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ABSTRACT

1.	The Spalacidae is a family of strictly subterranean rodents with a long evo-
lutionary history. It is unclear how ecological changes have influenced the 
evolutionary history of these mammals, and the phylogenetic relationship of 
the subfamilies within Spalacidae is controversial.

2.	Through compiling fossil records, reconstructing molecular phylogeny from 
molecular data, determining the date of divergence, and analysing their geo-
graphical evolution based on molecular data and fossil taxa, we explore the 
origin and evolutionary process of Spalacidae in detail. Diversification within 
Spalacidae dates to the Late Oligocene, approximately 25  million years ago, 
based on molecular data.

3.	This family originated in South and East Asia in the Late Oligocene, and 
then split into four clades. The first clade includes Rhizomyinae, which was 
highly diversified in South Asia in the Early‐to‐Middle Miocene. Then 
Rhizomyinae from Asia migrated to northern Africa in multiple waves through 
the Afro‐Eurasian land bridge. Its range largely contracted in the Late Miocene, 
notably in Central Asia. The second clade includes the extinct Tachyoryctoidinae, 
which was confined to East and Central Asia, and survived from the Late 
Oligocene to the Late Miocene. The third clade includes Spalacinae, which 
have remained around the Mediterranean region since the Late Oligocene 
with slight trend of northward expansion. The fourth clade is Myospalacinae. 
Ancient genera of this subfamily in East Asia dispersed eastward during the 
Late Miocene and reached northern China and south‐east Russia.

4.	The general distribution pattern of Spalacidae has persisted since the Late 
Miocene. Extinction of Tachyoryctoidinae and clear range contraction of 
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INTRODUCTION

It is generally recognised that the current species diversity 
and distribution patterns of different organisms are mainly 
related to environmental changes from the Late Miocene 
to the Quaternary (Hewitt 2000, Hewitt et al. 2004, Outlaw 
& Voelker 2008). Climate change during these periods 
greatly influenced species in different regions (Sandel et 
al. 2011). The abundance of both fossils and extant spe-
cies of mammals makes them ideal candidates to study 
the evolution of terrestrial animals and to interpret their 
response to environmental changes at a global scale. 
Previous studies have demonstrated clear trends of diversity 
increases and population expansions in ground‐dwelling 
mammals, particularly in open grassland ecosystems (Bobe 
& Behrensmeyer 2004, Mihlbachler et al. 2011, Ge et al. 
2014). This was probably a response to a significant in-
crease in the proportion of C4 grass species in the Late 
Miocene (Pagani et al. 1999, Bonnefille 2010, Strömberg 
2011). In contrast, prominent extinction and range con-
traction were observed in arboreal taxa (Goswami et al. 
2011, Ge et al. 2013, Lv et al. 2013), which were prevalent 
early in eutherian evolution (Trofimov & Szalay 1994, Ji 
et al. 2002, Luo et al. 2003). However, it is unclear how 
these ecological changes have influenced the evolutionary 
history and distribution of strictly subterranean mammals 
that require more stable habitat conditions.

Spalacidae is one of the oldest families of living rodents 
(excluding the Platacanthomyidae) in the superfamily 
Muroidea (Norris 2017). Extant members of Spalacidae, 
which consists of three subfamilies, Myospalacinae, 
Rhizomyinae, and Spalacinae (Norris 2017), are strictly 
subterranean mammals characterised by low migration 
capacity and strong dependence on suitable environmental 
factors (Nevo 1999). Tachyoryctoidinae, a group of mid‐
tertiary extinct endemic rodents of East and Central Asia, 
was recently assigned as a closely related subfamily of 
Spalacinae based on craniodental morphology (Wang & 
Qiu 2018). The distinct biological characteristics of 
Spalacidae make it a good candidate for studying the 
evolutionary history of subterranean mammals and their 
response to global ecological changes. Furthermore, the 
current diversity of Spalacidae (36 extant species) is eclipsed 
by the high diversity of Sciuridae (278 extant species), 
Cricetidae (681 extant species), and Muridae (730 extant 
species; Musser & Carleton 2005). Compared to the highly 

species‐rich families in Rodentia that diverged in the same 
period, Spalacidae shows a low diversity and narrow 
distribution.

The geographical ranges of Spalacidae species show 
that each of the three extant subfamilies occupies its 
own geographical area: Rhizomyinae in South and South‐
East Asia and the eastern part of Africa; Spalacinae in 
south‐eastern Europe, North Africa, the Middle East, and 
western Asia; and Myospalacinae in Central and East 
Asia (mainly in China and Mongolia). However, the 
extinct Tachyoryctoidinae, which includes a large number 
of species assigned to Tachyoryctoides and its closely re-
lated genera, was unearthed in South and Central Asia, 
clearly overlapping with the range of Rhizomyinae and 
Myospalacinae (Wang & Qiu 2018). Prokanisamys kow-
alskii (Lindsay 1996), the earliest fossil record of 
Rhizomyinae, was unearthed in Zinda Pir Dome, Pakistan 
(and lived ~23.3  million years ago, Mya; Wessels & De 
Bruijn 2001, Lindsay et al. 2005, Flynn et al. 2013). The 
earliest fossil of Spalacinae was Vetusspalax progressus, 
which was found in Bosnia and Herzegovina and dated 
to ~24 Ma (De Bruijn et al. 2013). Several species within 
Tachyoryctoidinae were unearthed in Central and East 
Asia, and dated to the Late Oligocene (Wang & Qiu 
2012, 2018).

Previous work on fossils of Spalacidae has been focused 
mostly on the abundance and morphological diversification 
of different species, as well as the phylogenetic relationship 
among taxa using morphological characteristics (Hugueney 
& Mein 1993, Flynn 2009, Şen & Sarıca 2011, López‐
Antoñanzas et al. 2013, De Bruijn et al. 2015). However, 
it is unclear how the geographical distribution pattern of 
Spalacidae formed in their evolutionary history. A com-
prehensive review of the evolutionary history of this family 
including information on extant taxa and fossils is 
lacking.

Phylogenetic work on Spalacidae, conducted using mo-
lecular data from extant species and morphological features 
of fossils, has resulted in different hypotheses on their 
phylogenetic relationship (Fig. 1). According to the fossil 
records, Flynn (2009) demonstrated that within Spalacidae, 
the subfamily Myospalacinae shares more features with 
Rhizomyinae than with Spalacinae, supporting the theory 
that Myospalacinae and Rhizomyinae are the most closely 
related taxa (Fig. 1a). De Bruijn et al. (2015) reconstructed 
the evolutionary history of the Rhizomyinae and the 

Rhizomyinae in Central and East Asia are likely to have resulted from in-
creased aridification, while the slight northward expansion of Myospalacinae 
and Spalacinae since the Quaternary was probably a response to a similar 
northward expansion of suitable vegetation for these animals.
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Spalacinae using fossil records and suggested that these 
two groups do not share the same murid ancestor and 
developed separately (Fig. 1d). After analysing the phylo-
genetic relationship of the three subfamilies using one 
nuclear gene (IRBP), Jansa and Weksler (2004) suggested 
that Myospalacinae and Rhizomyinae are the most closely 
related, while Spalacinae is a basal relative to these sub-
families. Lin et al. (2014) also concluded there was a sister 
group relationship between Rhizomyinae and Myospalacinae, 
which, they argued, together form the sister group of the 
more basal Spalacinae (Fig. 1b). By contrast, Jansa et al. 
(2009) obtained different results using two nuclear genes 
(IRBP and GHR); they recovered a sister clade consisting 
of Myospalacinae and Spalacinae, while finding that 
Rhizomyinae is a basal relative to these two subfamilies 
(Fig. 1c). Wang and Qiu (2018) assigned Tachyoryctoidinae 
and Spalacinae to the family Spalacidae and considered 
Rhizomyidae as a separate family (Fig. 1e) by using mor-
phological data from craniodental morphology of fossils, 
but Myospalacinae was not included in their analyses. There 
have thus been many studies to investigate the phylogeny 
of Spalacidae using fossil morphology or molecular methods 
with differing results, but none has used a combination 
of fossil occurrences and molecular data in order to un-
derstand the evolutionary history of Spalacidae.

The extant species of Spalacidae are generally accepted 
as a monophyletic group. In previous studies using genetic 
data, the monophyletic status of Spalacidae was supported 
by examining a single nuclear gene of 90 species that was 
sampled from major lineages of muroid rodents (Jansa & 
Weksler 2004), two complete sequences of mitochondrial 
DNA obtained for about 30 species (Norris et al. 2004), 
a concatenated data set of five nuclear genes and one 
mitochondrial gene in a 900‐species tree of Rodentia 
(Steppan & Schenk 2017), and a concatenated supermatrix 
of 11 genes that included 1265 taxa and aligned 15535 
sites (Fabre et al. 2012). This point of view has also been 
accepted by major monographs of extant mammals, in-
cluding ‘Mammal Species of the World’ (Musser & Carleton 
2005), and the ‘Handbook of the Mammals of the World’ 
(Norris 2017), which are often considered the top au-
thoritative references on the taxonomy of extant mammals. 
These references provide a basic framework to understand 
the higher‐level phylogenetic relationships within 
Spalacidae.

In the present study, we aim to: 1) trace the evolution-
ary history of Spalacidae by integrating fossil occurrences 
with molecular data from GenBank; 2) recalibrate the 
diversification time of lineages within Spalacidae; and 3) 
infer the phylogenetic relationship and geographical 

Fig. 1. Different hypotheses for the phylogeny of three subfamilies (Myospalacinae, Spalacinae, and Rhizomyinae) within the family Spalacidae, 
inferred from morphology (a, d, e), from molecular data with one nuclear gene (IRBP; b), and from molecular data with two nuclear genes (IRBP and 
GHR; c).
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evolutionary process of Spalacidae. To resolve these prob-
lems, 341 fossil records and a data set containing six DNA 
fragments were used in this research.

METHODS

Compiling fossil records

The fossil records of Spalacidae (including scientific name, 
geological age, and longitude and latitude of unearthed group) 
were mainly obtained from Fossilworks (the Paleobiology 
Database: http://fossi​lworks.org/bridge.pl?a=home) and the 
National Infrastructure of Mineral Rock and Fossil Resources 
for Science and Technology of China (http://www.nimrf.net.
cn/pub/msbz.jsp). Additionally, to ensure the completeness 
of the fossil information, we consulted the Zoological Record 
(from 1864 to 2014) provided by the Thomson Reuters’ 
Web of Knowledge (http://apps.webof​knowl​edge.com/). 
Systematic studies that gave comprehensive reviews on the 
classification of Myospalacinae (Zheng 1994), Rhizomyinae 
(Flynn 1982, 2009, López‐Antoñanzas et al. 2013, 2015, De 
Bruijn et al. 2015), Spalacinae (De Bruijn et al. 2015), and 
Tachyoryctoidinae (Wang & Qiu 2012, 2018) provided the 
basic framework for compiling fossil occurrences in different 
periods. Valid names of each genus and species were used 
as key words in our searches for original references in the 
Zoological Record.

Phylogenetic analysis

Twenty‐eight species, representing all extant genera of 
Spalacidae, were selected for a phylogenetic analysis. Six 
mitochondrial gene sequences were used to reconstruct 
the family’s phylogeny: Cytochrome b (Cytb), cytochrome 
oxidase subunit I (cox1), NADH dehydrogenase 4 (ND4), 
mitochondrial D‐loop (D‐loop), 12S ribosomal DNA (12S), 
and 16S ribosomal DNA (16S). Twenty‐four species from 
Cricetidae, five species from Muridae, Glis glis, Lepus 
townsendii, and Ochotona princeps were used as outgroup 
taxa. All of these sequences were downloaded from GenBank 
and aligned using Muscle 3.8.31 (Edgar 2004). We used 
PartitionFinder 2 (Lanfear et al. 2017) to select the best 
scheme for setting up a MrBayes block for partition defi-
nitions. A total length of 6937 base pairs, including gaps, 
was generated from the alignment. We constructed the 
phylogenetic tree in the program MrBayes 3.1.2 
(Huelsenbeck & Ronquist 2001). We set the main param-
eters as follows: two million chain generations, trees sampled 
every 1000 generations, and the first 800 trees discarded 
as burn‐in. The phylogenetic tree was displayed in FigTree 
1.4.4 (Rambaut 2018). Detailed information on the GenBank 
accessions of sequences included in the present study is 
given in Appendix S1.

Divergence time estimation

The divergence times among lineages were recalibrated by 
using BEAST version 1.8.2 (Drummond et al. 2012). One 
calibration point was used in calibrating the divergence 
time: the split of Mus and Rattus approximately 15.9 Mya. 
This age was the median age from the online tool ‘TimeTree: 
The Timescale of Life’ (http://www.timet​ree.org/, Hedges 
et al. 2015), which was derived from a large collection of 
previous studies (84 publications, searched on 10 May 
2019). The General Time Reversible model was used as 
the substitution model, and the Yule process of speciation 
was selected for the tree prior and combined with a re-
laxed molecular clock model. The search chain was run 
for 20 million generations and was sampled every 1000 
generations. The log files and tree files that were generated 
were analysed in LogCombiner v1.5.4 (Rambaut & 
Drummond 2010) and TreeAnnotator v1.5.4 (Rambaut & 
Drummond 2008) in the BEAST package, respectively; the 
first 25% of generations were discarded as burn‐in. The 
final results were tested in Tracer version 1.4.1 (Rambaut 
& Drummond 2007) and illustrated in FigTree v1.4.4 
(Rambaut 2018).

Ancestral distribution inference

Large numbers of species within Spalacidae were extinct; 
in particular, the geographical range in Central Asia could 
not be included in inferring the ancient distribution of 
Spalacidae if we just included extant species. According 
to the results of many previous studies, incorporating 
fossil information in phylogeny‐based biogeographical 
analyses can improve the reconstruction of past events 
(Nauheimer et al. 2012, Meseguer et al. 2015). Therefore, 
we manually added the extinct genera to the phylogenetic 
tree from the BEAST analyses and kept one species for 
each extant genus to avoid the influence of imbalanced 
sampling in analyses. The distribution of each genus was 
used to infer the geographical evolution of Spalacidae. 
All outgroup taxa were removed in this analysis. The 
placement of extinct genera was based on the phylogeny 
produced by López‐Antoñanzas et al. (2013, 2015) and 
Wang and Qiu (2018), and the time ranges were compiled 
from all available literature sources (Appendices S2 and 
S3).

Statistical dispersal–vicariance analysis (S‐DIVA; Yu et al. 
2010) and Bayesian Binary MCMC (BBM; Ronquist & 
Huelsenbeck 2003) implemented in RASP 4.1 (Yu et al. 
2015) were used to infer the geographical distribution evo-
lution of Spalacidae. These two methods do not require 
trees with branch lengths in analyses. We predefined four 
areas for these genera: 1) South and East Asia; 2) the Tibetan 
Plateau and inland arid regions of Central Asia; 3) 

http://fossilworks.org/bridge.pl?a=home
http://www.nimrf.net.cn/pub/msbz.jsp
http://www.nimrf.net.cn/pub/msbz.jsp
http://apps.webofknowledge.com/
http://www.timetree.org/
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south‐eastern Europe, the eastern Mediterranean area, and 
northernmost Africa; and 4) Central and East Africa. Twenty 
thousand trees were introduced into the software RASP 
4.1, and the first 5000 trees were discarded as burn‐in. The 
number of unit areas allowed in ancestral distributions was 
set at four with the gamma (+G) site change ratio and 
other parameters set at the default values of RASP 4.1.

RESULTS

Fossil records and historical distribution of 
Spalacidae

We compiled 341 fossil records of Spalacidae for the pre-
sent study, and their species names, occurrence times, and 

Fig. 2. The time span and worldwide distribution of Spalacidae since the Oligocene. The time span of fossil genera of Spalacidae on two continents; 
the dotted arrows linking the genera indicate the possible dispersal trends between continents (a). Fossil occurrences of Rhizomyinae, Tachyoryctoidinae, 
Spalacinae, and Myospalacinae during the Oligocene (b), the Miocene (c), the Pliocene (d), and from the Pleistocene to recent times (e).
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localities are given in Appendix S2. The time span of 
each genus and the transcontinental migration events that 
occurred in Eurasia and Africa are illustrated in  
Fig. 2a. Occurrences of these fossils are displayed in Fig 
2b–e.

Prokanisamys (De Bruijn et al. 1981), the earliest genus 
of Rhizomyinae, occurred in Pakistan from the Late 
Oligocene to the Earliest Miocene (~24‐23  Ma, Lindsay 
et al. 2005) before appearing in Africa (19‐18  Ma, Wessels 
2009) in the Early Miocene. In the Late Miocene, there 
were five genera of Rhizomyinae in Asia (Kanisamys, 
Rhizomyides, Protachyoryctes, Eicooryctes, and Miorhizomys) 
and three genera in Africa (Pronakalimys, Nakalimys, and 
Tachyoryctes), making this the most prosperous period for 
Rhizomyinae. In the Pliocene, there were four genera of 

Rhizomyinae in Asia (Rhizomyides, Brachyrhizomys, 
Anepsirhizomys, and Cannomys) and only one genus in 
Africa (Tachyoryctes). After the Pliocene, the diversity of 
Rhizomyinae continued to decrease, leaving two genera 
in Asia (Rhizomys and Cannomys) and one genus in Africa 
(Tachyoryctes). The overall geographical range of the 
Rhizomyinae contracted dramatically from the Miocene 
to the current period (Fig 2b–e).

The earliest species of Tachyoryctoidinae, Eumysodon 
spurius, was unearthed in Kazakhstan and dated to 28.4–
23.03 Mya. Meanwhile, the genus Tachyoryctoides was highly 
diversified in East Asia, and a large number of fossil spe-
cies were found in Mongolia and China of the Oligocene 
age. Currently, the five genera Eumysodon, Ayakozomys, 
Tachyoryctoides, Pararhizomys, and Pseudorhizomys (the 

Fig. 3. Time‐calibrated phylogeny of Spalacidae. The asterisks indicate the nodes for the split of Rattus and Mus as a calibration point. The horizontal 
bars show the 95% highest posterior density. The node labels give the ages; the branch labels give the posterior probabilities and 95% highest 
posterior density values of ages.
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latter two in the Late Miocene) are included in this sub-
family (Wang & Qiu 2018).

The earliest genus of Spalacinae, Vetusspalax, was dated 
to the Late Oligocene, approximately 24  Mya (De Bruijn 
et al. 2013, 2015). Heramys and Debruijnia were dated to 
the Early Miocene (Hugueney & Mein 1993). In the Late 
Miocene, there were two genera of Spalacinae in Eurasia 
(Heramys and Pliospalax). Spalax extended from Europe 
(Topachevskiy et al. 1998) to North Africa in the Late 
Pleistocene (McKenna & Bell 1997).

The earliest fossil of Myospalacinae was dated to the 
Late Miocene. In the Late Miocene, there was only 
Prosiphneus. The diversity of Myospalacinae increased rap-
idly after the Miocene, so that six genera were present 
in Eurasia in the Pliocene. The Pleistocene was also a 
prosperous period for Myospalacinae (five genera: 
Allosiphneus, Yangia, Eospalax, Episiphneus, and Myospalax). 
After the Pleistocene, only two genera survived (Eospalax 
and Myospalax).

Phylogenetic relationship, divergence time, 
and ancestral distribution

Phylogenetic reconstruction based on six DNA fragments 
revealed a sister group relationship between Spalacinae 
and Myospalacinae, which together form the sister group 
of the more basal Rhizomyinae (Fig. 3, Appendix S4). 
The divergence time of Spalacidae is also summarised in 
Fig. 3. The Spalacidae family split from other taxa of 
rodents approximately 31.84  Mya (36.57–27.25  Mya, 95% 
highest posterior density). The most recent common an-
cestor of this family was calculated to have occurred in 
the Late Oligocene, approximately 25.11  Mya (28.81–
21.19 Mya, 95% highest posterior density). The divergence 
of living genera of Rhizomyinae between African and Asian 
localities was estimated to have occurred in the Late 
Miocene around 12.93 Mya (15.27–10.58 Mya, 95% highest 
posterior density). The origination of Spalacidae was de-
duced as area "1", which refers to South and East Asia, 
and had a support value of 74% in S‐DIVA and 73% in 
BBM (Fig. 4a).

DISCUSSION

The evolutionary history of Spalacidae

The fossil occurrences and molecular phylogenetic recon-
struction provided consistent estimates of the origin date 
of Spalacidae. This family probably split from other rodents 
during the Late Oligocene, approximately 32  Mya. 
Divergence time within this family was dated to approxi-
mately 25  Mya based on molecular data of extant species. 

The split of Rhizomyinae between Asia and Africa was 
dated to approximately 13  Mya. These dates are generally 
earlier than those of previous studies based on molecular 
data, which dated the split of Spalacinae and Rhizomyinae 
to 19.8  Mya (Steppan et al. 2004) and the split of taxa 
within Rhizomyinae to 8.9  Mya (Šumbera et al. 2018).

Geographical evolutionary history reconstruction re-
vealed the origin centre of Spalacidae to be South and 
East Asia (Figs 2 and 4). The inconsistency between the 
known earliest fossil records and origin centre inferred 
in the present analyses is probably due to incomplete 
sampling of fossils in South and East Asia. Multiple in-
tercontinental migration events between Eurasia and Africa 
(Fig. 4a, b) are likely to have occurred during the evo-
lutionary history of Spalacidae (López‐Antoñanzas et al. 
2013).

Rhizomyinae represents the early branch of this family 
(Fig. 3). The earliest fossil record of Rhizomyinae to date, 
Prokanisamys (De Bruijn et al. 1981), was first found in 
Pakistan and dated to the Late Oligocene (~24  Mya). The 
genus was found in Africa and dated to the Early Miocene 
(19–18  Mya) and unearthed in Thailand and dated to the 
Middle Miocene (Fig. 2a). The postcranial skeleton of 
Prokanisamys indicates that this genus was not fossorial 
(Flynn 1982, 1985). This assumption was supported by 
its wide geographical range (South‐East Asia to North 
Africa). Because fossils of Prokanisamys in Africa appeared 
later than the same genus in Asia, it can be inferred that 
Rhizomyinae probably migrated from Asia to Africa in 
the Early Miocene. Moreover, morphological studies of 
fossils have found that Rhizomyinae members developed 
burrowing adaptations after 10  Mya. As this early group 
of animals lacked some of the advanced fossorial traits 
found later in their lineage (Flynn 2009), their long‐dis-
tance migration between Eurasia and Africa was more 
feasible. In the Early Miocene, the contraction of the Tethys 
Sea along with tectonic activity in East Africa established 
a land bridge between Africa and Eurasia which divided 
the Mediterranean Sea from the Indian Ocean (Rögl 1999). 
This allowed for the exchanging of plants and animals 
between Africa and Eurasia, which is evidenced by the 
presence of Pronakalimys in Africa during the Middle 
Miocene (López‐Antoñanzas et al. 2005, López‐Antoñanzas 
& Knoll 2010). The divergence time between African and 
Asian Rhizomyinae was dated around 13 Mya based on 
molecular data (Fig. 3). López‐Antoñanzas et al. (2013) 
argued that from a morphological viewpoint, the extant 
African Rhizomyines (Tachyoryctes) share more synapo-
morphies with Asian species than with the ancient African 
taxa. Protachyoryctes  and Eicooryctes are the closest Asian 
counterparts of this genus. Therefore, it is likely that 
Rhizomyinae migrated from Asia to Africa in three separate 
waves (Fig. 2a).
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Fig. 4. The phylogeny reconstruction and origination site inference of Spalacidae based on S‐DIVA. (a) The reconstructed phylogenetic tree and the 
inference results. The legend specifies the predefined areas used in the analyses. Solid lines show the branch of extant genera (in bold), and dotted 
branches show the placement of fossil genera with uncertainty. (b) The predefined areas used to infer the origination of Spalacidae, which was 
mapped on the annual average temperature (Bio 1) in the last glacial maximum (original layer downloaded from WorldClim, http://www.world​clim.
org/past), and the current distribution of Spalacidae (downloaded from the IUCN, http://oldre​dlist.iucnr​edlist.org/). Four predefined areas including (1): 
South and East Asia; (2) the Tibetan Plateau and inland arid regions of Central Asia; (3) south‐eastern Europe, the eastern Mediterranean area, and 
northernmost Africa; and (4) Central and East Africa. Dots show the distribution of fossils. The current geographical range of each of the three families 
of Spalacidae is indicated.

http://www.worldclim.org/past
http://www.worldclim.org/past
http://oldredlist.iucnredlist.org/
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The phylogenetic position of Tachyoryctoides and its 
closely related genera, the subfamily Tachyoryctoidinae, 
was controversial for decades. It has been included in the 
families Rhizomyidae (Chaline et al. 1977), Spalacidae 
(Flynn et al. 1985), Cricetidae (Kordikova & De Bruijn 
2001), and Muridae (De Bruijn et al. 2015). Recently, 
Wang and Qiu (2018) assigned it to Spalacidae by using 
53 craniodental characteristics, 12 of which supported its 
close relatedness to Spalax. Depending on the discovery 
of more materials, there is a possibility for correctly plac-
ing Tachyoryctoides at a more basal position (Wang & 
Qiu 2018). The genus Pararhizomys was found in several 
Late Miocene sites in northern China and Mongolia (Fig. 
2; Li 2010). Zhang et al. (2005) assigned Pararhizomys to 
incertae sedis, but they pointed out that it is morphologi-
cally similar to spalacines in some aspects. Flynn (2009) 
thought Pararhizomys from the Late Neogene was impli-
cated in the origin of Myospalacinae. By following the 
study of Wang and Qiu (2018), we placed Tachyoryctoides, 
Ayakozomys, Eumysodon, Pararhizomys, and Pseudorhizomys 
in Tachyoryctoidinae. S‐DIVA and BBM analyses showed 
South and East Asia as the most probable centre of origin 
of these subfamilies.

Given the distribution of fossils (Fig. 2b–d), it is likely 
that ancestors of Myospalacinae spread eastward in Asia 
in the Late Miocene and reached northern China. 
Prosiphneus (Teilhard de Chardin 1926), the earliest known 
genus of Myospalacinae (Zhou 1988), was found in north-
ern China (Zheng et al., 2004). After the origination of 
Myospalacinae in northern China, this subfamily was con-
fined mainly to a limited region in East Asia, with slight 
range expansion since the Pleistocene. Based on the mor-
phology of fossils, Flynn (2009) concluded that zokors 
evolved forelimbs adapted to burrowing around the begin-
ning of the Late Miocene. The narrow distribution of 
these taxa can likely be attributed to their specialised 
lifestyle in which they have evolved to live underground. 
In addition, Myospalacinae habitat is characterised by moist 
soils and degraded grassland dominated by forbs (Shi 1998, 
Ma et al. 1998), which limits their dispersal capability.

The fourth branch of Spalacidae is the Spalacinae, which 
originated in south‐eastern Europe in the Oligocene and 
has shown limited large‐scale migration other than to 
northern Africa since that time (Fig. 2). Living animals 
are truly blind. The earliest unearthed Spalacines were 
believed to be fossorial rodents because the morphology 
of these species suggested limited dispersal ability (Flynn 
1982, Savic & Nevo 1990, Kryštufek & Griffiths 2002, De 
Bruijn et al. 2015). However, according to their fossil 
records and current distribution, this subfamily showed 
a slight range expansion in south‐eastern Europe and ex-
tending to Africa (Fig. 2b‐e). The earliest fossil record of 
Spalacinae is Vetusspalax progressus (De Bruijn et al. 2013), 

unearthed in the eastern Mediterranean area and dated 
to the Late Oligocene (about 24 Mya). Marine barriers 
that formed between Anatolia and the Balkans were be-
lieved to facilitate the separation of Spalax from 
Nannospalax (Hadid et al. 2012).

Fossil sites in South‐East Asia are clearly exceeded in 
number by those in Europe and northern China (Fig. 1). 
The warm, wet environment in South and East Asia pro-
hibits fossils preservation. Moreover, the incomplete sam-
pling of fossil taxa is a common problem in palaeontological 
studies (Mannion et al. 2013). Fossil taxa from South and 
East Asia, for example, remain less explored and studied 
compared to taxa in Europe and Central Asia that are 
often subject to more comprehensive studies. 
Comprehensive sampling of fossil taxa, as well as integra-
tive studies using ancient DNA and extant taxa, is needed 
for a more robust conclusion on the phylogenetic rela-
tionships within Spalacidae.

Influences of the global environment on the 
evolution of Spalacidae

Spalacidae represents the earliest split in the muroid su-
perfamily (excluding perhaps the Platacanthomyinae; 
Steppan et al. 2004). Compared to other families (including 
Muridae, Sciuridae, and Cricetidae) that diverged in the 
same period, Spalacidae has not featured high species di-
versity throughout its evolutionary history. The ancient 
split but low diversity of Spalacidae can probably be at-
tributed to its unique lifestyle: species in the family are 
highly specialised for subterranean habitats, which provide 
protection from predation and environmental fluctuation 
above the ground (Burda et al. 2007). However, subter-
ranean niches are highly challenging, due to the absence 
of most sensory cues, low food supply, high energetic 
costs of digging, and stressful microenvironmental condi-
tions (Nevo 1979). Specialised morphological construction 
for digging is likely to have limited the dispersal of 
Spalacidae. The past and current distribution of Spalacidae 
overlaps regions where climate change was not extreme 
in Asia, south‐eastern Europe, and Africa (Sandel et al. 
2011). For example, considering the annual temperature 
in the last glacial maximum, the distribution of Spalacidae 
largely overlaps with regions of temperate climate (see 
Fig. 4b). Together with the relatively stable underground 
environmental conditions, a temperate climate is likely to 
have been a driver of slow differentiation and dispersal 
in Spalacidae. This is largely different from the patterns 
seen in lagomorphs and squirrels of large‐scale range ex-
pansion or contraction in the Late Quaternary (Ge et al. 
2013, Lv et al. 2013, Ge et al. 2014).

Rhizomyinae represents the basal branches of Spalacidae, 
and the diversity of Rhizomyinae reached a maximum of 
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nine genera distributed in Eurasia and Africa in the Late 
Miocene (Fig. 2). It also showed the largest geographical 
range when compared with the other two subfamilies. 
Deciduous forests and bush woods, abundant in the tem-
perate zone of Eurasia (López‐Antoñanzas et al. 2015), 
appear to have provided habitats for the diversification 
of Rhizomyinae in this region. After the Middle Miocene, 
the diversity of genera reached a maximum. Fossil 
Rhizomyinae in northern China indicate a range expansion 
in this period. Continuous cooling and drying in Eurasia 
caused the extinction of several genera in Rhizomyinae 
and also led to the origination of new taxa adapted to 
new environments. Most species in Rhizomyinae showed 
preferences for bamboo forests (Xu 1984), which were 
mainly confined to tropical and subtropical regions as a 
result of climate change. The diversity and distribution 
of Rhizomyinae decreased sharply after the Late Miocene, 
prominently in Central Asia (Figs 2 and 3). This is likely 
to have resulted from dramatic changes in the landscape 
and accelerated aridification in this region. In the 
Quaternary, the complex terrain to the south‐east of the 
Tibetan Plateau and the Hengduan Mountains is widely 
regarded as an important Ice Age refugium for animals 
and plants (Chen et al. 2010, Zhang et al. 2010). During 
that period, forests in the south‐eastern part of the Tibetan 
Plateau are likely to have sheltered Rhizomyinae.

Species within Tachyoryctoidinae display strong speciali-
sations for digging, particularly in the Pararhizomys and 
Pseudorhizomys genera (Wang & Qiu 2018). Diversification 
among species within this group suggests environmental 
heterogeneity in the regions where they were found. The 
uplift of the Tibetan Plateau and strengthening of Asian 
monsoons accelerated the expansion of arid or semi‐arid 
grassland in central and northern China, inducing specia-
tion within Tachyoryctoidinae.

Myospalacinae exhibit fossorial traits in their earliest 
fossil records (Zheng et al. 2004). Myospalacinae featured 
rapid differentiation and a large increase in the number 
of genera after the Late Miocene (Fig. 2a). The Tibetan 
Plateau uplift greatly affected the evolution of plateau spe-
cies (Chen et al. 2010, Liu et al. 2012, Zhou et al. 2012), 
and habitat heterogeneity in this region was also probably 
a direct cause of the accelerated formation of new species 
(Zhou et al. 2012). Many studies have shown that the 
influence of the Tibetan Plateau uplift on climate and 
environmental changes was key to species differentiation 
(Liu et al. 2006, 2012, Zhou et al. 2012). Myospalacinae 
was no exception, and these changes caused rapid dif-
ferentiation of this subfamily. The Quaternary Period was 
colder than the Pliocene and was characterised by frequent 
glacial and interglacial periods (Shi 1998). Many species 
of Myospalacinae in the central and north‐eastern parts 
of the Loess Plateau went extinct, and only a few taxa 

survived after the Pleistocene. However, slight northward 
expansion of Myospalacinae occurred since the Pleistocene 
(Fig. 2e). Maximum entropy niche‐based modelling sug-
gests that suitable habitat for plateau zokor will have 
increased by 6% in 2050 (Su et al. 2015). This is likely 
to be due to northward expansion of their favourite food 
plants that are dominated by alpine and subalpine forbs, 
such as Potentilla anserina, Potentilla nivea, Saussurea liki-
angensis, Saussurea superba, Bistorta vivipara, and Thalictrum 
alpinum (Wang et al. 2000, Cui et al. 2014). Several of 
these plant taxa showed rapid species radiation and range 
expansion after the Pliocene (Wang et al. 2009, Paule 
2010, Kendrick et al. 2013).

According to fossil records and their current distribution, 
Spalacinae has not shown high diversity and expansion in 
their evolutionary history. Only a slight northward expan-
sion of Spalacinae is evidenced by fossil occurrences and 
their current distribution (Fig 2c–e). Moreover, the climate 
has been relatively stable in south‐eastern Europe and the 
eastern Mediterranean area, where Spalacinae has been 
distributed since their origination. According to data on 
plant assemblages from south‐eastern Europe, it was warm 
and humid in the Early Miocene, and  major vegetation 
changes occurred after 14 Ma, with slight cooling and some 
records of drying (Ivanov et al. 2011). These slight climate 
changes are unlikely to have greatly influenced the evolu-
tionary dynamics of this subfamily. Only one or two genera 
have been present in each epoch since origination. However, 
climate oscillations probably did affect the speciation and 
genetic diversity of Spalax and Nannospalax, two extant 
genera of Spalacinae (Hadid et al. 2012).

CONCLUSION

It can be inferred from the fossil record and the re-
constructed phylogeny based on molecular data that 
Spalacidae originated in South and East Asia in the Late 
Oligocene. Rhizomyinae spread to Africa via the land 
bridge between Eurasia and Afro‐Arabia over multiple 
waves of expansion, which eventually led to independent 
evolution in Eurasia and Africa. It suffered large‐scale 
range contraction in the Late Miocene. Tachyoryctoidinae 
was prosperous from the Late Oligocene in Central and 
East Asia, before suffering extinction in the Late Miocene. 
Spalacinae originally lived in south‐eastern Europe and 
the eastern Mediterranean area, and did not spread to 
East Africa until the Pleistocene. Myospalacinae originated 
in China and showed slight northward expansion since 
the Pleistocene. The relatively moderate geographical 
changes in the evolutionary history of Spalacidae are 
likely to be a function of the family’s strictly subter-
ranean lifestyle, which slowed and limited their long‐
distance migration.
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