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The geological and geographical settings of the Eastern Mediterranean have resulted in complex patterns of
intraspecific diversifications and phylogeographical histories that can be observed in squamates. In this study, we
examined genetic differentiation of the Collared dwarf racer (Platyceps collaris) using a multilocus genetic dataset
with a sampling that covered the entire range of the species. We developed distribution models in current and past
climatic conditions to assess the dynamics of the species distribution through time. We sequenced a fragment of
the cytochrome b mitochondrial gene of the holotype and eight paratypes of Coluber rubriceps thracius, which is
considered a synonym of Platyceps collaris. Our results show that there are two distinct clades within P. collaris, one
occupying the Balkans and western and southern Anatolia (termed the Balkan—Anatolian clade), the other in the
Levant (termed the Levantine clade). All type specimens of C. r. thracius are genetically identical and cluster within
the Balkan—Anatolian clade. Distribution models indicate the presence of two refugia during climatically challenging
periods. One was in western Anatolia and served as a source for the colonization of the Balkans and southern
Anatolia, and the other was in the northern Levant, from where P. collaris dispersed further south. According to our
results, we revise the subspecific taxonomy of P. collaris.

ADDITIONAL KEYWORDS: biogeography — Colubroidea — Near East — reptiles — Serpentes — systematics.

INTRODUCTION position at the crossroads of Europe, Asia and Africa,
the fauna of the Eastern Mediterranean shows a
wide spectrum of biogeographical patterns and
phylogeographical scenarios. Many recent studies
have indicated that the diversity of squamates of the
Eastern Mediterranean is underestimated and that

The Eastern Mediterranean is a region of complex
geological and biological history. As a result of its
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traditionally recognized species described on the basis
of morphological characters often encompass cryptic
lineages (e.g. Bellati et al., 2015; Jandzik et al., 2018;
Smid et al., 2019). Although considerable interest
has been attracted to the islands (Kyriazi et al.,
2013; Poulakakis et al., 2013), differentiation and
phylogeography of the fauna of coastal Mediterranean
Turkey and the Levant are also being studied
increasingly (Sindaco et al., 2014; Kotsakiozi et al.,
2018; Kornilios et al., 2019). However, little is known
in this respect about some of the widespread and
common taxa. The colubrid genus Platyceps Blyth,
1960 is one such example.

Racers of the genus Platyceps are medium-sized,
slender and wary colubrid snakes. Their distribution
spans from south-eastern Europe across the Middle
East to central Asia and southwards across the
Arabian Peninsula to north-eastern Africa (Sindaco
et al., 2013). South-eastern Europe, the Eastern
Mediterranean and the Levant are occupied by two
species, Platyceps collaris (Miller, 1878) and Platyceps
najadum (Eichwald, 1831). Morphological data
indicate that these two species are distinct from other
congeners in having unpaired apical pits (Schatti
et al.,2014), and genetic evidence supports their sister
relationship (Schatti & Utiger, 2001; Schatti, 2004).

The taxonomic history of P. collaris has been
turbulent. It was originally described as a subspecies
(originally a variety) of Zamenis dahlii (Fitzinger,
1826) (currently Platyceps najadum) in the late 19%
century on the basis of two specimens, an adult male
from Beirut, Lebanon [Naturhistorisches Museum,
Basel, Switzerland (NHMB) 1166], and a juvenile from
the vicinity of Tel Aviv, Israel (NHMB 1167; Miiller,
1878; Schitti et al., 2001). In the beginning of the
20% century, another subspecies (originally a variety),
Zamendis dahlii rubriceps Venzmer, 1919, was described
from the Taurus Mountains in southern Turkey
[Venzmer, 1919; between Pozanti and Tarsus (37°12'N,
34°48E) according to Schéitti et al., 2001]. The colubrid
genera were later revised by Inger & Clark (1943), and
the genus Platyceps was proposed for several Eurasian
racers, including Coluber najadum (Eichwald, 1831).
However, most subsequent authors did not follow
this adjustment and applied the genus name Coluber
Linnaeus, 1758 to most Eurasian racers (e.g. Mertens &
Wermuth, 1960; Schitti, 1993). The trinomen Coluber
najadum rubriceps was used until Baran (1976)
elevated Coluber rubriceps to a full species. Rehak
(1985) described specimens from the Black Sea coast
of Bulgaria as a distinct subspecies, Coluber rubriceps
thracius Rehdk, 1985, which was characterized by its
low number of ventral and subcaudal scales and a
relatively short tail. The type series of 11 specimens was
originally placed in the collection of the Department of
Systematic Zoology (currently Department of Zoology),

Charles University, Prague, Czech Republic (DZCHU).
Owing to organizational changes at the department,
the specimens were transferred to the herpetological
collections of the National Museum in Prague (NMP)
in 2014, where they are deposited under museum
catalogue numbers NMP-P6V 75257 (holotype), NMP-
P6V 75258, 75259/1-5 and 75260-62 (paratypes;
Table 1). One paratype was sent to Bonn [Zoologisches
Forschungsmuseum Alexander Koenig (ZFMK)],
where it is catalogued under the number ZFMK 46091
(Bohme, 2014).

In a detailed taxonomic treatment, Schétti et al.
(2001) revised the taxonomy of Coluber collaris (Miller,
1878) and C. rubriceps. They recognized these two taxa
to be conspecific, which resulted in the relegation of the
name C. rubriceps to a junior synonym of C. collaris.
The authors also designated the adult male specimen
from Beirut as a lectotype of the species. With respect
to the subspecies C. r. thracius, Schétti et al. (2001)
pointed out that Rehdk (1985) based his comparisons
on published data instead of examining the specimens
himself. Also, the variance of the diagnostic characters
of C. r. thracius falls within the range of Asian
populations according to Schétti et al. (2001). Based
on these grounds, they synonymized the subspecies
C. r. thracius with the nominotypical one, which
resulted in the species becoming monotypic. This has
been followed by most recent authors (Sindaco et al.,
2013; Wallach et al., 2014; Geniez, 2018), although
some still use the subspecific designation (Stojanov
etal.,2011).

The last nomenclatural adjustment of the species
had stemmed from the phylogenetic results of Schétti
& Utiger (2001), who confirmed earlier findings of
Inger & Clark (1943) and placed the Eurasian racers,
including C. collaris and C. najadum, in the genus
Platyceps.

The distribution of P. collaris, as currently
recognized, spans from south-eastern Bulgaria along
the entire Mediterranean coast of Turkey through the
Mediterranean part of Syria and Lebanon to Israel
and western Jordan (Sindaco et al., 2013; Geniez,
2018). Isolated populations have been recorded from
central and southern Anatolia (Baran, 1982; i3ci et al.,
2015), but the identification of these specimens needs
to be verified because the localities are geographically
disparate from the rest of the range and lie well within
the range of the closely related and morphologically
similar P. najadum.

In this paper, we explore the genetic diversity and
phylogeography of P. collaris across its entire range
using a multilocus dataset of three mitochondrial
and three nuclear markers. Using a new approach of
multistep polymerase chain reaction (PCR) and Illumina
amplicon sequencing, we sequence a fragment of the
cytochrome b (cytb) mitochondrial gene of the holotype
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and eight paratypes of the nominal taxon Coluber
rubriceps thracius. We conduct a species distribution
modelling analysis for the present climatic conditions and
conditions during the last 3 Myr to assess the limits of the
current potential distribution for the species, its historical
range dynamics and location of potential refugia.

MATERIAL AND METHODS

SAMPLING, DNA EXTRACTION AND AMPLIFICATION OF
RECENT MATERIAL

For the phylogenetic analysis, we assembled a dataset
of 35 samples of P. collaris from 26 localities in
Bulgaria, Israel, Syria and Turkey, covering the entire
range of the species (Table 1). We supplemented this
dataset with GenBank sequences of three individuals,
two from Israel and one from Jordan (Schitti & Utiger,
2001; Nagy et al., 2004).

Genomic DNA was extracted from 96% ethanol-
preserved tissue samples using an Invisorb Spin
Tissue Kit (STRATEC), following the manufacturer’s
instructions. We PCR-amplified six genetic markers:
three from the mitochondrial DNA [12S ribosomal
RNA (12S), cytochrome b (cytb) and cytochrome ¢
oxidase I (coi)] and three from the nuclear DNA
[oocyte maturation factor MOS (cmos), neurotrophin-3
(nt3) and recombination activating gene 1 (ragl)].
We used the following primer pairs and annealing
temperatures for the amplifications: for 12S, the
primers were 125268 and 125916 (Schétti & Utiger,
2001), and the annealing temperature was 65 °C; for
cytb, 1.L14910 and H16064 (Burbrink et al., 2000) and
46 °C; for coi, COIb and COIbdeg (Schétti & Utiger,
2001; Utiger et al., 2002) and 56 °C; for cmos, S77 and
S78 (Lawson et al., 2005) and 53 °C; for nt3, F3 and R4
(Noonan & Chippindale, 2006) and 50 °C; and for ragl,
R13 and R18 (Groth & Barrowclough, 1999) and 58 °C.
The PCRs contained 0.2 pM of each primer, 7.5 pL of
2x QIAGEN Multiplex PCR Kit, 1.5 pL of genomic
DNA (concentration ~30 ng/uL.) and double-distilled
H,O to a total volume of 15 pL. The PCR products
were purified with calf intestine alkaline phosphatase
and exonuclease I (New England Biolabs, Ipswich,
MA, USA) and Sanger sequenced along both strands
using the PCR primers in Macrogen Europe (The
Netherlands). Sequences were checked and contigs
assembled in GENEIOUS v.11 (Kearse et al., 2012).

SAMPLING, DNA EXTRACTION AND AMPLIFICATION
OF THE TYPE SPECIMENS OF COLUBER
RUBRICEPS THRACIUS

We sampled ten individuals from the type series of
Coluber rubriceps thracius, the holotype and nine

paratypes (Table 1). The museum samples were
handled in a specialized non-invasive laboratory
designed for work with rare DNA to prevent
contamination (Institute of Vertebrate Biology of
the Academy of Sciences, Studenec, Czech Republic).
DNA was extracted using Invisorb Spin Forensic Kit
(STRATEC). Concentration of samples was measured
on a Qubit 1.0 fluorometer (Thermo Fisher Scientific)
using the Qubit dsDNA HS Assay kit. To obtain DNA
sequences of the type specimens, we modified the
rodent-based DNA mini-barcoding protocol for the
Ilumina platform that targets a short cytd fragment
(Galan et al., 2012; Bryja et al., 2014). The mini-
barcode is a fragment of 148 bp, a length short enough
to amplify in samples with fragmented or degraded
DNA (Galan et al. 2012). For the library preparation,
we used a three-step PCR. All PCRs contained 0.4 pM
of each primer, 5 pL (7.5 pL for the third PCR) of
2x QIAGEN Multiplex PCR Kit, 1.0-1.5 pL of DNA
(concentration 0.01-3.00 ng/uL) and double-distilled
H,O to a total volume of 10 uL (for the first and second
PCR) and 15 pL (for the third PCR). The PCRs were
initiated by a denaturation step of 94 °C for 15 min,
followed by 15-25 cycles of denaturation at 94 °C for
30 s, annealing at 45 °C for 45 s and an extension at
72 °C for 30 s, followed by a final extension step at
72 °C for 10 min. All PCRs were prepared in duplicates.
In the first PCR of 25 cycles, we amplified the target
region with short specific primers, L15411_modif
(GAYAAAATYYCHTTYCACCC) and H15553_modif
(GTAGGCRAAYAGGAARTATCA). The product of the
first PCR was then used as a template for the second
PCR of 20 cycles, for which the primers were elongated
at the 5" end: L15411_modif F_nextera (TCGTCGG
CAGCGTCAGATGTGTATAAGAGACAGGAYAAAA
TYYCHTTYCACCC) and H15553_modif_R_nextera
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AGGTAGGCRAAYAGGAARTATCA). The template
for the third PCR of 15 cycles was the product of
the second PCR. Primers for this reaction contained
Illumina adaptors with a unique combination of
barcodes/tags for each sample. After the three-step
amplification, we visualized the products on a 1.5%
agarose gel and measured the gel band intensity with
GENOSOFT software (VWR International, Belgium).
The concentration of all samples was measured
with a fluorometer (Qubit 1.0) and purity with a
spectrophotometer (DS-11; DeNovix Inc.). All samples
were then diluted to be of an equimolar concentration
(~100 ng/uL.). This library was purified using Agencourt
SPRIselect (Beckman Coulter) and sequenced using
MiSeq Illumina at CEITEC (Masaryk University,
Brno, Czech Republic). Sequences were demultiplexed
based on the unique tags. Primers were cut off and
low-quality reads filtered out as follows: sequences

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 193, 655—-672

120Z 1890100 80 UO J8Sn oyaysuswoy| enzisaiun Aq 2/€8¥09/S59/Z/S6 | /2101e/UBaUUII00Z/W0d dNo"dIWapeE//:sdly Wol) papEojumMo(



.

~

.SMID ET AL.

658 J

Downloaded from https://academic.oup.com/zoolinnean/article/193/2/655/6048377 by Univerzita Komenskeho user on 08 October 2021

(91) BeINWA],

98G'9¢  9¥0°8¢ Koxan], 8¥9ZISLIN 0E€9ZISLIN SG09ZISLIN 08SZ9ISLIN 8LIZISLIN 96899SLIN 50esra - S1D]1109
(T) Aequureg jo
N W0t
6V1°9¢  T90°8¢ Koxan, FY9ZISLIN 929GISLIN TO9ZISLIN 9LGGISLIN ¥L9ZISLIN E689SSILIN 8618rd - SLD]I09
(8) StwrapQ)
-gepzog
€01'8C  L9E'8E Kospan, - 969298LIN GT9CI8LIN L8GGISLIN G89CI8LIN €069S8LIN 6028rd - S1D]1709
(T2) yoqren
L299¢  909°€E Jo i ‘erikg - VG9C98LIN 66SCI8LIN VLSCGISLIN €99G98LIN 0689S8LIN 88TYIlL €0G0L A9d-dINN  S24D7]09
(0g) eAeuphog jo
GLE'9E  LIL'EE N wy g ‘eridg - €C9C98LIN 86SCIBLIN ELGGISLIN G9I9GI8LIN 6889S8.LIN LSTYIL G0S0L A9d-dINN ~ SMD]109 d
(Lg) ueprop - - 97698VAV - GC698VAV - £3eN VI dWTIH  SMD[jod d
(8g) uorewoyy L2691y
¢8¢'SE  LISCE ‘[oeasy - GC9CI8LIN  L6SCIBLIN - T99298LIN 8889S8.LIN NnvL LZ6ITI VL  SMP]102 d
(97) TudIdg 126914
Ce8'VE  ¢e6’IE 1928N ‘[oBdS] - TC9C98LIN 96598 LIN - 099298LIN  L889G8LIN NVL T269THd'NVL  SMD]109
(¥2) £o1reA GG69TY
1489 GL'cE [0,217Z1 ‘[9RIS] - - - - - 9889G8LIN nvL GE6STYNVL  SMD]I0d d
(92) ATAY [,
Ge8've  LgE'cE ‘[ovasy - - - G616E0AV - LST6E0AV [422 L0 SL LYY ONHIN  SMP]109 d
(G2) A1V [BL
Ge8'¥E  L2E'GE ‘[orIs] - - - TLT6E0AV - EET6E0AV TeYds YL'LYPE ONHIN ~ SMP][092 d
(€2) BreH
L00'SE  908¢E ‘[orasy - 029298LIN G6SCI8LIN CLGGISLIN - G889G8.LIN 6794 6790-4 IDDIN ~ SMP[I09
(3g) UOWLIS ]
CI9L'SE  960°EE ‘ToRIST g¥9Z9ISLIN 6TIZISLIN ¥6SGISLIN TLSGISLIN 6S9Z9SLIN FSS9SSLIN 8Lvard - S1D]1709
(1) PoI0WOUIY
€96'Lc  TLO'GY ‘ereding  6E9Z98LIN STIZISLIN 06SGISLIN LISGISLIN SG9Z9SLIN 0S89SSLIN LIvira - SLD]I02
(g) ourejodoy
8¢L’Le  S0E°GY ‘ereding  TY9Z98LIN S8TIZISLIN E6SGISLIN O0LGGISLIN 8S9Z9SLIN E€889SSILIN Loora - SLD]I09
(g) 1odozog
689°L%  G6E°CY ‘erred[ng - 9T9ZI8LIN T6SCI8LIN 89GGISLIN 9S9C9I8LIN T889S8LIN se19rd - S1D]1709
() 10dozog
€0L°LE  L6ECY ‘erreding  8€9Z98LIN YT9Z9SLIN 68SGISLIN 999G98LIN ¥S9Z9S8LIN 6L89SSILIN sovira - SLD]I02 J
(T) SEBIA 130AS 1417709
99L’Le  STL'GY ‘eueding  0¥9g98LIN LT9GISLIN C6SCISLIN 695G9SLIN LGIGISLIN ES89SSILIN 6ELLLA - sdaokym)d
epnjiduor] epnjer] £)11R007T 504 e sowd 200 Q160 STT snje)s uawoadg srdureg I9YONOA uoxe],
VNQU VN

SISATeUR 2119USS 9Y) I0J pasn [BLISIRIN T 9[qeL

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 193, 655—-672



PHYLOGEOGRAPHY OF COLLARED DWARF RACER 659

Downloaded from https://academic.oup.com/zoolinnean/article/193/2/655/6048377 by Univerzita Komenskeho user on 08 October 2021

(§) ounnspry SNIDLYT L) (867 NHOZA)
8EL°LG  €TETY ‘eLredng - - - - L99CI8LIN - Jo adAyereq 90LYD ¥/696S9L A9d-dINN  S24D7j02 J
(§) ounmyjry SMIODLYT UL ) (LEY NHOZA)
86L'LG  €3ETY ‘erreding - - - - - - Jo adAyereq SOLID G/69%GL A9d-dINN ~ SD]109
(§) ounnyry SNPvIYT L) (€e¥ NHOZA)
8€L'LC  €CETY ‘euredng - - - - 999298 LIN - Jo ad£yo1oy 70LgD LGCSL A9d-dINN  SHD]]00 g
(§) ounnyjry SNIODLYT L) (9€¥ NHOZA)
8EL°LG  €TETY ‘erredng - - - - G99C98LIN - Jo odyereq c0LdD ¢/69GS9L A9d-dINN  S24D7j00
w»ﬁoﬁk\&u
sdao1.1qn.
(§) ounnyry £2qM]o0 (¢e¥ NHOZA)
8€L'LG  €CETY ‘euredng - - - - 799C98LIN - Jo adAyereq TOLYD T1/692SL A9d-dINN ~ S14D]]00
(0T) Mureuy
-1zefzog
¢v0'€e  L60°9€ Kosn], 0S9Z98LIN GEIZISLIN LO9ZISLIN Z8SGISLIN 089Z9SLIN 8689SSLIN 7028ra - SLD]]00
(TT) T[uepay
oveye 6998 Koxn], €G9ZISLIN SEIZISLIN TT9Z98LIN 989C9SLIN ¥89Z9SLIN G069SSLIN 8038rad - S1D]]00
(LT) wrrrprey
Ggce'se  ¥L99¢ Koy, LF9ZISLIN 639ZISLIN F09Z9SLIN 6LICISLIN LLIZISLIN S689S8LIN T028ra - S1D]100
(6T) @on1dnyg
9€%°LE  LSL9E Kosn], GHIZISLIN LGIGISLIN GO9ZISLIN LLSGISLIN SLIZISLIN E€689SSLIN 6618rd - SLD]100
(81) ueyLan
916°'G€  968'9€ Kosin], TG9ZISLIN €€9ZISLIN B809Z98LIN €89CISLIN T89Z9SLIN 6689SSLIN G0g8ra - S1D]]00 J
(21) ewQ
GL8'FE  GEY'LE Koy, 9F9ZISLIN 8G9IZISLIN €09Z9SLIN 8LICISLIN 9L9ZISLIN ¥689S8LIN 0038rad - S1D]]00
(6) BT
66L°LG  GE]'LE Kospan, OT9Z98LIN G8STISLIN €89ZI8LIN TO069S8LIN L0g8ra - S1ID]100
(€T)
neaje[J BUNSG
L1689  €66°LE Koxn], ZG9ZISLIN FEIZISLIN 609298LIN ¥8SGISLIN G89ZISLIN 0069SSLIN 9038rad - S14D]]00
(P1) ozwnny
T18'G¢  G¥0'8¢ Koy, €FIZISLIN SGIZISLIN 009Z9SLIN SLICISLIN €LIZISLIN T689SSLIN L6T8rad - S1D]]00
(91) eFeanua],
98G9¢  970°'8¢ Losin, 6%9Z98LIN TEIZISLIN 909Z98LIN T8SGISLIN 6L9Z9SLIN L689ISSLIN €0¢8ra - SLD]J00
epnjiduor] epnjijer| A911R007T 504 cu sowd 100 Q160 SZ1 snje)s uswadg ordureg I9YONOA UOXR],
VNqu VN

penunuo) I Sqel,

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 193, 655—-672



.

SMID ET AL.

660 J.

Downloaded from https://academic.oup.com/zoolinnean/article/193/2/655/6048377 by Univerzita Komenskeho user on 08 October 2021

*LIN, UM Sur)ae)s asoy) oae Apnjs sIyy 10j peonpoad Ameu seouanbes
JO suoISsad0R Juegquoy) Ko3In J, ‘ejrniues X)sIoAtu() ueLrel] Jo wmoasnjy £50[007 ‘NYHINZ OTqndey yoez) Qo911 ‘(@rearrd) uorjoa[os esrSojojediat yonzey sewo], ‘OHIALL [98IS] ‘ATAY [, ‘AI0)STH
[einjeN Jo WNesny IpIeyquIalg ‘G-NV], Orqndey yoez) ‘endeid utl wmesny [euonieN ‘A9J-dINN ‘PUBISZIIMG ‘DAUSY) ‘D[[INJeU SII0ISTY,p WNISNN ‘ONHIN ‘A[e3] ‘OuLIo], ‘ejouSeurre)) Ip s[eINJeN
BLIO)S TP O0OIAL)) 00SNIN ‘TOOIN ‘AUBULIOY) “)pRISULIB(] ‘WNOSNWSIPUBT SoYoSISSOH ‘(QIN'TH otqndey yoez) ‘engderd Ajstoatun) sofrey) 450100z jo juewrpredo ‘NHOZA :SMO[[0] SB oI8 SWAUOIOR
TUOTPIDY[0)) g PUB T SoInSI UT UOAIS SB SIoquunu AJ1[ed0] MOYS UWIN[0d AI[BI0] 91} UT seserpjuared ur sroqunN ‘(FS—TS sS1]) uoryeuriojuy Surnroddng oY) Ut UMOYs S9POd 0} SI9Ja1 uwnjod ajdures ayJ,

Peys
JO S W GT doyopnd
60'Sy G686 ‘BIBWOS  6EZELEMIN TLGELEMIN F0GELEMIN - G60ELEMIN SOTCLEMIN EY8OHINLL 609SL A9d-dINN  sndoosapay,
BWRIOOG
JOHS WY 6 snsmnjqo
Yo ey 98°6 ‘erewog  L8GELEMIN 69ZELEMIN G0ZELEMIN - 060ELEMIN VOTZLEMIN T¥8OHN.L TPSOHINL  sndoasaay,
epnIueS xnpmf
696'LE  CIT'LE Kfang, ggeeLEMIN ESTELESIIN 98TELEMIN - ELOELEMIN 880CLEMIN €0T 3102 €01 g10%3 NYHIZ sndodsapa,
unoky nUDYP
768°€S  €GCLI PR ‘UBWQ ETIZELEMIN FHGELEMIN ELTELEMIN - V90ELEMIN SLOTLEMIN VLLOTIND - sndoosapay,
9ATOSOY
AOISOUY] wnpolou
166’77  896°6E ‘erusuLLy LEIGISLIN ETIZIBLIN 88GGISLIN 989GISLIN ¥069S8LIN 6661 66ET-4 IDDIN sdookid
(9) Todorqy STIODLYY U ) (€v¥ NHOZA)
LT6'LE  860°GY ‘erredng - - - 899C98.LIN - Jo adfyereq TLLYED T92SL A9d-dINN ~ S14DP7j02 J
(¥) ounnsjry SNDLYE LY (6¥¥ NHOZA)
8ELLE €8TV ‘erreding - - - GLICI8LIN - Jo adLyereq STLYD 096SL A9d-dINN ~ SD7]00
(§) ounn3jry SNDLY] L) (0¥% NHOZA)
8€L'LG  €CECY ‘erredng - - - TL9ZI8LIN - Jo adAyereq YLLYD G92SL A9d-dINN  SHDP7j02 J
(¥) ounnsiry SNDLYT LY (6% NHOZA)
8€L'LG  €2ECY ‘erredng - - - 0L9298LIN - Jo adfyereq ELLID €/69¢SL A9d-dINN ~ S14D]7700
(¥) ounnsjry SnDLYE LY (I¥¥ NHOZA)
8EL'LE €8TV ‘erreding - - - 699298.LIN - Jo adAyereq SLLYD 8GGSL A9d-dINN  SD7]09
apnjiduor] epnjrjer| £911R00T 504 e sowd 100 Q160 STT snje)s uownadg ojdureg IOYINOA UOXR],
VNQU VN

penunuo) I S[qEL

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 193, 655—-672


http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data

PHYLOGEOGRAPHY OF COLLARED DWARF RACER 661

containing more than two expected sequencing errors
were eliminated; then we used the dada2 denoising
algorithm (https://benjjneb.github.io/dada2/) for
correction of sequencing errors in the quality-filtered
dataset. Only variants with a minimum coverage of
four sequences per variant and those that occurred in
both duplicates were used for a BLAST analysis.

PHYLOGENETIC ANALYSES

The six genetic markers were aligned independently
with MAFFT v.7 (Katoh et al., 2019) using the default
settings. No stop codons were found in the alignments
of the protein-coding genes (cytb, coi, cmos, nt3 and
ragl), indicating that no pseudogenes were amplified.
The final alignments had the following lengths:
12S, 633 bp; cytb, 1072 bp; coi, 594 bp; cmos, 567 bp;
nt3, 486 bp; and ragl, 1009 bp. We concatenated all
markers in an alignment of a total length of 4361 bp.
Platyceps najadum and four species of Telescopus
Wagler, 1830 were used as outgroup taxa based on
published evidence (Table 1; Zheng & Wiens, 2016).
Phylogenetic analyses were conducted by two
means: maximum likelihood (ML) and Bayesian
inference (BI). For the ML analysis, we used RAXML
v.7.3 (Stamatakis, 2006). The concatenated alignment
was partitioned by gene, and the GTRGAMMA model
was used for all partitions. A heuristic search included
100 random addition replicates and 1000 thorough
bootstrap pseudo-replicates. Identical haplotypes
were retained in the analysis to assess intraspecific
variability. The Bayesian analysis ran in BEAST v.2.5.2
(Bouckaert et al., 2014). The dataset was partitioned
by gene, and heterozygous positions in the nuclear
markers were coded using International Union of Pure
and Applied Chemistry (IUPAC) ambiguity codes. The
best evolutionary substitution models were estimated
using the reversible-jump algorithm (RB; Bouckaert
et al., 2013) with four exponentially distributed rate
categories (+I'; mean = 1) and the shape parameter
estimated. The RB algorithm estimates substitution
models alongside the phylogeny without the need for
a priori selection. The parameter for the proportion
of invariable sites (+I) was not estimated given
its correlation with the +I" parameter, resulting in
inadequate models when both +I" and +I are included
(Sullivan et al., 1999; Mayrose et al., 2005). Given that
the dataset focused on intraspecific diversification,
we did not assume the substitution rate to vary
substantially throughout the tree and, as a result, we
used a strict clock model with lognormally distributed
priors (mean = 1, SD = 1.25) for all partitions and a
coalescent constant population tree prior. The analysis
ran three times for 5 x 10" Markov chain Monte

Carlo generations sampled every 25 000 generations,
producing a set of 2000 posterior trees. We discarded
10% of trees as burn-in after determining that the
effective sample size (ESS) values of all parameters
exceeded the recommended value of 200 using
TRACER v.1.6 (Rambaut et al., 2014), and ensuring
that convergence and stationarity had been reached
by assuring that parameter values in the independent
runs plateaued at similar values. Tree files from the
three runs were combined using LOGCOMBINER, and
a maximum clade credibility tree was identified using
TREEANNOTATOR (both programs are from the BEAST
package). Nodes were considered supported when they
received a Bayesian posterior probability (pp) > 0.95
and ML bootstrap > 70. All phylogenetic analyses ran
through the CIPRES Science Gateway (Miller et al.,
2010). To inspect the influence of the fast-evolving
mitochondrial markers on the tree topology visually,
we ran the same analyses as described above (both
ML and BI) with a concatenated dataset of the three
mitochondrial genes. Together with the haplotype
networks (see two paragraphs below), this was meant
to assess the extent to which the variation in the
nuclear markers contributes to the topology of the tree.

We also constructed a phylogenetic network
among the P. collaris samples using SPLITSTREE
v.4.15.1 (Huson & Bryant, 2006), with the Neighbor-
Net algorithm (Bryant & Moulton, 2004). Phylogenetic
networks are useful in that they can help to visualize
reticulate relationships among samples and detect
hybrid individuals. We used the alignment of all
six markers concatenated as an input. The nuclear
loci were phased as described below, and the
mitochondrial markers were duplicated to match
the phased nuclear samples. Outgroups were not
included in this analysis, nor were the short cytb
sequences of the C. r. thracius type specimens. We
used 1000 bootstrap replicates to assess support for
the network groups. We tested individual nuclear loci
for recombination using the ¢ statistic implemented
in SPLITSTREE (Bruen et al., 2006).

Intraspecific relationships at the level of individual
genes were assessed by reconstructing haplotype
networks. Heterozygous positions present in the
alignments of the three nuclear loci were resolved by
phasing. We used SEQPHASE (Flot, 2010) to convert
input files and PHASE (Stephens et al., 2001) to
reconstruct the gametic phases, with the probability
threshold set to 0.7 (Harrigan et al., 2008). Networks
were constructed with the TCS algorithm (Clement
et al., 2000) as implemented in POPART (Leigh &
Bryant, 2015). For the cytb gene network, we used the
148-bp-long alignment that included sequences of the
C. r. thracius types.
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Uncorrected genetic distances (p-distances) for
the mitochondrial genes were calculated in MEGA7
(Kumar et al., 2016).

MODELLING THE POTENTIAL SPECIES DISTRIBUTION
IN THE PRESENT AND IN THE PAST

We compiled a dataset of distribution records by
searching published sources, museum catalogues, public
biodiversity databases and from our own fieldwork. The
final set totalled 539 georeferenced records that covered
the known range of the species densely. However, the
records varied considerably in their geographical
accuracy (0.005-55 km), and the less accurate ones
might affect model performance. We therefore selected
only records with an accuracy of < 2 km. For this reason,
the outlying localities in central Anatolia and by the
Syrian border could not be included. Also, we removed
duplicates and included only records collected after
1980 (Supporting Information, Table S1).

As a background for modelling in present conditions,
we selected an area within 200 km of the species
range, as presented by Roll et al. (2017), from which
we cropped countries where the species has never
been recorded: Cyprus, Egypt, Iran, Romania, Saudi
Arabia and the Greek Aegean Sea islands. To avoid
model bias caused by high densities of records in
certain regions, we thinned the dataset using the
spThin R package (Aiello-Lammens et al., 2015). We
tested three minimum distance radii to separate
any two records: 5, 20 and 50 km. They all produced
comparable models, and we show results only for the
5 km model. The thinning ran ten times, and each run
produced a different dataset of 90 records. These were
used as independent random replicates. We did not
develop independent models for the two clades found
within P. collaris because their genetic differentiation
is shallow, especially when compared with the genetic
differentiation between P. collaris and its sister species,
P. najadum (see Results below); thus, we assumed
their ecological niches to be similar.

As input variables, we used the 19 BioClim
variables (CHELSA; Karger et al., 2017), elevation
slope and land cover (GlobCover 2009 2.3; European
Space Agency; http://due.esrin.esa.int/page_globcover.
php) and tested them for collinearity using Pearson’s
r coefficient in ENMTooLS (Warren et al., 2010).
Based on the correlation matrix, we selected only
the uncorrelated (r < 0.75) and more biologically
meaningful variables. The final set of variables was
as follows: elevation, slope, land cover, Bio2 (mean
diurnal temperature range), Bio4 (temperature
seasonality), Bio8 (mean temperature of wettest
quarter), Bio9 (mean temperature of driest quarter),
Biol6 (precipitation of wettest quarter) and Biol7
(precipitation of driest quarter).

We used the maximum entropy approach
implemented in MAXENT v.3.3 (Phillips et al., 2006) to
develop the model and to assess the importance of each
input variable. MAXENT ran with the following settings
(other than default): random seed, replicated run
type = cross validate and maximum iterations = 5000.
We ran ten replicates for each of the ten thinned
datasets, thus producing 100 models. In each run, 10%
of records were randomly selected as test points.

The area under the receiver-operating characteristic
curve (AUC) value of each model was taken as a
measure of the model accuracy. Models with AUC > 0.8
were considered to perform well (Aratjo et al., 2005).
To test whether the predictive models performed better
than random, we generated 100 null models based on
100 sets of 90 records randomly distributed in the
background of the model. The probabilistic models
were converted to binary maps of potential presence/
absence using two thresholds, a ten-percentile training
presence threshold and maximum training sensitivity
plus specificity threshold (Jiménez-Valverde & Lobo,
2007; Worth et al., 2014). The resulting areas of the
species potential presence were largely overlapping for
the two thresholds, and we show results for the latter.
All spatial analyses for the current conditions were
done at the scale of 30 arc s.

Besides modelling the potential distribution of
P. collaris in current climatic and topographical
conditions, we projected the model to four past periods,
which were: the Last Glacial Maximum (LGM;
~21 kya), the Last Interglacial (LIG; ~130 kya), the
mid-Pleistocene (~787 kya) and the mid-Pliocene
(~3.2 Mya). We only used the BioClim variables for
the past projections, and Bio2 was excluded because
it was not available for all the past periods. Past
climatic data were downloaded collectively from
the PaleoClim database (Brown et al., 2018), with
the following original sources: Karger et al. (2017)
for the LGM; Otto-Bliesner et al. (2006) for the LIG;
Brown et al. (2018) for the mid-Pleistocene; and Hill
(2015) for the mid-Pliocene. The background onto
which the models were projected had to be expanded
to account for the different continental outlines in the
past. For this reason, we converted the background that
was used for the current conditions into an envelope,
i.e. a rectangle defined by minima and maxima of the
x- and y-coordinates of the input. The past projections
were all done at a resolution of 2.5 arc min.

RESULTS
DNA AMPLIFICATION

For the fresh material of P. collaris (25 samples) we
produced 133 new DNA sequences of the six markers
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analysed, resulting in a genetic data matrix with few
missing data (89% gene sampling).

For the type material of C. r. thracius, we were able
to obtain the targeted 148-bp-long cytb fragment for
nine of the ten specimens. DNA concentrations of
these specimens ranged between 0.01 and 3.42 ng/uL,
and average number of reads generated for them
was 5735 (range 2113-10 302; Table 2). Artefactual
variants and contaminations were identified based
on a BLAST analysis and discarded manually.
One specimen was removed from further analysis
(CRTO05) because the reads showed a mix of various
contaminations (predominantly Homo). There were
several synonymous substitutions along the 148 bp
fragment, indicating that the amino acid content of
this gene fragment was similar across all samples.

PHYLOGENETIC ANALYSES

The samples of P. collaris form two well-differentiated
clades in all analyses. One comprises all samples from
Bulgaria (including the types of C. r. thracius), western
Turkey and most samples from southern Turkey
(ML bootstrap = 98/BI pp = 1.00; support values are
given in this order hereafter), and we term it here the
Balkan—Anatolian clade. The other clade comprises
samples from Israel, Jordan and Syria, and we term
it the Levantine clade, although this clade has only
moderate support in the ML analysis (Fig. 1; support
65/1.00; for original ML and BI trees, see Supporting
Information, Figs S1, S2, respectively). Relationships
within both clades remain unresolved owing to low
branch support. The position of sample DJ8199, from
a locality in extreme southern Turkey (locality 19 in
Fig. 1), differs in the two analyses. It was reconstructed

and supported as sister to the Bulgarian and other
Turkish samples in the ML analysis (support 74), but
the BI analysis recovers it as sister to the Levantine
clade (support 0.94). Both support values are on the
edge of interpretability, but the haplotype networks
constructed for each marker independently show
the sample to be closer to the Levantine clade in its
mitochondrial DNA, whereas the nuclear markers are
more similar to the Balkan—Anatolian clade (networks
in Fig. 1). When only mitochondrial markers are
analysed, topologies of the ML and BI trees remain
similar to those of the complete dataset, including
the varying position of sample DJ8199 (Supporting
Information, Figs S3, S4). The haplotype networks
clearly differentiate the two clades described above,
but the nuclear ones show a certain degree of allele
sharing.

The phylogenetic network analysis resulted in
similar groups to those recovered in the ML and BI
analyses (Fig. 2). The reciprocal monophyly of the
Balkan—Anatolian and Levantine clade is strongly
supported (bootstrap 99.9). Sample DJ8199, whose
phylogenetic position varied in the ML and BI analysis,
is clustered at the base of the Levantine clade. No signs
of recombination are detected for the three nuclear loci
(P-values ranging between 0.68 and 1.00).

Genetic p-distances between the Balkan—Anatolian
and Levantine clades are (£SD): 1.3 + 0.2% in 12S,
2.2 +0.2% in cytb and 1.6 + 0.2% in coi. Genetic
diversity within the Balkan—Anatolian clade is 0.2% in
128, 0.6% in cytb and 0.3% in coi; within the Levantine
clade it is 0.3% in 12S, 0.7% in cytb and 0.4% in coi.
Genetic distances of P. collaris to its sister species
P. najadum are 10.6 £ 0.3% in 12S, 11.2 + 0.3% in cytb
10.8 + 0.2% in coi.

Table 2. Type specimens of Coluber rubriceps thracius included in the genetic analysis

Voucher Sample DNA concentration (ng/uL) BLAST results Number of reads after filtering
First coverage Second coverage

NMP-P6V 75259/1 CRTO01 0.038 Platyceps collaris 2113 3988
NMP-P6V 75259/2 CRT02 1.08 P. collaris 3022 6351
NMP-P6V 75257 CRT04 2.61 P. collaris 6405 6817
NMP-P6V 75259/5 CRT05 0.038 Contamination 4208 6372
NMP-P6V 75259/4 CRT06 0.128 P. collaris 7015 8626
NMP-P6V 75261 CRT11 <0.01 P. collaris 6272 5512
NMP-P6V 75258 CRT12 3.42 P. collaris 4546 6947
NMP-P6V 75259/3 CRT13 <0.01 P. collaris 3349 5910
NMP-P6V 75262 CRT14 2.07 P. collaris 3018 5019
NMP-P6V 75260 CRT15 <0.01 P. collaris 8910 10 302

The DNA concentration was measured using a Qubit 1.0 fluorometer (Qubit High Sensitivity Kit). Results of the BLAST search showed that one of

the specimens was contaminated by human DNA. The columns headed ‘Number of reads after filtering’ show the total number of sequences obtained

from the two independent duplicates.

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 193, 655—-672

120Z 1890100 80 UO J8Sn oyaysuswoy| enzisaiun Aq 2/€8¥09/S59/Z/S6 | /2101e/UBaUUII00Z/W0d dNo"dIWapeE//:sdly Wol) papEojumMo(


http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data

664 J.SMIDETAL.

128

i 19
s L ; cytb
T - 2 Coluber rubriceps thracins 1
% o ¥ ; : coi 19
/ » il
” o=~ cmos
L. s e 2 19 i

P. collari:
_ P collaris o
¥ nt3 19
- ¥ s E ;
0.01 7
subst fsite 2 4 rag1 E A9

P. najadum

.'supported by Bl and ML 2 1
Osupported by BI 500 km

Figure 1. Phylogenetic tree resulting from the Bayesian inference (BI) analysis of three mitochondrial and three nuclear
genes concatenated. Nodes were considered supported when Bayesian posterior probability was > 0.95 and maximum
likelihood (ML) bootstrap values > 70. Lengths of branches connecting the split between Platyceps collaris and Platyceps
najadum and the crown nodes of those species are not proportional to the rest of the tree and the scale, which is indicated
by their partial transparency. The two clades, the Balkan—Anatolian and the Levantine, are highlighted in the tree with the
red and green shading, respectively. Four species of Telescopus used to root the tree are not shown. Each tree tip is connected
by a dashed line with the locality of its sample, which is marked by a number (for details, see Table 1). Type localities are
marked with stars: P. collaris collaris in green, P. collaris rubriceps in white and Coluber rubriceps thracius in pink. The
potential current distribution of P. collaris based on the species distribution model with the maximum training sensitivity plus
specificity threshold applied is shown in blue. Haplotype networks reconstructed for the six markers are on the right. Circles
are colour coded according to the clade assignment, and their size is proportional to the number of individuals. Lines represent
mutational steps. The network for the cytb gene was constructed using the 148-bp-long fragment that was available for the
types of Coluber rubriceps thracius. The position of sample DJ8199 from locality 19, whose phylogenetic placement differed in
the maximum likelihood and Bayesian inference analyses, is marked with the locality number in each network.

SPECIES DISTRIBUTION MODELLING range 20.5-23.6%) and Biol7 (mean contribution
Species distribution models of all replicates 10.6%, range 10.0—-10.9%; for the contribution of all

performed well, with AUC values ranging between variables and their response curves, see Supporting
0.8779 and 0.8905 (mean = 0.8864). The standard Information, Fig. S5). The predicted distribution
deviations of the models are low (0.0385-0.0457;  °f suitable habitat spans from south-eastern
mean = 0.0429), indicating model stability Bulgaria and north-western Turkey in a narrow
regardless of the input data. Models based on real band continuously along the Turkish Mediterranean
data performed significantly better than null models ~ ¢0ast all the way to the coast of Syria and ferther
(AUC range = 0.649-0.762; mean = 0.705). The main across Lebanon to Israel and Jordan. The suitable
environmental predictors explaining the distribution habi?:at is rarely found > 200 km inlapd from the
of P. collaris are Bio4 (47.1% contribution averaged MedlteI:ra.lnean coast, and espec1ally in southern
over the ten random thinning replicates, range Turkey it is formed by a considerably narrow coastal

45.9-49.3%), Bio2 (mean contribution 22.4%, zone (Figs 1, 3).
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Figure 2. Phylogenetic network from SPLITSTREE, showing the reticulate relationships within the two clades of Platyceps
collaris, the Balkan—Anatolian clade (red) and the Levantine clade (green). Numbers in circles are locality numbers shown
in Figure 1 and detailed in Table 1. Bootstrap support values for major nodes > 70 are indicated. The specimen depicted is

from Ropotamo, Bulgaria.

Projections of the suitable conditions into the past
show that certain parts of the range of P. collaris have
been stable since the mid-Pliocene. The overall extent
of suitable habitat was smallest in the mid-Pleistocene,
when it was restricted to the Levant and western
Anatolia, with a thin coastal strip that might have
been a corridor connecting these two refugia. During
the climatic optimum of the LIG, this coastal strip was
much broader and most probably allowed population
connectivity. During the LGM, western Anatolia had
the most suitable conditions, whereas the southern
Levant was mostly unsuitable. Since the LGM, the
western and southern Anatolian part of the suitable
area contracted noticeably, whereas it expanded
considerably into the southern Levant (Fig. 3).

DISCUSSION

In this study, we applied a multidisciplinary approach
to disentangle the phylogeographical structure, genetic

diversity and distribution dynamics of a racer snake,
Platyceps collaris. We used a multilocus genetic dataset
generated by Sanger sequencing in combination
with a newly developed method for amplifying and
Illumina sequencing short DNA barcodes for museum
specimens, which often suffer from DNA fragmentation
and degradation. The main advantage of this approach
is that it allows separation of individual reads of each
sequence and exclusion of those that are obviously
contaminated, typically by human DNA (Galan et al.,
2012), which also happened with one of our samples.
The biggest potential of this method is, in our view, that
it allows an alignment-based placement of important
specimens (e.g. types, extinct populations) within the
phylogenetic context to resolve outstanding taxonomic
or conservation questions.

INTRASPECIFIC GENETIC DIVERSIFICATION

Platyceps collaris is endemic to the Eastern
Mediterranean, a region that experienced intense
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Figure 3. Species distribution models for Platyceps collaris in current conditions (A) and in conditions during the Last
Glacial Maximum (B), the Last Interglacial (C), mid-Pleistocene (D) and mid-Pliocene (E). Black points in A indicate the
records that were used for the species distribution modelling. The bottom right panel shows reconstructions of global
temperature in the last 4 Myr relative to the peak Holocene temperature (Hansen & Sato, 2012), with grey arrows and
dashed lines highlighting the temperature in the time periods used in the present study.

phylogeographical research on squamates in the past
decade that has often resulted in uncovering hidden
genetic diversity or even cryptic species (Moravec
et al., 2011; Bellati et al., 2015; Jandzik et al., 2018;
Kotsakiozi et al., 2018; Jablonski & Sadek, 2019; Smid
et al., 2019). The results of all phylogenetic analyses
conducted in the present study show a clear genetic
differentiation of P. collaris into two geographically
well-delineated clades. One, the Balkan—Anatolian
clade, occupies the north-western part of the species
range. It spans from the Black Sea coast in south-
eastern Bulgaria along the Mediterranean coast of
Turkey to the Antakya region at the Turkish—Syrian
border. The second, the Levantine clade, covers the
southern part of the species range from extreme
southern Turkey through Syria to Israel and Jordan.
The two clades are clearly differentiated in their
mitochondrial DNA, but they share some alleles in
the cmos and nt3 nuclear loci. As the networks show,

these shared nuclear alleles are either ancestral or
shared across multiple samples from both clades,
which indicates retention of ancestral polymorphism
rather than them being a result of hybridization. The
boundary between the two clades corresponds well with
the geographical position of the Nur Mountain range in
Hatay Province of south-central Turkey (Fig. 1), which
runs parallel to the Gulf of iskenderun and separates
the Anatolian part of the Eastern Mediterranean from
the Levant. These mountains are part of the so-called
Anatolian Diagonal, a natural and probably the most
important biogeographical barrier in the region, which
has repeatedly been proved effective in separating
closely related taxa (Davis, 1971; Tamar et al., 2015;
Kornilios, 2017; Jandzik et al., 2018; Jablonski et al.,
2019; Jablonski & Sadek, 2019).

Genetic diversity within the Balkan—Anatolian and
Levantine clades is of a comparable magnitude. All
mitochondrial markers show the presence of several
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substitutions within both clades, and the nuclear loci
also show a considerable degree of variance, despite
their generally slower substitution rates compared
with the mitochondrial genes. Relationships within
these two clades could not be resolved, which was
most probably because the phylogenetic relationships
at this shallow evolutionary depth do not necessarily
form a bifurcating tree but rather a reticulate pattern,
which becomes obvious when they are visualized using
the phylogenetic network (Fig. 2).

DISTRIBUTION AND HISTORICAL RANGE DYNAMICS

The distribution of P. collaris is well documented
in the literature thanks to the unique appearance
of the snake, although misidentifications with the
sister species, P. najadum, can happen (e.g. Berger-
Dell’Mour, 1986). Although the range of the species
spans a relatively large territory, from south-eastern
Bulgaria to southern Israel and Jordan, the species
distribution modelling analysis shows that the
predicted suitable habitat is found only in a narrow
stretch of land along the Mediterranean coast (Fig. 1).
The potential distribution reaches further inland in
the Levant, even beyond the Dead Sea Rift in Jordan,
but there it is restricted to the Mediterranean ecozone
(Disi, 1996; Disi et al., 2001). The character of the
environmental variables that contribute most to the
potential distribution of the species suggests that
P. collaris prefers areas of low climatic seasonality,
without fluctuating temperatures (Supporting
Information, Fig. S5). For example, the probability of
presence of the species decreases significantly with
increasing elevation. This means that in south-western
Turkey, where the mountains come close to the sea, the
suitable habitat is present only along the immediate
vicinity of the coast.

The Levantine part of the species range corresponds
well to the distribution of the Eastern Mediterranean
conifer—broadleaf forest ecoregion (Dinerstein et al.,
2017), which covers the eastern Mediterranean coastal
zone (Supporting Information, Fig. S6). The ecoregion
forms a narrow coastal strip in southern Turkey, and
it reaches eastwards along the entire length of the
Turkish—Syrian border all the way to the isolated
P, collaris populations. However, these populations lie
well away from the suitable habitat of the species. It
might be that the environmental variables used in the
modelling process did not capture all dimensions of
the biotic requirements of the species and thus failed
to identify these localities to have a suitable habitat.
It is nonetheless interesting that there have not been
more observations of P. collaris in the broadleaf forest
ecoregion along the Turkish—Syrian border. These
eastern localities might represent microclimatic
pockets where the species survives in isolation from the

Mediterranean populations, a hypothesis that could be
addressed easily if the specimens were sequenced and
placed in a phylogenetic framework. More enigmatic in
this respect is the record from central Anatolia, which
is > 200 km away from other records of the species
(Igci et al., 2015). Given that a voucher of the specimen
is catalogued in a collection [Zoology Museum of
Adiyaman University, Turkey (ZMADYU) 2013/57], we
recommend collecting a tissue sample and genotyping
it in order to assess its phylogenetic affinities.

The models of suitable habitat distributions in the
past show that the climatic conditions of the Eastern
Mediterranean have been stable since the Late
Tertiary and suitable for the occurrence of P. collaris.
Despite some oscillations, western and southern
Anatolia and the northern Levant have remained
suitable for the species for the past 3 Myr (Fig. 3).
This contrasts with south-eastern Bulgaria and the
southern Levant, which lacked suitable habitats in
the LGM and mid-Pleistocene. Western Anatolia, one
of the current hotspots for the species distribution,
had a larger extent of suitable habitats in the LGM
and LIG, whereas further in the past its suitability
corresponded more or less to that of the current
conditions. Together with the northern Levant, these
areas might have provided refugia where populations
of P. collaris survived climatically challenging times,
such as the LGM, and from where they subsequently
colonized the rest of the current range. Here, it is of
importance to note that the historical oscillations of
suitable habitats did not necessarily have to lead to
population expansions and contractions for reasons
associated with factors such as dispersal limitations,
competitive exclusion and predation (Peterson, 2011).
However, the genetic evidence that confirmed the
presence of the two distinct clades provides credibility
to the presence of the two refugia. It is therefore likely
that the Anatolia refugium served as a source for the
colonization of the south-eastern Balkans after the
LGM, whereas the south of the Levant was repopulated
from the north, from the Syrian coastal region, as has
been suggested for the genus Lacerta Linnaeus, 1758
(Ahmadzadeh et al., 2013).

SUBSPECIFIC TAXONOMY OF PLATYCEPS COLLARIS

The genetic differentiation between the two P. collaris
clades is, to some degree, mirrored in the morphological
traits. Specimens from Bulgaria (including the types of
Coluber rubriceps thracius) and south-western Turkey
have been shown to have a lower number of ventral
(185-203) and subcaudal scales (79-105) compared
with specimens from the Levant (ventrals, 189—-220;
subcaudals, 89-128; Rehak, 1985, 1986; Rehdk & Obst,
1993; Schatti et al., 2001). However, the morphological

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 193, 655—-672

120Z 1890100 80 UO J8Sn oyaysuswoy| enzisaiun Aq 2/€8¥09/S59/Z/S6 | /2101e/UBaUUII00Z/W0d dNo"dIWapeE//:sdly Wol) papEojumMo(


http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaa151#supplementary-data

668 J.SMID ETAL.

variability seems to be more of a cline, with specimens
from southern Turkey being intermediate in these
traits. Unfortunately, all authors who have collected
morphological data for P. collaris compared populations
and did not provide values for individual specimens.
For example, Baran (1976) gave only trait means and
variations for specimens from across the species range,
Rehak (1986) compared populations from Bulgaria and
Israel, and Rehdk & Obst (1993) compared populations
from Bulgaria with those from Turkey, Israel and Jordan.
The most detailed comparison was provided by Schatti
etal. (2001),who compared the following five geographical
groups: Bulgaria, western Anatolia, southern Anatolia,
Lebanon and north-western Syria. However, as our
results show, southern Anatolia is occupied by both
clades, and the groupings by Schétti et al. (2001) might
have meant that both were represented in this category,
thus obfuscating the potential difference between the
clades. Therefore, future morphological comparison of
ideally genotyped specimens from southern Anatolia
will be necessary to clarify this issue.

Based on the genetic results obtained in the present
study, we are able to draw some conclusions regarding
the subspecific taxonomy of P. collaris. Considering the
phylogeographical structure found within the species,
the parapatry of the two clades and their complete
segregation of mitochondrial haplotypes, the two
clades can be considered distinct subspecies. Given
that the type locality of P. collaris in Beirut falls within
the range of the Levantine clade, this clade retains
the nominotypical name Platyceps collaris collaris
(Miiller, 1878).

In the case of the Balkan—Anatolian clade, the name
Zamenis dahlii rubriceps Venzmer, 1919 has priority
over the name Coluber rubriceps thracius Rehak, 1985.
By sequencing the holotype and eight paratypes of
C.r. thracius,we show that they are genetically identical
with all other specimens of P. collaris from Bulgaria
included in the analysis and also with two specimens
from western and southern Turkey. Although we
could not analyse the type material of Zamenis dahlii
rubriceps directly in the present study, we had samples
collected not far away from its type locality that have
proved to represent the Balkan—Anatolian clade. In fact,
the type locality is surrounded by samples of that clade,
and we believe that it is reasonable to assume that, if
genotyped, it would cluster with the Balkan—Anatolian
clade. Therefore, following the principle of priority, we
suggest that this clade should bear the name Platyceps
collaris rubriceps (Venzmer, 1919) comb. nov., and the
name Coluber rubriceps thracius Rehak, 1985 should
be its junior synonym.

Genetic methods have enabled a boom in species
descriptions that is unprecedented since the times
of Linnaeus. Despite this, subspecific taxonomy

shows the opposite trend in squamates (Torstrom
et al., 2014). However, recognition of subspecies
can serve as a useful formalization that reflects
character differentiation (genetic, morphological and
geographical) within species and should be adhered
to (Kindler & Fritz, 2018), especially when there is
congruence between more lines of evidence. In our case,
these congruent lines are the genetic differentiation
between the Levantine clade (P. c. collaris) and the
Balkan—Anatolian clade (P. c. rubriceps), which is
probably a result of different Quaternary refugia used
by the clades. However, morphological differentiation
between the clades needs to be verified.
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Figure S1. Phylogenetic tree of Platyceps collaris resulting from the maximum likelihood analysis of all genes
concatenated. Bootstrap support values > 60 are shown above branches. Type specimens of Coluber rubriceps
thracius are in red.

Figure S2. Phylogenetic tree of Platyceps collaris resulting from the Bayesian inference analysis of all genes
concatenated. Posterior probability values > 0.90 are shown above branches. Type specimens of Coluber rubriceps
thracius are in red.

Figure S3. Phylogenetic tree of Platyceps collaris resulting from the maximum likelihood analysis of the three
mitochondrial genes concatenated. Bootstrap support values > 60 are shown above branches. Type specimens of
Coluber rubriceps thracius are in red.

Figure S4. Phylogenetic tree of Platyceps collaris resulting from the Bayesian inference analysis of the three
mitochondrial genes concatenated. Posterior probability values > 0.90 are shown above branches. Type specimens
of Coluber rubriceps thracius are in red.
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Figure S5. Response curves of the environmental variables used to develop the distribution model, showing how
each variable affected the prediction and its relative contribution to the model (averaged over ten runs). Each plot
shows the probability of presence of the species (y-axis) as a function of the environmental predictor value (x-axis).
Red lines show mean responses of ten replicate runs; standard deviations are in blue. The key in the lower right
refers to the categorical land cover variable in the lower left.

Figure S6. Geographical distribution of the Eastern Mediterranean conifer—broadleaf forest ecoregion (Dinerstein
et al.,2017).

Table S1. Locality details of records used for the species distribution modelling and their original sources.
Coordinates from Bulgaria have been truncated to two decimal places for conservation purposes.
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Figure S1. Phylogenetic tree of Platyceps collaris resulting from the ML analysis of all genes
concatenated. Bootstrap support values > 60 are shown above branches. Type specimens of
Coluber rubriceps thracius are in red.
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Figure S2. Phylogenetic tree of Platyceps collaris resulting from the Bl analysis of all genes
concatenated. Posterior probability values > 0.90 are shown above branches. Type specimens
of Coluber rubriceps thracius are in red.
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Figure S3. Phylogenetic tree of Platyceps collaris resulting from the ML analysis of the three
mitochondrial genes concatenated. Bootstrap support values > 60 are shown above branches.
Type specimens of Coluber rubriceps thracius are in red.
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Figure S4. Phylogenetic tree of Platyceps collaris resulting from the Bl analysis of the three
mitochondrial genes concatenated. Posterior probability values > 0.90 are shown above
branches. Type specimens of Coluber rubriceps thracius are in red.
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Figure S5. Response curves of the environmental variables used to develop the distribution
model showing how each variable affected the prediction and its relative contribution to the
model (averaged over 10 runs). Each plot shows the probability of the species’ presence (y axis)
as a function of the environmental predictor value (x axis). Red lines show mean responses of
ten replicate runs, standard deviations are in blue. The legend in the lower right refers to the
categorical land cover variable in the lower left.
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Figure S6. Geographic distribution of the Eastern Mediterranean conifer-broadleaf forest
ecoregion (Dinerstein et al., 2017).
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Table S1. Locality details of records used for the SDM and their original sources. Coordinates
from Bulgaria have been truncated to two decimal places for conservation purposes.

Country Locality Latitude Longitude Source

Bulgaria Rezovo 42 27.99 smartbirds.org
Bulgaria Sinemorec 42.03 27.95 This study
Bulgaria 42.04 27.99 This study
Bulgaria Sinemorets 42.05 27.98 smartbirds.org
Bulgaria Sinemorets 42.06 27.92 This study
Bulgaria Ahtopol 42.06 27.95 smartbirds.org
Bulgaria Brodilovo 42.11 27.83 smartbirds.org
Bulgaria Tsarevo 42.17 27.83 smartbirds.org
Bulgaria 42.18 27.75 This study
Bulgaria Velika 42.19 27.75 smartbirds.org
Bulgaria 42.19 27.8 This study
Bulgaria Primorsko 42.28 27.74 smartbirds.org
Bulgaria 42.28 27.75 This study
Bulgaria Primorsko 42.29 27.74 iNaturalist
Bulgaria 42.3 27.69 This study
Bulgaria Ropotamo 42.3 27.72 Balcanica.info
Bulgaria Primorsko 42.3 27.74 smartbirds.org
Bulgaria 42.31 27.72 This study
Bulgaria Primorsko 42.31 271.77 smartbirds.org
Bulgaria Arkutino 42.33 271.72 Rehak (1985)
Bulgaria Sozopol 42.37 27.69 smartbirds.org
Bulgaria Sozopol 42.39 27.68 This study
Bulgaria Sozopol 42.39 27.69 This study
Bulgaria Sveti vlas 42.71 27.75 This study
Bulgaria Elenite 42.71 27.81 Panner (2009)
Bulgaria Sveti Vlas 42.72 27.75 smartbirds.org
Bulgaria Sveti Vlas 42.72 27.76 This study
Bulgaria 42.73 27.71 This study

Israel 31.61406 34.92282 GBIF

Israel 31.67055 34.57677 GBIF

Israel 31.7424 35.10922 GBIF

Israel 31.74498 35.00052 GBIF

Israel 31.75104 34.87807 GBIF

Israel 31.7621 34.98781 GBIF

Israel 31.76345 34.80309 GBIF

Israel Jerusalem 31.79367 35.21999 GBIF

Israel Mt. Scopus 31.79447 35.2439 Schatti et al. (2001)
Israel 31.79454 34.97507 GBIF

Israel 31.91965 34.86479 GBIF

Israel Southern Coastal Plain, Nezer Sereni 31.922 34.822 This study

Israel 31.93234 34.89118 GBIF

Israel Miqwe Yisrael 32.0292 34.7814 Schatti et al. (2001)
Israel 32.15777 34.88299 GBIF

Israel Haifa 32.5241 35.1407 GBIF

Israel 32.58816 35.00289 GBIF

Israel 32.61228 35.5153 GBIF

Israel 32.62401 35.51427 GBIF

Israel 32.66846 35.03896 GBIF

Israel Mt. Tabor 32.683 35.4 Schatti et al. (2001)
Israel Yizre’el (Jezreel) Valley, Qiryat Tiv'on 32.72 35.14 This study

Israel 32.83671 35.8023 iNaturalist

Israel HaZafon 32.89259 35.09821 GBIF

Israel 32.90455 35.74612 GBIF

Israel 32.90545 35.74613 GBIF

Israel 32.91079 35.7622 GBIF

Israel 32.91084 35.74937 GBIF

Israel 32.91266 35.74617 GBIF

Israel 32.93816 35.79532 iNaturalist

Israel 32.97109 35.54115 GBIF

Israel 33.03372 35.30589 GBIF

Israel HaZafon 33.17679 35.63402 GBIF

Israel Golan 33.18039 35.77118 GBIF

Israel HaZafon 33.241 35.65568 GBIF

Israel 33.24576 35.64843 GBIF

Israel 33.24844 35.65381 GBIF

Israel 33.24897 35.74609 GBIF

Israel 33.28952 35.75171 GBIF

Israel 33.29223 35.75173 GBIF

Israel Golan 33.29272 35.75448 GBIF

Israel 33.29328 35.75557 iNaturalist

Israel Hermon 33.29599 35.76239 This study

Israel 33.30293 35.77864 GBIF

Israel 33.30927 35.77116 GBIF

Jordan Dilaghah 30.13333 354 Amr & Disi (2011)
Jordan Ma‘an 30.2 35.73333 Disi et al. (2001)
Jordan Ayl 30.21667 35.53333 Amr & Disi (2011)
Jordan Petra 30.3333 35.4333 Disi et al. (2001)
Jordan Ash Shawbak 30.52 35.53833 Amr & Disi (2011)
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Country Locality Latitude Longitude Source

Jordan Ash Shawbak 30.5333 35.5667 Disi et al. (2001)

Jordan At Tafila 30.83333 35.6 Amr & Disi (2011)

Jordan Al Mazar 30.97722 35.85889 Amr & Disi (2011)

Jordan Al Karak 31.1667 35.75 Disi et al. (2001)

Jordan Al Karak 31.18472 35.70472 Amr & Disi (2011)

Jordan Rakin 31.22389 35.70667 Amr & Disi (2011)

Jordan Batir 31.26417 35.70472 Amr & Disi (2011)

Jordan ‘Amman 31.96667 35.98333 Amr & Disi (2011)

Jordan Al Jubayhah 32.01667 35.86667 Disi et al. (2001)

Jordan Suwaylih 32.025 35.83806 Amr & Disi (2011)

Jordan Yajiz 32.03333 35.91667 Amr & Disi (2011)

Jordan Salihi 32.12278 35.83111 Amr & Disi (2011)

Jordan Dayr ‘Alla 32.19778 35.62111 Amr & Disi (2011)

Jordan Ibbin 32.36667 35.81667 Disi et al. (2001)

Jordan Dayr Abu Sa’id 32.5 35.68333 Disi et al. (2001)

Syria E of Utaibeh, Lake shore 33.50606 36.6274 This study

Syria 2 km N of Seydnaya 33.7173 36.3717 This study

Turkey Bozyazi-Anamur/Mersin 36.09666 33.04152 Aydin Adnan Menderes University
Turkey Yilan adasi, Kalkan - Antalya 36.21502 29.35472 Dokuz Eyliil University

Turkey Yilan Adasi, Kalkan 36.21517 29.35585 Schatti et al. (2001)

Turkey Erdemli/Mersin 36.63865 34.34009 Aydin Adnan Menderes University
Turkey Kaldirim Village-Yumurtalik/Adana 36.67375 35.52499 Aydin Adnan Menderes University
Turkey Waldgebiet bei Aydolun 36.752 31.774 Kucharzewski (2016)

Turkey Kiipliice Village-Kilis 36.75719 37.23555 Aydin Adnan Menderes University
Turkey iztuzu Kuzeyi - Dalyan - Mugla 36.78493 28.62834 Dokuz Eyliil University

Turkey Kizilburun Mevkii - Kdycegiz - Mugla 36.80226 28.52348 Dokuz Eyliil University

Turkey Candir-Koycegiz 36.82751 28.60819 Dokuz Eyliil University

Turkey Ekincik- Koycegiz 36.83261 28.55059 Dokuz Eyliil University

Turkey Toroslar, Mersin 36.83932 34.61363 Dokuz Eyliil University

Turkey Ceyhan (Botag)/Adana 36.89531 35.91594 Aydin Adnan Menderes University
Turkey Kavak aras1 Kdycegiz 36.89906 28.72029 Dokuz Eyliil University

Turkey Toparlar Kuzeyi - Kdycegiz - Mugla 36.98732 28.6671 Dokuz Eyliil University

Turkey Gokova - Mugla 37.05563 28.36512 Dokuz Eyliil University

Turkey Beskonak - Antalya 37.1403 31.19879 Dokuz Eyliil University

Turkey Omerli Village-Pozanti/Adana 37.53545 34.87516 Aydin Adnan Menderes University
Turkey Karina und Umgebung 37.632 27.11756 GBIF

Turkey Isikli Village/Aydin 37.832 27.7987 Aydin Adnan Menderes University
Turkey Suna Plateau-Yahyali/Kayseri 37.99278 35.39736 Aydin Adnan Menderes University
Turkey Obruk selalesi - Saimbeyli - Adana 38.001 36.09318 Dokuz Eyliil University

Turkey Giiriimze Village-Feke/Adana 38.04202 35.81172 Aydin Adnan Menderes University
Turkey Temiiraga Village-Goksun/Kahramanmarag 38.0458 36.58581 Aydin Adnan Menderes University
Turkey 10 km North of Saimbeyli/Adana 38.06065 36.14885 Aydin Adnan Menderes University
Turkey Giimiildiir, Izmir 38.0775 27.01762 Dokuz Eyliil University

Turkey Bozdag-Odemis/izmir 38.36708 28.10343 Aydim Adnan Menderes University
Turkey Menemen, Izmir 38.60313 27.07201 Dokuz Eyliil University

Turkey Tahtakuslar - Kasdag 39.59337 26.85549 Dokuz Eyliil University

Turkey Yenikdy - Tekirdag 40.64698 26.99938 Dokuz Eyliil University

Turkey Orhaniye village, Kocaeli 40.85767 30.0669 Afsar et al. (2013)

West Bank 31.62698 35.12515 GBIF

West Bank 31.78608 35.3019 GBIF
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