12 specimens (resulting in an AOI of 1%; Table 13).

charaeters-could-bescored,with-H-everlaps-in-total-Additionally, P. lydekkeri could only be

scored for 4% of qualitative cranial characters, which generally drive average mean dissimilarity
scores within other species. The paucity of available data in general, and of data from the
apparently most relevant skeletal module, is probably the reason why intraspecific variability
was found to be higher than interspecific variability (which compares P. lydekkeri specimens
with specimens from other species, so that the number of comparable characters is much higher;
Fig. 34). This surprising pattern also holds true among qualitative dental characters, the module

that is mostly responsible for driving the values observed in P. lydekkeri (Supplementary Table
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45)-TFhis-unexpeeted-result, which is another indication that the value obtained within P.

lydekkeri represents an outlier far from the true mean dissimilarity value of the species:-all-ether

the high variability in the dentition of P. /ydekkeri could be a result of time-averaging; the

included specimens cover a period of 4.2 Myr (the-entire-species-seems-to-have-a-tempeoral-range

of+0-My+-Bohme and Ilg 2003), the highest of all extinct species represented in our dataset.
Alternatively-oradditionallyMoreover, this result could reflect the fact that the holotype — in
contrast to almost all other extinct lacertid species — does not include any cranial material but
consists of a relatively large dorsal vertebra (Hoffstetter 1942; Ceriiansky and Augé 2013).
Consequently, and because no articulated specimen is currently known, most of the referred
material was probably assigned to the species based on size instead of shared apomorphic
features. The high dental variability then would suggest that more than one large-sized lacertid
was present in the Oligocene of Europe, but additional sampling (and probably the find of an at

least partially articulated skeleton) would be required to test this in detail.-Combining-single

Pseudeumeces cadurcensis.—This species is the second in our dataset with a

significantly lower intraspecific variability compared to extant taxa. It is also significantly
different from its extant partner species (Lacerta trilineatay when simulating missing data. The

sampled specimens of P. cadurcensis cover a time span of 1.2 to 5 Myr (depending on the strata
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stratum that yielded the historical material was-feund;- which was not reported), which is thus
comparable to the other extinct species. Like Dracaenosaurus croizeti, P. cadurcensis is a
strongly amblyodont taxon, although slightly less so than the former. Thus, the same
considerations regarding specialisation and strong stabilising selection leading to lower
variability also applies-apply to this species; the fact that D. croizeti, with stronger amblyodonty,
is less variable than P. cadurcensis may add further support to this hypothesis. However, it is
also likely that material identified as Pseudeumeces cf. cadurcensis from Herrlingen in Germany
(Certiansky et al. 2016a) can be assigned to the species, and possibly even material currently
referred to Pseudeumeces sp.

Inconsistent Morphological Species Delimitation; and its Effects—eand-how-to-Overcone-then

The differences in intraspecific dissimilarity seen in the extinct lacertids lizards-in-eur
dataset-indicate that species delimitation approaches are not always consistent between
neontology and palaeontology, even though most specimen identifications were probably based
on morphology. In at least two of the six extinct species we sampled, low anatomical overlap did
not significantly skew the recovered dissimilarity values. Pseudeumeces cadurcensis is
significantly less disparate than any sampled extant taxon, indicating that palacontologists have
been overly strict when referring specimens to this species, whereas Mediolacerta roceki is
significantly more variable, suggesting that some specimens referred to this species should be
assigned to other taxa.

Our results indicate that differentresearchers-appear-to-have-divergent-assumptions
at-the

assessment of Wiens and Servedio (2000) and Wiens (2007) that there has been little progress in

the methodology of species delimitation based on morphology, still holds true today. This could
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partially result from the fact that the taxonomy of extant species continues to change with the
identification of cryptic lineages based on phylogenomic approaches (e.g., Ahmadzadeh et al.
2013; Kornilios et al. 2020; Montgelard et al. 2020), as is also the case in many other vertebrate
clades (Brochu and Sumrall 2020). It is difficult to keep up with the pace of these phylogenomic
taxonomic revisions when analysing morphological disparity and intraspecific variability,
because acquisition of significant amounts of data takes time and often requires specimen loans
or collection visits (Brochu and Sumrall 2020). However, if intraspecific skeletal dissimilarity
values among modern species are consistent, this has great potential to help systematists to
develop and apply morphological species delimitation in the future, and thereby overcome the
species comparability problem.

It is important to avoid divergences between extinct and extant species: ideally, we need

to render the “species” a comparable taxonomic unit in both fossil and recent datasets (Barnosky

et al. 2011; Brochu and Sumrall 2020). While-Barnesky-et-al-(204H)-highlighted-the-impeortant

wider-array-of biological-studies—Attempts to reconstruct the diversity of taxa through deep time

are fundamental to palaecobiology, being used to identify radiations and extinctions that can then
be correlated with intrinsic and extrinsic factors (e.g., Mannion et al. 2015; Tennant et al. 2016).
Yet inconsistent taxonomic practices might inflate or deflate species counts in particular time
bins, geographic regions, or clades, in ways that create noise or even artefactual patterns, such as
the so-called Pull of the Recent, which summarises potential biases leading to higher diversity in
extant compared to extinct taxa (see e.g., Raup 1972; Sahney and Benton 2017). Essentialby—+If

an extinct species, as a taxonomic unit, would be comparable to an extant genus;-which-ineludes
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including several species, observed patterns of species diversity, speciation rate, species
longevity, and others, could simply reflect inconsistency of what we mean by species today and
in the fossil record. Fortunately, this does not appear to be the case in all lacertids, but it remains
to be seen if this also applies to other vertebrates. Nevertheless, the availability of large amounts
of comparative data of various types (e.g., DNA, soft tissue, ecology, etc.) to establish and
delimit species living today, potentially leads to the recognition of many extant species that
cannot be diagnosed using fixed, apomorphic skeletal features and thus cannot be recognised in
the fossil record, resulting in lower numbers of extinct compared to extant taxa (Brochu and
Sumrall 2020). In fact, ithas-been-shown-in-small North American mammals that-show an
ebserved-apparent increase in diversity from the Holocene to Modern times, but this results from
the presence of several extant species recognised based on molecular or soft tissue characters
only, so the apparent diversity increase solely reflects such a taxonomic bias (Carrasco 2013).
Another problem stems from the need to adjust for the uneven sampling of the fossil record when
assessing changes in palacodiversity. Methods aimed at ameliorating the effects of uneven
sampling of the fossil record and other biases depend on our ability to accurately identify distinct
species, assign specimens to species, and count species, since such data affect parameters such as
Goods U in SQS (Alroy 2010) or the number of samples per time bin in TRIPS (Starrfelt and
Liow 2016). A similar case can be made for historical biogeographic studies: the spatiotemporal
ranges of species are required for such analyses (e.g., Matzke 2013, 2014; Poropat et al. 2016;
O’Donovan et al. 2018; Xu et al. 2018) and many less quantitative (i.e., narrative) approaches to
palacobiogeography base their inferences on the ranges of notional species. It is common
practice, for example, to infer that two geographic regions are likely to have been in contact (or

at least linked by a viable dispersal route) if they share species in common — this implies gene
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flow and therefore continuity of areas and populations. Clearly, such palaeobiogeographic
analyses are likely to produce incorrect or distorted results if the paleontological species units
they use have been recognized in an inconsistent manner with respect to geographic and/or
temporal ranges. Thus, the development of data sets in which the equivalence or comparability of
its species units has been assessed and standardised as much as possible, is vital if we are to

ensure that they do not obscure true macroevolutionary or sampling bias patterns-(see-alse

Can we devetop-Develop Species Delimitation methods-Methods based on morphologicat

Morphological elustersClusters?

Irrespective of what species concept is preferred, speciation will eventually lead to
accumulation of unique genetic and most likely also phenotypic traits, justifying the use of
genetic or phenotypic clustering methods for species delimitation (Hausdorf 2011). However,
different evolutionary processes can act on different species. These processes can affect distinct
morphological characters or character complexes, which may in turn result in varying variability
patterns across skeletal regions (e.g., feeding adaptations versus locomotion). Thus, it is
important to study overall skeletal variability instead of single traits or trait complexes.

Analysing variability in single traits or skeletal regions cannot capture overall

morphological variability. These approaches may be useful to assess if certain characters
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proposed to be diagnostic for particular extinct species are valid or if they fall within the range of
variability observed in extant species (e.g., Barahona et al. 2000). However, they do not permit
the development of a more general approach to species delimitation applicable both to extant and
extinct species. In fact, they may reveal conflicting results. For example, variability in scale
patterns on the skull roof in three species of lacertids also included in the present analysis
(Lacerta bilineata, Podarcis muralis, P. siculus) revealed that P. muralis was about 1.4 times
more variable in this trait complex than P. siculus and nearly twice as variable compared to L.
bilineata (Bruner and Costantini 2009). Our dataset includes discrete characters describing the

skull roof patterns quantified and analysed by Bruner and Costantini (2009; see Supplementary

Material-4Data 2);-se-this-apparent-contradietion-with; our ewnresultsfindings that these three

species have comparable dissimilarity is probably because our dataset covers the entire skeleton.
Focusing on one or few traits is extremely-premisinguseful to analyse function of convergently
acquired features, but it does not contribute much to help-delimiting-species delimitation.
Numerous operational criteria have been proposed to define-or-delimit species, based on
varying interpretations of which defining property marks the completion of the speciation
process (see reviews in Sites and Marshall 2003, 2004; Queiroz 2005, 2007). If we accept that
any single one of these criteria may suffice to result in speciation, different species can have
distinct defining properties (Queiroz 2005, 2007). These properties may affect morphology in
disparate ways, as well, and they also will affect different character complexes. Just as in the
example above of feeding versus locomotion, the evolution of reproductive isolation (Mayr
1942) or ecological divergence (Van Valen 1976) can have significant effects on morphology but
does not necessarily impact the same traits or sets of traits — nor are these changes associated

with single genes (Highton 1990). With time, these processes may lead to evolution and fixation
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of new morphological traits that can be considered diagnostic for a particular species (Kimura et
al. 2016). However, asserting that a trait is truly fixed is statistically nearly impossible, and even
allowing a 95% fixation rate within a population, sample sizes have to be very large to confirm it
that a particular trait can be considered diagnostic (Wiens and Servedio 2000). After prolonged
diverging evolution, diagnostic morphological features may also occur across the entire
organism, but recently diverged species may not have evolved widespread diagnosability, and if
single diagnostic traits occur, they might be in discordance with other features and thus difficult
to interpret (Hausdorf 2011; Harrison and Larson 2014). Using overall variability scores derived
from a set of diverse morphological characters circumvents these problems and may cover all
aspects resulting from evolutionary mechanisms culminating in speciation, even if these incipient
species are not yet diagnosable by particular, fixed, apomorphic traits-(as-is-the-ease-in-different
The accuracy of species delimitation based on genetic data also depends on the number of
sampled loci. Single-locus analyses are prone to failure in detecting species status of recently
diverged lineages, whereas combining information from multiple loci resulted in a decrease of
such false-negatives (Knowles and Carstens 2007; Hausdorf and Hennig 2010). By reducing the
number of loci (or morphological characters, for that matter) in an analysis of species
boundaries, one is more likely to be misled by a mismatch of the evolutionary assumptions
underlying the delimitation methodology and the actual evolutionary processes leading to lineage
splitting. Fer-instanee4lf speciation is driven by strong selection resulting in fast evolutionary

rates in the fixation of a genotypic or phenotypic trait, focusing species delimitation on slow-
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evolving traits will not be capable of recognizing this recent and rapid lineage-splitting event
(Knowles and Carstens 2007).

Focusing species delimitation on a variety of slow- and fast-evolving traits alse-embraees
reflects a polytypic understanding of species as morphologically (and genetically) variable
populations (following Mayr 1942). It is equivalent to defining the “taxonomic space” as
intended by Hull (1965), using morphological variability as an indicator for the presence of one
or more secondary defining properties (sensu Queiroz 2007) that renders a metapopulation a
distinct species. Such an approach is supported by evidence from Drosophila, where
morphological differences in male genitalia are associated with mutations in genes from all
chromosomes (Coyne and Kreitman 1986), which led Highton (1990) to propose species
delimitation based on genetic distance calculated across many loci scattered throughout the
genome. This overall divergence was observed to be fairly generalized across non-avian
vertebrates (Thorpe 1982), supporting its use as a proxy for a speciation event (Sites and
Marshall 2003), just as we propose to use overall morphological distance as an indicator for

species boundaries.

Avoiding Extreme-extreme Values-that-Meay-Derivefrom-ObservationErrors.—
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Furthermere;-oOur sensitivity analyses indicate that the range of maximum to minimum
pairwise dissimilarity correlates with sample size (Fig. 78), and that maximum dissimilarity is

also affected by lacking anatomical overlap (Fig. 67). Additionally, dissimilarity values can be

impacted by observation errors, which may stem from diverse reasons (e.g., wrong specimen

identifications in collections, errors in scoring, divergent interpretations of morphological

characters by researchers). On the other hand, average mean pairwise dissimilarity scores are not

likely to change significantly when adding more specimens per species, though the standard

deviation of the mean dissimilarity does decrease with increasing sample size. Fhus;-maximum

Restricting species delimitation to the use of average and standard deviation, lowers the impact
of such potential sampling error producing extreme values (Cope and Lacy 1992), especially as

more specimens are sampled per species. However;

Species Clusters versus Genus Clusters.—furthertests-are-necessary-to-understand-how
species-clusters-can be distinguished from genus clusters. TheOur PrincipleP-Coordinate

Analyses we-condueted-showed that while specimens of a single genus form distinct clusters in

the morphospace, species clusters are not always recognizable (Fig. 45). NeverthelessThus,

lacertid-dataset—Consequently-species delimitation approaches have to be based on variability

scores, whereas the morphospace analysis could be used to distinguish higher-level clusters that
could be used to delimit genera. If such numerical boundaries are stable in established and well-

accepted; closely related species, they could be applied to other species complexes of the same
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clade, be they extant or extinct, where species boundaries are unclear. Combined with a
meaningful specimen-level phylogenetic analysis, variability scores can be calculated between
closely related specimens and added up in a stepwise manner until the species threshold is
reached (a similar approach was used by Tschopp et al. (2015). Thereby, morphological species
delimitation would combine historical consensus on species boundaries in well-known species
and phenetic clustering based on a sound phylogenetic framework. Whether this is best done
with discrete character matrices, geometric morphometrics, or a combination of the two, and
whether this would be applicable to a wide variety of vertebrate clades, forms a rich field for
further investigation.
Intraspecific variabitity-Variability in vertebratesVertebrates

Our analysis of lacertid intraspecific variability adds to earlier studies on other vertebrate
clades (e.g., Roth 1992; Wiens and Penkrot 2002; Bever 2009; Foth et al. 2015). Exact values of
variability depend on character and taxon sampling, and can also vary between clades (e.g., tooth
variability in different clades of mammals; Roth 1992). In fact, evidence from other lizards
indicates that intraspecific variability may be higher than interspecific variability in certain
genera (e.g., Sceloporus; Wiens and Penkrot 2002);-and. eranial-Cranial intraspecific variability
in the turtle Pseudemys texana was found to be at least 27% (Bever 2009), and thus also

considerably higher than the observed 21% in our lacertid sample (24%-- although this may be

partially the result of slightly different methodologies, and the restriction to cranial osteology in
Bever (2009). However, in clades where all extant members have comparable intraspecific
variability, and where these are consistently and significantly lower than interspecific variability,
those values can be used to delimit extinct species of the same clade. Where data on skeletal

variability in extant members of a clade are available, we can relatively easily quantify
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dissimilarity based on both discrete characters (e.g., Hetherington et al. 2015; this study), and
geometric morphometrics (e.g., Bruner and Costantini 2009; Foth et al. 2015; Hetherington et al.
2015; Tayhan et al. 2016; Cooney et al. 2017; Cerio and Witmer 2019; Gray et al. 2019;
Watanabe et al. 2019). Applying such values to delimit extinct and extant species consistently
throughout a clade would be a straightforward approach to overcome the species comparability
problem between neontological and palacontological species, at least in clades that have extant
members (Brochu and Sumrall 2020). Even in a clade that lacks extant taxa, we could still apply
these approaches in order to investigate the consistency with which different workers have
recognized species (as has been done by Benson et al. 2012 and Tschopp et al. 2015). Such an
approach should lead to insights into data set quality, and highlight areas where disagreement is
most extreme, and thus indicate where taxonomic revision is best focused in order to achieve
greater consistency. As a result, we would have much more robustly delineated extinct species
and more consistent ways to compare extinct and extant species numbers for any kind of
macroevolutionary study through Deep Time.

CONCLUSION

Skeletal pairwise dissimilarity was found to be consistent within extant species of lacertid
lizards, which were originally identified based on non-osteological features and partially
delimited based on non-morphological species criteria. Extinct lacertid species delimited based
on osteological grounds have more widely diverging ranges and averages of mean pairwise
dissimilarity. This incongruence highlights that the species comparability problem, the fact that
species delimited based on different species criteria are not comparable biological units, is still
an issue, in particular in studies comparing species numbers through Deep Time and including

extant taxa. However, given that intraspecific osteological variability is consistent and stable
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among, and within, extant lacertid species, we propose that dissimilarity values can, and should,
be used to delimit extinct species as well. Quantifying osteological intraspecific variability in
extant members of a clade and applying them to extinct members of the same clade, is a way to
overcome the species comparability problem in a particular clade. Similar approaches should be
applied to other vertebrate clades in order to assess if our results can be generalised, and to
ensure the comparability of extinct and extant species from different time periods or geographic
regions, before attempting to study biodiversity changes and other macroevolutionary patterns
through Deep Time.
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CAPTIONS

Figures and table
Figure 1. Intergeneric (between two specimens of two different genera), intrageneric

(between two specimens of the-samea single genus but different species), and interspecific

dissimilarity for extant lacertid taxa_(left, middle, and right columns, respectively). The
horizontal black line in the boxplots represents the median. NS indicates statistically non-
significant differences. Increasing number of stars refers to decreasing significance cutoff
(2H**1=0,001, “**"=0.01, “*"=0.05). Generally, intraspecific dissimilarity is significantly lower
than intrageneric dissimilarity, which is in-tarn-significantly lower than intergeneric
dissimilarity. The exceptions are species with low sample size (1 specimen in-the-per species of
Gallotia; 2 specimens of Iberolacerta monticola; 4 speeimens-of Lacerta media; 3 speeimens-of
Podarcis siculus).

Figure 2: Intraspecific dissimilarities for all extant (a) and extinct (b) lacertid species in

our dataset. Horizontal black lines in the box plots represent the median. Bexes-Dark boxes in

blue-represent “outlier taxa” that were statistically distinguished from more than two other taxa

in the dataset. (b) Extinct lacertid species are compared to Herizental-blacklines-in-the-boxplots

represents-the-median—Ooverall mean weighted pairwise dissimilarity of extant species, which is

0.2076 £ 0.0579 character state differences per character scored.

blacktine-in-the-boxplotsrepresents-the-median— Extinct species have much more variable

intraspecific dissimilarity than extant species.
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Figure 43: Simulation of missing data in extant species, following patterns observed in
extinct species. Intraspecific, weighted pairwise dissimilarity scores (y-axis) are given for the
whole dataset, the simulated dataset with intermediate values of missing data, the simulated
dataset with the same characters missing from the comparison as in the extinct partner species,
and the extinct partner species. The extinct partner species are Plesiolacerta lydekkeri (for
Lacerta agilis), Dracaenosaurus croizeti (for L. bilineata), Pseudeumeces cadurcensis (for L.
trilineata), Mediolacerta roceki (for Podarcis muralis), “L.” filholi (for Psammodromus algirus),
“L.” siculimelitensis (for Timon lepidus). NS indicates non-significant differences. Increasing
number of stars refers to decreasing significance cutoff (“***'=0.001, “**"=0.01, “*=0.05). The
black line in the box plots represents the median, red-diamonds represent the mean.

Figure 54. Principale Coordinate Analysis based on dissimilarity scores highlighting the
different genera (a), and species within Lacerta (b), Timon (c), and Podarcis (ed). Genera can be
more easily distinguished in this way than species.

Figure 65: Correlation of average completeness score, AOI, and COI within a species (y-
axis) and number of specimens per extant (squares) and extinct (circles) lacertid species (x-axis).

Trendlines are indicated with solid lines for extant and dashed lines for extinct species

(completeness, long dashes; AOI, intermediate length of dashes; COI, short dashes). AOI seems

most correlated with sample size in extant species, but extinct species show different patterns.
Figure 76: Distribution of missing characters from the pairwise comparisons relative to

percent of maximum dissimilarity observed in extant and extinct lacertid species. There does not

seem to be a general trend of higher dissimilarity or ranges of dissimilarity with more missing

characters.
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Figure 87: Observed dissimilarity values relative to sample size subsampled in the four

best-represented lacertid species in our dataset. Maximum-and-minimum-values-do-not-overlap

signifieantly-with-four-er-mere-speeimens;-whereasVariability in the average values of mean

pairwise dissimilarity (triangles) does not overlap with observed maximum (dots) and minimum

values (squares)

more specimens.

Table 1: Completeness (C), All Characters Overlap Index (AOI), and Comparable Characters

once -sampling includes seven or

Overlap Index (COI) within extant and extinct lacertid species in the complete dataset and

partitions.Fa
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Figure 1. Intergeneric (between two specimens of two different genera), intrageneric (between two
specimens of a single genus but different species), and interspecific dissimilarity for extant lacertid taxa
(left, middle, and right columns, respectively). The horizontal black line in the boxplots represents the
median. NS indicates statistically non-significant differences. Increasing number of stars refers to decreasing
significance cutoff (***=0.001, **=0.01, *=0.05). Generally, intraspecific dissimilarity is significantly lower
than intrageneric dissimilarity, which is significantly lower than intergeneric dissimilarity. The exceptions are
species with low sample size (1 specimen per species of Gallotia; 2 specimens of Iberolacerta monticola; 4
of Lacerta media; 3 of Podarcis siculus).
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Figure 2: Intraspecific dissimilarities for all extant (a) and extinct (b) lacertid species in our dataset.
Horizontal black lines in the box plots represent the median. Dark boxes represent “outlier taxa” that were
statistically distinguished from more than two other taxa in the dataset. (b) Extinct lacertid species are
compared to overall mean weighted pairwise dissimilarity of extant species, which is 0.2076 £ 0.0579
character state differences per character scored. Extinct species have much more variable intraspecific
dissimilarity than extant species.
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Figure 3: Simulation of missing data in extant species, following patterns observed in extinct species.
Intraspecific, weighted pairwise dissimilarity scores (y-axis) are given for the whole dataset, the simulated
dataset with intermediate values of missing data, the simulated dataset with the same characters missing
from the comparison as in the extinct partner species, and the extinct partner species. The extinct partner

species are Plesiolacerta lydekkeri (for Lacerta agilis), Dracaenosaurus croizeti (for L. bilineata),
Pseudeumeces cadurcensis (for L. trilineata), Mediolacerta roceki (for Podarcis muralis), “L.” filholi (for
Psammodromus algirus), “L.” siculimelitensis (for Timon lepidus). NS indicates non-significant differences.
Increasing number of stars refers to decreasing significance cutoff (***=0.001, **=0.01, *=0.05). The
black line in the box plots represents the median, diamonds represent the mean.
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Figure 4. Principal Coordinate Analysis based on dissimilarity scores highlighting the different genera (a),
and species within Lacerta (b), Timon (c), and Podarcis (d). Genera can be more easily distinguished in this
way than species.
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Figure 5: Correlation of average completeness score, AOI, and COI within a species (y-axis) and number of
specimens per extant (squares) and extinct (circles) lacertid species (x-axis). Trendlines are indicated with
solid lines for extant and dashed lines for extinct species (completeness, long dashes; AOI, intermediate
length of dashes; COI, short dashes). AOI seems most correlated with sample size in extant species, but
extinct species show different patterns.
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Figure 6: Distribution of missing characters from the pairwise comparisons relative to percent of maximum
dissimilarity observed in extant and extinct lacertid species. There does not seem to be a general trend of
higher dissimilarity or ranges of dissimilarity with more missing characters.
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Figure 7: Observed dissimilarity values relative to sample size subsampled in the four best-represented
lacertid species in our dataset. Variability in the average values of mean pairwise dissimilarity (triangles)
does not overlap with observed maximum (dots) and minimum values (squares) once sampling includes

seven or more specimens.
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Table 1: Completeness (C), All Characters Overlap Index (AOI), and Comparable Characters Overlap Index (COI) within extant and

extinct lacertid species in the complete dataset and partitions.

Complete (253) Cranial (167) Dental (17) Postcranial (69)
Species OTUs C AOI cCol C AOlI cCol C AOI Col C AOI cCol
Lacerta agilis 12 74% T71% 71% 5% 12%  73% 88% 84% 84% 68% 64% 64%
Lacerta bilineata 12 68% 65% 67% 75% 72%  73% 87% 84% 84% 49% 44% 47%
Lacerta media 4 46% 34% 56% 53% 40%  57% 68% 57% 64% 24% 15% 44%
Lacerta pamphylica 3 55% 46% 83% 52% 64%  84% 69% 59% 71% 60% 0% 0%
Lacerta schreiberi 6 70% 47%  65% 81% 44% 62% 92% 64% 83% 38% 51% 67%
Lacerta strigata 3 78% 58%  82% 80% 71%  83% 85% 88% 88% M% 17% 67%
£ Lacerta trilineata 8 66% 75% 81% 64% T7%  83% 80% 82% 82% 65% 67% T6%
% Lacerta viridis 11 52% 61% 63% 1% 60%  64% 67% T76% 76% 0% 60% 60%
Ophisops elegans 4 67% 55% 68% 8% 67%  T7% 88% T76% 87% 37% 21%  33%
Podarcis muralis 4 68% 58% 67% 72% 63%  71% 88% 78% 83% 55% 40% 52%
Podarcis siculus 3 80% 71% 82% 8% T7%  85% 96% 88% 94% 65% 52% 69%
Psammodromus algirus 4 70% 59% 72% 75% 66%  78% 94% 84% 90% 50% 34% 48%
Timon lepidus 10 62% 57% 5% 61% 56%  60% 79% 75% 75% 59% 53% 54%
Timon pater 3 58% 47%  75% 58% 49%  84% 90% 88% 94% 50% 33% 50%
Dracaenosaurus croizeti 7 16% 8%  29% 19% 10%  26% 42% 29% 45% 1% 0% 0%
"Lacerta" filholi 4 5% 4%  72% 3% 2% 61% 40% 33% 81% 0% 0% 0%
E "Lacerta" siculimelitensis 5 23% 12% 43% 24% 13%  45% 44% 32% 69% 16% 6%  25%
% Mediolacerta roceki 4 7% 5%  90% 6% 4%  100% 44% 39% 83% 0% 0% 0%
Plesiolacerta lydekkeri 12 5% 1% 14% 4% 0% 12% 16% 9% 17% 3% 1% 12%
Pseudeumeces cadurcensis 8 8% 4%  30% 8% 3% 22% 35% 29% 45% 0% 0% 0%
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