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ARTICLEINFO ABSTRACT

Editor: Dr. Howard Falcon-Lang The partial skeleton of a fossil snake is described from the Upper Miocene “Liushu” Formation of the Linxia Basin,
Gansu Province, in the northeastern Tibetan Plateau of China. Material preserves rare cranial materials of the
palatomaxillary arch, in addition to a series of vertebrae, represents a new species of erycine sand boa, Eryx
linxiaensis sp. nov., the first fossil record of the superfamily Booidea in China. Combined phylogenetic analysis of
osteological, ecological, and molecular data places this new extinct species within the crown clade Eryx as the
sister species to the African E. colubrinus, with an average divergence time inferred as ~8.1 Ma. Eryx linxiaensis
sp. nov. differs from the congeneric species by the combination of a series of morphological characters including
the slightly dorsoventrally thickened anterior part of the maxilla, eleven maxillary teeth decrease in size pos-
teriorly, more than five pterygoid teeth, relatively elongated middle trunk vertebrae with obvious haemal keel on
the centrum, and short neural spine without a thickened dorsal edge. Multiple linear regressions of four vertebral
measurements against the body size of extant specimens using an allometric model provide an estimated min-
imum total body length of c. 694 mm. Estimated species divergence times across the phylogenetic tree support
intercontinental dispersals and overall radiation of the clade through the Miocene, potentially tied to increased
aridification during parts of the Miocene. Our analysis also suggests that the Eryx crown clade evolved in Africa
with at least three intercontinental dispersal events between African and Eurasian continents during the Miocene.
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1. Introduction

Erycines (or sand boas of the genus Eryx, family Erycidae) are a
group of pudgy terrestrial snakes having rather stubby tails and
specialized shovel-shaped snouts suited to their burrowing lifestyle.
Based on recent molecular phylogenetic studies, the extant family Ery-
cidae contains only one monotypic genus, Eryx (Pyron et al., 2014a,
2014b; Zaher et al., 2019; Eskandarzadeh et al., 2013, 2020a, 2020b).
Members of this clade mainly inhabit desert and steppe habitats where

they feed on a wide variety of small vertebrates, such as rodents, lizards,
and birds (Kluge, 1993; Zhao et al., 1998; Zhao, 2006; Cundall and Irish,
2008).

Extant species of Eryx are widely distributed across the Old World,
mainly in central and western Asia (e.g., E. elegans, E. jayakari, E. johnii,
E. miliaris, and E. conicus) and Africa (e.g., E. mulleri and E. colubrinus).
Eryx jaculus occupies the widest known geographic range, including
Asia, Europe, and Africa (Rage, 1982; Kluge, 1993; Eskandarzadeh et al.,
2013, 20204, 2020b; Uetz and Hallermann, 2022).
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In recent decades, only one species, E. miliaris has been recorded in
northwestern China (see below for the discussion on its synonym,
E. tataricus), in the area north of the Yellow River, provinces of Inner

Palaeogeography, Palaeoclimatology, Palaeoecology 617 (2023) 111491

2004; Zhao, 2006).
Published studies on the phylogenetic relationships of erycines have
been based largely on morphological (Rage, 1977; Rieppel, 1978; Kluge,

Mongolia, Ningxia, Gansu, and Xinjiang (Fig. 1, Zhao et al., 1998; Yao, 1993) or molecular data (Pyron et al., 2013, 2014a, 2014b; Reynolds
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Fig. 1. Map of Eastern Asia, showing the type locality of Eryx linxiaensis sp. nov. (Shangwangjia Village Maijiaxiang Town, Guanghe County, Linxia Hui Autonomous
Prefecture, Gansu Province, China, red circle), with the collection localities of some extant E. miliaris (green triangles). The base map is provided by the Ministry of
Natural Resources of the People’s Republic of China (http://bzdt.ch.mnr.gov.cn/) with its censor code labeled at the bottom-left of the map. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2014, Eskandarzadeh et al., 2020a), and they revised the taxo-
nomic relationships within the family Erycidae. Some of those changes
include recognizing E. tataricus as a junior synonym of E. miliaris, and the
description of a new species, E. sistanensis (Eskandarzadeh et al., 2020b).
As Reynolds et al. (2014) discussed, the Eryx sand boas display inter-
esting biogeographic patterns, and previous molecular phylogenetic
studies hypothesized at least two dispersal events between Africa and
Asia. However, the divergence dates within these clades have not yet
been estimated because of some phylogenetic uncertainty, poor
knowledge of their temporal distribution, and the near absence of total-
evidence phylogenetic studies including fossil data.

The fossil records of extinct erycines (Eryx sensu lato) are quite rich
throughout the Cenozoic Old World, including Falseryx and Paleryx from
the Late Eocene of Egypt and England (Hecht and Hoffstetter, 1962; Nel
et al., 1999; Mccartney and Seiffert, 2015), Bransateryx from the Mid-
dle/Late Pliocene (MN 15/16) of Spain and Oligocene of Germany
(Szyndlar, 1994), Albaneryx from the Middle Miocene of France, un-
identified erycine from Late Miocene Athens, Greece (Georgalis, 2019),
and Cadurceryx from the Eocene of France and England (Hoffstetter and
Rage, 1972; Szyndlar and Schleich, 1994). Note that recent studies
suggested excluding Flaseryx and Paleryx from “erycine” snakes, see
Georgalis (2019) and Georgalis et al. (2021).

The earliest fossil record of Eryx sensu stricto is based on the well-
preserved trunk and caudal vertebrae from the Ayakoz locality in
Kazakhstan with their age correlated as Neogene Mammal Zone MN 4 to
MN 5 (late Early Miocene, Malakhov, 2005). Recently, that correlation
was shifted to the earliest Miocene (Aquitanian; MN 1-2, Vasilyan et al.,
2017).

Other fossils attributed to Eryx (including its synonym Gongylophis)
are known from Old World Neogene and Quaternary sites, such as the
Miocene and Quaternary of Europe (Szyndlar, 1991; Szyndlar and
Schleich, 1994), the Early Miocene of Czech Republic (MN 4 Szyndlar,
1987) and Spain (Murelaga et al., 2002), and the late Early Miocene of
Saudi Arabia (Rage, 1982) and Central Mongolia (Bo hme, 2007). Only
in a few cases were species identified, including extinct E. primitivus from
the Early Pliocene of Spain (Gorafe 5, MN 15, Szyndlar and Schleich,
1994) and E. jaculus from the Quaternary of Greece (Szyndlar, 1991).
With these known records, the fossils point to a Miocene radiation of the
clade. However, most of these erycine fossils preserve only the trunk or
caudal vertebrae, and no cranial elements have been reported previously
except for a left palatine of Bransateryx vireti (Szyndlar, 1994). It is
difficult to include such materials in a total-evidence phylogenetic
analysis.

Specimens of fossil snakes in China are extremely rare and most have
been marked only with brief reports of colubrid snakes such as those
found at the ‘Peking Man’ site of Middle Pleistocene Zhoukuodian,
Beijing (Bien, 1934). The first-reported new taxon of Chinese fossil
snake is Mionatrix diatomus, which includes two near-complete skeletons
from the late Early Miocene diatomaceous beds in Shanwang County,
Weifang City, Shandong Province (Sun, 1961). Other more recently re-
ported fossil snakes include Elaphe sp. from the Early Pleistocene of
Renzidong Cave, Fanchang County, Anhui Province (Mead et al., 2016),
in addition to fossil colubrids and pit vipers from the Early Pliocene of
Zhumadian, Henan (Shi and Li, 2023) and Middle-Late Pleistocene of
Qinhuangdao, Hebei Province (Chen et al., 2019).

The Linxia Basin is an intramountain basin lying on the northeastern
edge of the Qinghai-Tibet Plateau, the southern part of Gansu Province,
with an average current elevation of ~2000-2400 m (Deng et al., 2013a,
2013b; Zhang et al., 2019). The extant fauna of the Linxia Basin is
Palearctic, and the area is largely composed of plateau grasslands. The
climate is semi-humid and cool, typical for the northeastern edge of the
Qinghai-Tibet Plateau in modern times (Deng, 2006; Deng et al., 2013a,
2013b, 2023; Wang and Qiu, 2018; Zhang et al., 2019). The extant
herpetofauna of the Linxia Basin and the adjacent region include species
endemic to the Qinghai-Tibet Plateau and Hengduanshan Mountains (e.
g., Gloydius liupanensis, Sphenomorphus indicus, and Scincella potanini),
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along with a few widely-distributed Palearctic species, including Elaphe
dione and Rhabdophis tigrinus (Wang et al., 1981). Extant xerophilous
species, such as erycines or toad-headed lizards have never been re-
ported in this area (Wang et al., 1981; Yao, 2004).

The Linxia Basin yields relatively abundant and diverse Cenozoic
vertebrate fossils, particularly mammalian fossils. These vertebrate
fossils include four faunas: a Late Oligocene Dzungariotherium fauna, a
middle Miocene Platybelodon fauna, a Late Miocene Hipparion fauna, and
an Early Pleistocene Equus fauna (Deng, 2006; Deng et al., 2013a,
2013b; Deng et al., 2019; Zhang et al., 2019). Of these, the Hipparion
fauna includes diverse fossil mammals (e.g., Hipparion coelophyes, Ple-
siogulo brachygnathus, Pararhizomys hipparionum, Pseudorhizomys indige-
nus) and a growing list of fossil bird taxa (e.g., Gansugyps linxiaensis,
Struthio linxiaensis, Miosurnia diurna, and Linxiavis inaquosus, Hou, 2005;
Deng, 2006, 2007; Deng et al., 2013a, 2013b, 2019, 2021, 2023; Zhang
et al., 2009; Wang and Qiu, 2018; Zhang et al., 2019; Li et al., 2020,
2022a, 2022b). This Late Miocene fauna points to the past presence of a
relatively open and subarid grassland/steppe environment for the Linxia
Basin, likely similar to the current savannahs of sub-Saharan Africa
(Hou, 2005; Deng, 2006; Deng et al., 2013a, 2013b, 2019; Zhang et al.,
2009). Recent studies of the fossil sandgrouse, diurnal owl, and ostrich
specimens from the Linxia Basin further suggest an arid paleoenviron-
ment (Li et al., 2020, 2021a, b, 2022a, b).

In contrast to the other vertebrate fossils, the fossil herpetofauna in
the Linxia Basin are few except for some unidentified colubrids. The
discovery of a fossil erycid snake provides further evidence of a dry
paleoenvironment during the Late Miocene along the northeastern edge
of the Qinghai-Tibet Plateau. As a step forward in our understanding of
the evolution of the erycines and adding knowledge of the extinct snake
fauna in China, we report the first fossil erycine from the Linxia Basin
and implement a total-evidence phylogenetic analysis, in order to
examine the systematic position of the new species and reconstruct
likely biogeographic (intercontinental) dispersal patterns of the Old
World erycid snakes.

2. Material and methods
2.1. Abbreviation

FMNH: Field Museum of Natural History (Zoology), Chicago, USA;
IVPP: Institute of Vertebrate Paleontology and Paleoanthropology,
Beijing, China; CAS: Chinese Academic of Sciences, China; YPM:
Vertebrate Zoology Division: Herpetology, Yale Peabody Museum, New
Haven, USA

2.2. Material

The holotype material (IVPP V 27593) is from the “Liushu” Forma-
tion of the Linxia Basin in Gansu Province, China (Fig. 1). Fossilized
snake skeletal elements were entombed together with an almost com-
plete skeleton of Pseudorhizomys indigenus (IVPP V 23698, ESM 1.
Fig. S1), surrounded by reddish clay. The tooth sockets and the neural
canals of the vertebrae are filled with a combination of reddish clay,
gypsum, and calcites.

The new species is represented by an incomplete skeleton. Given the
size and morphology of these fossil remains and their proximity to one
another, they probably derive from one adult (or subadult) individual.
The preserved parts include its near-complete left maxilla, the caudal
segment of its right maxilla, the middle segment of its left pterygoid, in
addition to 62 trunk vertebrae (most of them are damaged), two poorly
preserved caudal vertebrae, and some rib fragments.

The accessions of the osteological specimens or figures of the extant
erycid snakes that used for the comparison in this study are listed in ESM
1.
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2.3. Morphological measurements

The morphological characters and terminology used to describe the
vertebrae follow Szyndlar (1994), LaDuke (1991), Holman (2000), and
Cundall and Irish (2008). The regional subdivision of the entire snake
vertebral column follows LaDuke (1991). The measurements in this
study were taken with 0-200 mm vernier calipers to the nearest 0.1 mm
following Szyndlar (1994).

2.3.1. Maxilla

MxD: maxilla depth, the depth of the dorsoventrally widest part of
the maxilla in the lateral view; MxL: maxilla length, from the anterior tip
of the maxilla to the posterior end of the ectopterygoid process of the
maxilla; MxW: maxilla mediolateral width, the horizontal distance from
the labial margin to the lingual-medial tip of the palatine process of the
maxilla in the dorsal view. The maxillary teeth were counted based on
the number of tooth bases adding empty tooth sockets.

2.3.2. Pterygoid

PtL: pterygoid anteroposterior length, from the anterior tip of the
pterygoid to the caudal end of the pterygoid; PtW: pterygoid width, the
mediolaterally widest distance from the medial transverse process of the
pterygoid to the lateral margin of the ectopterygoid process of the
pterygoid. The pterygoid teeth were counted based on the number of
tooth bases adding tooth sockets.

2.3.3. Vertebra

CL: centrum anteroposterior length, from the anterior concavity of
the cotyle to the posterior end of the condyle; CTH: cotyle height, the
highest vertical diameter of the cotyle; CTW: cotyle width, the longest
horizontal diameter of the cotyle; HL: head length, from the snout’s tip
to the mandible’s posterior margin; HW: head width, the maximum
width of the caudal end of the mandibles; NAW: neural arch width, the
minimum horizontal distance between the interzygapophyseal ridges;
PR-PO: prezygapophysis-postzygapophysis distance, the maximum dis-
tance between the prezygapophysis and postzygapophysis; PRD: pre-
zygapophyseal distance, the transverse distance between two
prezygapophyseal processes; POD: postzygapophyseal distance, the
transverse distance between two postzygapophyseal processes; and VH:
vertebra height (depth), the largest dorsoventral distance of the
vertebra. The morphological comparison between the fossil taxon and
its extant congeneric species is shown in Table 1.

2.4. Body size estimation

Given that the size of a snake’s vertebra is positively correlated to its
body size, the latter can thus be predicted from vertebral dimensions
since it evolved with the increasing size of vertebrae (Head et al., 2009.,
Shi et al., 2023). Thus, we used multiple linear regressions with an
allometric model (logarithmic values of size), implemented by the ‘lm()’
function provided in R studio (Team, 2012). The error for size estimates
was determined by subtracting the averaged regression coefficients from
a perfect fit for extant taxa. In this study, four measurements of the most
completely preserved structures of trunk vertebra, CL, NAW, POD, and
PR-PO of the erycines were considered the dependent variables while
SVL and TOL are considered independent variables. See Tables 2-3 for
the measurements of the fossil materials and extant osteological
specimens.

2.5. CT-scanning and three-dimensional reconstructions

The CT scanning was carried out with Nano-computerized tomog-
raphy. Specimens were scanned using a GE v|tome|x m dual tube 300/
180 kV system in IVPP, CAS. The specimens were scanned with an en-
ergy beam of 80 kV and a flux of 80 X pA using a 360° rotation and then
reconstructed into the 4096 X 4096 matrices of 1536 slices. The final CT
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reconstructed skull images were exported with a minimum resolution of
6.10 pm. The skull images were exported from the virtual 3D model
which was reconstructed by Volume Graphics Studio 3.4 (Volume
Graphics GmbH, 2017). The dataset of the 3D models included in this
study is available online in the repository (ADMorph, Hou et al., 2020).

2.6. Systematic and phylogenetic analyses

2.6.1. Morphological, molecular, and ecological data

We downloaded available genetic sequence data in GenBank (Benson
et al., 1990) across the currently recognized species in our study and
identified nine loci that were broadly sampled in previous studies
following Reynolds et al. (2014), Pyron et al. (2013a, 2014b), and
Tonini et al. (2016), including two mitochondrial genes: cytochrome b
(cytb, 996 bp after alignment) and the small subunits of the 16S mito-
chondrial ribosome gene (16S, 475 bp), adding six nuclear genes:
recombination-activating protein 1 (RAG-1, 850 bp), oocyte maturation
factor (c-mos, 465 bp), neutrophin-3 (NTF3, 495 bp), brain-derived
neutrophic factor (BDNF, 670 bp), ornithine decarboxylase intron
(ODC, 597 bp), and solute-carrier family 30 member 1 (SLC30A1, 513
bp).

Additionally, to assess the phylogenetic position of the new extinct
species, 98 discrete morphological/ecological characters were included
in the analysis: characters 1-75 are taken from Kluge (1993), while 76—
98 are based on observations by Rieppel (1978), Tokar (1989),
Scanferla et al. (2016), Smith and Scanferla (2021), and this study. The
character list, including the explanation of these characters and their
states, is presented in ESM 3. The discrete classified characters were
treated as non-additive (Goloboff et al., 2006).

A final dataset comprised of 5159 characters scored across 19
operational taxa (17 extant species and one extinct species) was
analyzed in this study, including 5061 bp of nucleotide sequence data, in
addition to 98 morphological/ecological characters.

2.6.2. Phylogenetic analyses

Concerning the different evolutionary characters of each molecular
marker, the dataset was split initially into 20 partitions by both gene and
codon positions and then combined into 11 partitions taking advantage
of the greedy algorithm provided by PartitionFinder 2.1.1 (Lanfear
et al., 2012, 2016) to find similarly evolving partitions. The evolutional
model of morphological data is set as Mkv + GAMMA. The evolutionary
models assigned to each of the partitions by PartitionFinder are shown in
Table 4.

The fossil records of the new taxon and Eryx jaculus (7.25-5.33 Ma:
Szyndlar, 1994) were set for tip-date calibration while the divergence
between Charina and Lichanura (~20-18.7 Ma, Head, 2015) was set as
node-date calibration for uniform molecular clock according to Tedford
et al. (2004) and Zhang et al. (2019). To root the tree properly, we
enforced the constraint groups of the monophyletic group of the
American clades of the family Boidae. The root age was assigned an
offset-exponential prior with a mean of 35 Ma and a minimum of 30 Ma
(Pyron et al., 2014a, 2014b).

A Bayesian phylogenetic analysis was performed using MrBayes
3.2.7 (Ronquist et al., 2012). The Markov chain Monte Carlo consisted of
two independent runs with three heated chains and a single cold chain
per run. Each run of 50 million was sampled every 1000 generations,
and parameter estimates were plotted against generation. The first 25%
of the samples were discarded as burn-in. Parameter estimates were
plotted against generation (trace plot) and the effective sample size of
each parameter was checked to be greater than 200. Topological
convergence was checked based on the average standard deviation of
split frequencies smaller than 0.005 (Zhang, 2019, 2021).

2.7. Ancestral geographic/state reconstruction

To better understand the origin, dispersal, and evolution of the
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reproduction mode of the erycines, we recovered the biogeography and
ecology of the family by mapping the stochastic characters across the
time-calibrated phylogenetic tree. The distribution areas are set as sto-
chastic characters which are shown in Table S1. We tested different
models using the methods proposed in BioGeoBEARS (Matzke, 2013)
implemented in the software RASP 4.2 (Yu et al., 2015; Yu et al., 2020).
The detailed setting of biogeographic information is provided in ESM 2.
Table S1). The best-fit model was chosen by corrected Akaike informa-
tion criterion (AICc). For the reproduction modes, model selection was
performed before stochastic character mapping. Three different models
(equal-rates (ER), symmetric (SYM), and all-rates-different (ARD)) were
fitted to the phylogenetic tree with “fitDiscrete” command in the R
package Geiger (Pennell et al., 2014), and models were selected by
corrected Akaike information criterion (AICc; Burnham et al., 2002).
ASR analyses using stochastic character mapping were conducted with
the “make.simmap” command in the R package phytools (Revell, 2012;
Team, R.C, 2012) with 1000 simulations (Li et al., 2021a, 2021b; Li
et al., 2022a, 2022b).

3. Systematic paleontology

Class Reptilia Laurenti, 1768
Order Squamata Oppel, 1811
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Suborder Serpentes Linnaeus, 1758

Superfamily Booidea Gray, 1825

Family Erycidae Bonaparte, 1831

Genus Eryx Daudin, 1803

Eryx linxiaensis sp. nov. Shi, Li, Stidham, Zhang, Jiangzuo, Chen, and
Ni, 2023.

ZooBank accession: 85621627-C53D-47B1-97C8-3D44CFADE7C4.

Etymology. The specific epithet refers to the Linxia Basin, where the
holotype specimen was collected.

Holotype. IVPP V 27593, a series of partially preserved cranial and
post-cranial elements:

IVPP V 27593-1, a near-complete left maxilla fragment (Fig. 2-A);
IVPPV 27593-2, the caudal segment of the right maxilla (Fig. S2 in ESM
2); IVPP V 27593-3 a left pterygoid fragment (Fig. 3-A); IVPP V 27593—4
two articulated middle trunk vertebrae (Fig. 4-A); IVPP V 275935 two
articulated post-cervical trunk vertebrae; IVPP V 27593-6 another
middle trunk vertebra; IVPP V 275937 two articulated posterior (pre-
caudal) trunk vertebrae; and IVPP V 27593-8 two articulated caudal
vertebrae.

3.1. Locality, horizon, and age

The collection site of the fossil erycine is near Shangwangjia Village

Fig. 2. Maxillae of Eryx linxiaensis sp. nov. and three extant species of Eryx (from left to right: labial, lingual, dorsal, and ventral views).

A. complete left maxilla of E. linxiaensis sp. nov. (holotype, IVPP V 27593-1);
B. left maxilla of extant E. miliaris from Xinjiang (IVPP OV 2728);

C. right maxilla (horizontally mirrored) of extant E. conicus from India (IVPP OV 2741);
D. horizontally mirrored right maxilla of extant E. colubrinus from Faiyum, Egypt (FMNH 63117, image from MorphoSource, Media ID: 000098517).

Abbreviations

EPM, ectopterygoid process, MT maxillary tooth, and PFP prefrontal process. The numbers shown beside the teeth and tooth sockets indicate the tooth count of the

maxillae. Scale bars = 5 mm
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Fig. 3. Pterygoids of Eryx linxiaensis sp. nov. and the three-dimensional reconstructed model of three extant species of Eryx (left: ventral view; right: dorsal view).
A. middle part of the left pterygoid of E. linxiaensis sp. nov. (holotype, IVPP V 27593-3);

B. left pterygoid of extant E. miliaris from Xinjiang (IVPP OV 2728);
C. left pterygoid of extant E. conicus from India (IVPP OV 2741);

D. left pterygoid of extant E. colubrinus from Fayum, Egypt (FMNH 63117, image obtained from MorphoSource, Median ID: 000098517). Scale bars = 2.5 mm.
Abbreviations: DTP dentigerous process of the pterygoid, EPP ectopterygoid process, MTP medial transverse processes of the pterygoid, and PTT pterygoid teeth

Fig. 4. Two articulated trunk vertebrae of Eryx linxiaensis sp. nov., compared to two extant Eryx species (from left to right: dorsal, ventral, anterior, posterior, and

lateral views: dorsal view).
A. Eryx linxiaensis sp. nov. (holotype, IVPP V 27593—4);

B. Middle trunk vertebra (9oth) of E. miliaris from Xinjiang Province (IVPP OV 2728);

C. Middle trunk vertebra E. conicus from India (IVPP OV 2741). Scale bars equal 10 mm.

Abbreviations: C centrum, CD condyle, CT cotyle, D diapophysis, HK haemal keel, LF, lateral foramina, NC neural canal, NS neural spine, P parapophysis, PO
postzygapophysis, POF postzygapophysis facet, PRA prezygapophyseal articular facet, PRP prezygapophyseal accessory process, SF subcentral foramen, and

ZY zygosphene

Maijiaxiang Town, Guanghe County, Linxia Hui Autonomous Prefec-
ture, Gansu Province, China (Fig. 1). The fossil erycid snake is attributed
to Yangjiashan Fauna (the upper strata of the “Liushu” Formation). The
age of the new fossil is estimated as Late Miocene (~8-7.25 Ma) based
on associated mammalian fauna (Deng, 2007; Deng et al., 2013a, 2013b,
2019, 2023; Wang and Qiu, 2018).

3.2. Diagnosis

Generally, the members of the genus Eryx can be recognized based on
the presence of short and broad vertebral centra, and stubby neural
spines, in addition to several other osteological synapomorphies,
including 1) complete loss of all processes on the rostral end of the
ectopterygoid; 2) presence of a medial ridge on the rostral end of the
pterygoid that extends the palatopterygoid joint; 3) the maxillary

process of the palatine being caudally positioned; 4) the functional axis
of the palato-pterygoid joint aligned in a line; 5) right posterior vidian
canal larger than the left; 6) fewer than six palatine teeth; 77) the nasal
process of premaxilla reduced or absent; 8) extension of the medial
margin of the pterygoid; 9) the number of maxillary teeth ranges from
nine to 14; and 10) relative anteroposteriorly shortened and anteriorly
positioned neural spines (Kluge, 1993; Szyndlar and Schleich, 1994;
Bo hme, 2007; Cundall and Irish, 2008; Pyron et al., 2014a, 2014b).

Thus, we could attribute the partial fossil skeleton, IVPP V 27593 to
the genus Eryx based on the shared presence of characters 2, 8, 9, and 10
in the holotype specimen.

Eryx linxiaensis sp. nov. can be distinguished from the genus Cala-
baria (African family Calabariidae) by the presence of palatine and
pterygoid teeth (versus the absence of palatine and pterygoid teeth in
Calabaria); from the extinct genus Calamagras by the anteriorly-
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positioned thin neural spine (versus the thick cylindrical posteriorly-
positioned neural spine in Calamagras, Rage, 1977; Bo hme, 2007);
from Corallus, Candoia, and Ungaliophis by the presence of small
maxillary teeth (versus the exceptionally long anterior maxillary teeth,
Cundall and Irish, 2008); from Lichanura and Exiliboa by having fewer
(eleven) maxillary teeth and rudimentary ectopterygoid process of the
pterygoid (versus the presence of more than 15 maxillary teeth and a
prominent ectopterygoid process in Lichanura and Exiliboa), and curved
posterior end of the maxilla (versus straight posterior end in Lichanura);
and from Charina by the convex medial margin of the pterygoid (versus
the angulated in Charina).

3.3. Infrageneric comparison

Eryx linxiaensis sp. nov. can be differentiated from congeneric spe-
cies using the combination of the following characters: 1) slightly
dorsoventrally thickened anterior part and the vaulted anterodorsal
edge of the maxilla; 2) eleven maxillary teeth, decreasing in height
posteriorly; 3) more than five pterygoid teeth; 4) relatively elongated
middle trunk vertebrae (CL/NAW = 0.88-0.91, PDD/PR-PO = 1.20-
1.25) and posterior trunk vertebra (CL/NAW = 1.23, PDD/PR-PO
= 0.89); 5) relatively short neural spines without a thickened dorsal
edge (NSL = 1.6-2.2); and 6) obvious haemal keels on the centrum.

Morphologically, Eryx linxiaensis sp. nov. shares many osteological
similarities with E. colubrinus, a living species endemic to Africa, such as
the moderate number of maxillary teeth, the undeveloped ectopterygoid
process of the maxilla, the presence of a haemal keel on the vertebra, and
the medially expanded medial transverse process of the pterygoid. On
the other hand, E. linxiaensis sp. nov. differs from E. miliaris, a living
species of Gansu, China, in many ways (see Table 1 and following
comparisons).

For detailed comparison within the genus Eryx, E. linxiaensis Sp. nov.
differs from most extant species by the presence of trunk vertebrae with
roughly equal length and width (versus the pudgy trunk vertebra with
widths greater than their lengths as in other Eryx species) and anterior-
thickened maxilla (versus the anteroposterior equal-heightened maxilla
in most extant Eryx species except E. conicus).

Eryx linxiaensis sp. nov. differs from E. miliaris by having a curved
maxilla and shorter blunter ectopterygoid process of the maxilla (versus
relatively straight maxilla and elongated slender ectopterygoid process
of the maxilla in E. miliaris); from E. colubrinus by the blunt and broad
anterior edge of the maxilla, the presence of the haemal keels on the
ventral side of middle trunk vertebrae (versus slender and slightly
cupped anterior maxilla edge, lack of a haemal keel); from E. elegans,
E. miliaris, and E. jaculus by having at least five pterygoid teeth (versus
three pterygoid teeth in E. elegans and E. jaculus, four pterygoid teeth in
E. miliaris); from E. conicus, E. jayakari, E. muelleri, and E. somalicus by
having 11 maxillary teeth (versus seven maxillary teeth in E. somalicus,
11— 13 in E. muelleri, 13 in E. jayakari and 13-18 in E. conicus); from
E. jaculus E. muelleri and E. somalicus by the well-developed medial
transverse process of the pterygoid (versus much reduced medial
transverse processes in E. jaculus E. muelleri, and E. somalicus); and from
E. johnii, E. jaculus, and E. miliaris by the presence of haemal keels on the
trunk vertebrae (versus absence of the haemal keels in these species).

3.4. Description
3.4.1. Cranial elements

3.4.1.1. Maxillae. IVPP V 27593-1, the left maxillary bone includes
three fragments and is almost complete. The right maxilla preserves only
the caudal part. The left maxilla measures 21.4 mm in length, 4.7 mm at
the mediolaterally widest part (positioned between the medial tip of the
ectopterygoid process and the labial margin in dorsal view), and 4.1 mm
at the dorsoventrally highest part (between the base of the fourth
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maxillary tooth and the dorsal maxillary margin in the lateral view). The
caudal part of the right maxillary fragment bears five tooth sockets. The
palatine process and the ectopterygoid process are both preserved. In
lateral view, compared to some extant Eryx species (e.g., E. miliaris and
E. colubrinus), the anterior portion of the maxilla of the fossil Eryx be-
comes taller, ventral to the lateral apex of the prefrontal. The posterior
tip is flattened. The anterodorsal ridge of the maxilla is slightly vaulted.
In dorsal view, the anterior part of the maxilla is inclined medially. The
prefrontal process of the maxilla is shaped as a nearly round-cornered
rhombus and is moderately elongated and caudolaterally directed. The
ectopterygoid process of the maxilla is almost merged with the caudal
part of the maxilla and is slightly inclined medially. In ventral view, the
five tooth bases and six tooth sockets suggest that the maxilla bears a
total of 11 teeth, the second is the largest, and the teeth are reduced in
height posteriorly from the second one. IVPP V 27593-2, the caudal
segment of the right maxilla with its prefrontal and ectopterygoid pro-
cesses completely preserved. In lateral and ventral views, the preserved
segment bears seven teeth, including five tooth bases and two tooth
sockets (Fig. S1).

3.4.1.2. Pterygoid. IVPP V 275933, the anteroposterior length of the
preserved segment of the left pterygoid measures 13.7 mm. The anterior
part of the dentigerous process and the caudal end of the pterygoid are
crushed. The widest part of the pterygoid (the distance between the
ectopterygoid process distal termination and the medial margin) mea-
sures 8.4 mm. The ectopterygoid process of the pterygoid is stubby and
has an outline like a rounded right triangle in ventral view. The
pterygoid-ectopterygoid articular facet is oval-shaped and extends to the
palatine facet. The medial transverse process of the pterygoid is well
developed. The process is in a semicircular shape. The anterodorsal part
of the medial transverse process is flat, and without a noticeable cur-
vature. The medial ridge of the pterygoid is slightly thickened. The
dentigerous process of the pterygoid extends for about one tooth dis-
tance posterior to the caudal end of the ectopterygoid angular facet. The
number of pterygoid teeth is unknown because of the crushed dentig-
erous process. However, the preserved tooth and tooth sockets indicate
that there are likely more than five functional pterygoid teeth.

3.4.2. Postcranial skeleton elements

3.4.2.1. Middle trunk vertebrae. IVPP V 27593—4. The length and width
of the vertebral centrum of the new species are roughly equal (CL/NAW
= 0.91). The centrum length of these two articulated trunk vertebrae is
3.0 mm. The mediolateral distance between the bilateral pre-
zygapophyses is 6.2 mm and the distance between the postzygapophyses
is 6.0 mm. The distance between the prezygapophyses and post-
zygapophyses is 4.8 mm. In lateral view, the neural spine is moderately
developed, with its anterior margin tilting slightly. Craniocaudally, the
anterior margin of the neural spine originates at the anterior part of the
neural arch. The craniocaudal length of the neural spine is about two-
thirds of the craniocaudal length of the neural arch. The caudal
margin of the neural spine overhangs notably posteriorly, while the
cranial margin is slightly anterior-inclined. In dorsal view, the outline of
the trunk vertebra is squared-off, but with a constriction between the
pre-and postzygapophyses (CL/NAW = 0.91). The anterior edge of the
neural spine is near perpendicular to the centrum, while the posterior
edge is shorter and slopes posteriorly. The dorsal border of the neural
spine is slender, not thickened. The anterior and posterior parts are
roughly equal in width. The zygosphene is blunt and robust, and the
anterior margin of the zygosphene is divided into two lobes, both
moderately developed. The lateral foramina are small and present on all
of the trunk vertebrae. The parapophyseal and diapophyseal processes
are large and strong. Both are similar in size. The paradiapophyses are
kidney-shaped. The anterior border of the zygosphene is bilobate and
slightly notched. The prezygapophyseal articular facet is oval. The
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prezygapophyseal accessory process is quite stubby and blunt. The
margin of the anteromedial notch of the neural arch is smooth. The
epizygapophyseal spines are absent. The postzygapophyseal articular
facets are oval in shape. The caudal margin of the condyle is not distinct
from the centrum.

In ventral view, the haemal keels are moderately developed and
present on most of the centra. The subcentral grooves lateral to the
hypophyseal are shallow. The subcentral foramina are present lateral to
the haemal keel. The anteroventral margin of the cotyle is slightly
concave, forming a fovea. The zygosphene is rather lightly built. Its
dorsal edge is slightly concave. The cotyle is suborbicular in outline. Its
width is similar to that of the zygosphene. The paracotylar foramina are
absent. The root of the prezygapophysis is thick. The tip of the pre-
zygapophyses tilts anteriorly. The cross-section of the neural canal is
subtriangular in outline. In posterior view, the neural arch is moderately
vaulted. The zygantrum is triangular. The condyle is large and orbicular
shaped (CTW/CTH = 1.17).

3.4.3. Intracolumnar variability

The posterior trunk vertebrae (IVPP V 27593-7) are notably ante-
roposteriorly elongated relative to the anterior or mid-body trunk
vertebrae. The ratios between the centrum length and neural arch width
(CL/NAW) in the former are much greater than those in the latter (1.23
versus 0.88-0.91), while the ratios between the postzygapophyseal
distance and prezygapophyseal-postzygapophyseal distance (POD/PR-
PO) in the former are much lower than those in the latter (0.89 versus
1.20-1.25). The haemal keels and subcentral ridges are more conspic-
uous in the posteriorly situated vertebrae than those in the anterior or
mid-body trunk vertebrae.

3.5. Body size estimation

Multiple linear regressions using an allometric model (with loga-
rithmic values of size) produced significant relationships between the
body length (SVL and TOL) and four vertebra measurements (CL, NAW,
POD, and PR-PO) within the extant specimens of the genus Eryx. Based
on a preserved largest middle trunk vertebra of E. linxiaensis (IVPP V
27593-4), a minimum snout-vent length of 571.34 mm and a minimum
total length of 694.32 mm were yielded by multiple linear regression
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analysis of the vertebral measurements against body size. See Table 5 for
the details of the multiple linear regression analysis.

3.6. Total-evidence phylogeny and biogeography

The topology of the Total-evidence phylogenetic tree resulting from
our analysis is generally consistent with recent studies (Reynolds et al.,
2014; Eskandarzadeh et al., 2020a, 2020b). Calabria reinhardtii is found
as an early diverging taxon, and the individual species of Eryx form an
exclusive monophyletic clade. The Eryx clade separated from the
American lineages during the Oligocene and Early Miocene (estimated
divergence date of 33.5-21.41 Ma, mean 26.89 Ma, Fig. 5).

However, the three species that occur in Africa do not form an
exclusive clade. This result suggests multiple intercontinental dispersal
events of Old World erycines into and/or out of Africa. The clade con-
sisting of two oviparous species, E. muelleri from western Africa and
E. jayakari from western Asia, is recovered as an early-diverging clade
within Eryx. The extinct Chinese species, E. linxiaensis sp. nov. is
recovered as the sister taxon to E. colubrinus from eastern Africa. The
divergence time between these two species was inferred as (11.34-7.25
Ma, mean 8.12 Ma, Fig. 5). Additionally, five species from central and
western Asia form a strongly supported monophyletic clade with an
average divergence time of 10.12 Ma (12.89-7.85 Ma, Fig. 5), indicating
clade diversification during the late Miocene.

As discussed by Kluge (1993) and Reynolds et al. (2014), Afro-
Eurasian erycines exhibit interesting biogeographic patterns. The re-
sults of our historical biogeographic analysis point to at least three
intercontinental dispersal events of the Eryx taxa between Africa and
Asia. In addition, our results support an Old World origin of the Eryx
crown clade. The divergence time between two oviparous species was
estimated as 16.62-9.45 Ma (mean 12.7 Ma, Fig. 5), indicating the first
dispersal event from western Africa to central western Asia likely
occurred near the beginning of the late middle Miocene (Serravallian
Stage). The occurrence of E. linxiaensis sp. nov. and its possible diver-
gence from E. colubrinus is attributed to a second dispersal event from
Africa during the Tortonian Stage, early Late Miocene (11.34—7.25 Ma,
mean 8.12 Ma, Figs. 5 - 6). Another dispersal event is inferred as the
infraspecific biogeographic spread of E. jaculus. However, we could not
estimate this timing due to a lack of samples of E. jaculus from different
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Fig. 5. Time-calibrated Bayesian total-evidence phylogenetic tree of the Old World sand boas Eryx.
The divergence age estimates (95% highest posterior density intervals) are shown as node bars with the mean divergence age estimates shown below the nodes.



J. Shi et al.

*

of Africa

*Arld ragloﬁ

Tha first dispersal

The second dispersal

The third dispersal

—

A

Palaeogeography, Palaeoclimatology, Palaeoecology 617 (2023) 111491

Fig. 6. Possible intercontinental dispersal routes of the Old World erycines during the Miocene (A), informed by ancestral geographic reconstruction (B).

continents.

While Eryx linxiaensis and E. miliaris are geographically close to one
another, our phylogenetic results indicate a distant affiliation. The
divergence time between the populations of E. miliaris from western Asia
(Iran) and eastern Asia (Xinjiang Province) was estimated as late Early
Pleistocene (2.14-0.8 Ma, mean 1.42 Ma), much younger than the
occurrence of the fossil taxon, E. linxiaensis sp. nov. (Figs. 5-6).

4. Discussion
4.1. Ecology

Despite the earliest diverging position of the two oviparous species in
the sand boa clade suggesting that their oviparity is relatively primitive,
the result of the ancestral state reconstruction shows that the family
Erycidae is likely to have originated with ovoviviparity and Eryx lin-
xiaensis sp. nov. may have been ovoviviparous (ESM 2. Fig. S4). The diet
of E. linxiaensis sp. nov. remains unknown even though the fossil is
entombed together with a skeleton of Pseudorhizomys indigenus. The
rodent may have been too big for the snake to consume as inferred from
the great disparity between the snake and the rodent in body size (ESM
2. Fig. S2). Typical prey would have been smaller rodents and birds
(Fig. 7).

4.2. Intercontinental dispersal of erycines

The hard collision between Arabia and Eurasia resulting in the
gradual closure of the Tethyan Seaway between 13 and 17 Ma (Giilyiiz
etal., 2020; Sun et al., 2021; Wang et al., 2022), may have formed a land
bridge between the Afro-Arabian and Eurasian continents, allowing for
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the possibility of intercontinental immigration. Early spread to North
and South America accords with a time of global aridification (Fig. 5,
Peng et al., 2012; Liu et al., 20152, 2015b). Intercontinental dispersal of
the erycines might have been promoted by drying and the occurrence of
a land bridge during the Miocene.

The global climate system experienced a series of drastic changes
during the Cenozoic (Zachos et al., 2008). In Asia, these include the
climate transformation from a zonal pattern to a monsoon-dominated
pattern, the disappearance of typical subtropical flora, and the origin
of inland deserts (Guo et al., 2008). The time of the earliest dispersal by
members of Eryx between Africa and Eurasia was probably in the middle
Miocene (~13 Ma), consistent with the development of steppe habitats
in Asia and Africa driven by aridification and the expansion of the C4
grasses during the Middle and Late Miocene. (Alpers and Brimhall,
1988; Hartley and Chong, 2002; Cerling et al., 1997; Bobe, 2006; Liu
et al., 20153, 2015b; Wang et al., 2022).

4.3. Aridification in the eastern part of the Qinghai-Tibet Plateau

Many interdisciplinary studies in the eastern part of the Qinghai-
Tibet Plateau have supported hypotheses of a transition to aridity
since the Early Miocene, with data on color changes in the fluviolacus-
trine sediments, lacustrine sediments, and carbon-oxygen isotopic
compositions of mammalian paleodiet (Wang and Deng, 2005; Song and
Zhang, 2001; Song et al., 2007; Zhang et al., 2019; Li et al., 2020, 20214,
2021b; Wang et al., 2022). The shift to aridity that took place in the
Early Miocene might have involved various factors, such as the inten-
sifying uplift of the Qinghai-Tibet Plateau, the strengthening of the east
Asian monsoon, and the drying of the Paratethys Seaway in central Asia.
(Peng, 1989; An et al., 2001, 2006; Sun and Wang, 2005; Ma et al., 1998;
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Fig. 7. Reconstruction of Eryx linxiaensis in its arid habitat, Late Miocene Linxia Basin, illustrated by Qiu-Yang Zheng.

Dong et al., 2011; Liu and Dong, 2013; Sun et al., 2017; Wang et al.,
2022). A recent paleomagnetic study conducted by Zhang et al. (2019)
estimates the times of the environmental change in the Linxia Basin
during the Miocene: forest (~21.4-16 Ma), forest-steppe (~13.8-12.5
Ma), arid steppe (~11.6-5.3 Ma), and grassland (~2.5-2.2 Ma). The age
of Eryx linxiaensis falls in the arid steppe interval, and it likely was an
arid-adapted species.

In addition to Eryx linxiaensis, there were several intercontinental
dispersals between Africa and eastern Asia during the late Cenozoic, best
represented by proboscideans (Tassy, 1986, 1990, 1994; Wang et al.,
2019), rhinocerotids (Deng, 2006, 2007; van der Made, 2010; Deng
etal., 2013a, 2013b, 2023), and dwarf antelopes (Wang et al., 2022).

4.4. Ecological succession in northwest China

The continued uplift of the plateau after the Late Miocene and the
intensification of winter monsoons turned the warm and subarid steppe
environment habitat in the Linxia Basin into a cold and seasonally
humid sub-plateau environment which likely was no longer suitable for
erycines (Wang et al., 1996; An et al., 2006; Dong et al., 2011; Wang
et al., 2022). The continued intensification of the east Asian monsoons,
together with increased dust transport to the North Pacific Ocean since
the Late Pliocene (~3-2.6 Ma) led to another significant aridification
event within the Asian interior (Wang et al., 1996; An, 2014; An et al.,
2001, 2006, 2014; Dong et al., 2011; Liu and Dong, 2013; Tian et al.,
2018; Wang et al., 2019). The vegetation type in northwestern China
shifted from the sub-arid steppe to the desert (Ma et al., 1998; Tian et al.,
2018), during the time estimated for the divergence among the different
populations of Eryx miliaris, its occurrence may be related to this
youngest aridification of the Asian interior extending from the Late
Pliocene to the present.
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5. Conclusions

Our study documents the first fossil record of the superfamily Booi-
dea in China. The fossil specimen of Eryx linxiaensis sp. nov. shares many
similarities with congeneric species in Africa and Asia. At the same time,
it retains some plesiomorphies, such as the dorsoventrally thickened
anterior part of the maxilla and the larger number of pterygoid teeth.
These “primitive” characters and the phylogenetic studies both indicate
the relatively early diverging position of this new erycine fossil. The
results of the historical biogeographic analysis reveal that the Old World
erycine clade (Eryx) probably originated in Africa and that at least three
intercontinental dispersal events between Africa and Eurasia occurred.
We also provide new estimates for the divergence times among the
Erycidae clade suggesting Late Miocene radiation in the group.

Given the scarcity of Chinese fossil snake records, the discovery of
Eryx linxiaensis sp. nov. provides the documentation of a clade previ-
ously unknown in the Chinese fossil record and it provides key infor-
mation for both phylogenetic analysis and anatomy of ancient Eryx
members. This fossil of a typically arid-adapted clade within the Yang-
jiashan fauna helps to reconstruct the ancient fauna and its ecological
diversity (Fig. 7). Importantly, this fossil specimen of known age pro-
vides key molecular clock calibration information for future phyloge-
netic studies to examine the origin, evolution, and transcontinental
migration of snakes (Head, 2015; Head et al., 2016). If we are to better
understand intercontinental and temporal patterns of snake diversifi-
cation, researchers are supposed to look to the Miocene herpetofauna of
China (particularly the Linxia Basin) as a source of valuable data for
phylogenetic, anatomical, and biogeographic studies.
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