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Abstract Xerinae is the most species-rich subfamily of

the Sciuridae (Rodentia). This group of animals has a long

complex evolutionary history, which witnessed severe

environmental changes. In this paper, a comprehensive

approach integrating information from fossil records,

morphological, molecular and geographical data of extant

species, and events of paleoclimate and paleogeography,

were used to explore the evolutionary processes in the

Xerinae. Xerinae probably originated in Eurasia around the

early Oligocene, and dispersed to Africa via the Africa-

Eurasia Land Bridge on two occasions during the Miocene,

and subsequently evolved into the Protoxerini and African

Xerini. The tribe Marmotini derived from a Eurasian

ancestor and thrived in North America. Tamias re-occupied

Eurasia in the early Miocene, while the distributions of

Marmota and ‘Spermophilus’ genus-groups were restricted

to North America at least until the late Miocene. Global

cooling and the emergence of grass-dominated ecosystems

from 15 Ma are likely to be the main causes for the radi-

ation of Marmotini. The body form of Xerinae displays an

allometric mode of evolution, with ground-living taxa,

such as Marmota, Cynomys and Xerus notably enlarged,

while Tamias has remained slim in body form. To cope

with the global environmental changes, particularly the

global cooling induced forest degradation and grassland

expansion in the late Miocene, most Marmotini developed

into true ground squirrels with short tails. The slim body

adaptation in Tamias may be related to competition from

tree squirrels, or their hoarding behavior, the latter helping

them to cope with cold winter.

Keywords Xerinae � Phylogeny � Evolution �
Historical biogeography � Body form

Introduction

Xerinae, with 128 extant species, is the most species-rich

subfamily in the Sciuridae (Thorington and Hoffmann

2005; Thorington et al. 2012). Xerinae includes the tribes

Marmotini, Xerini and Protoxerini. Of these, most Mar-

motini and all Xerini are ground squirrels wildly distrib-

uted in the Northern Hemisphere and Africa, while

Protoxerini are tree squirrels endemic to Africa (Fig. 1)

(Thorington and Hoffmann 2005). Marmotini and Xerini

live in burrows or amongst rocks, and tend to form colonies

with complex social structure (Armitage 1981; Gouat and

Yahyaoui 2001). This is distinct from Protoxerini, which

are tree squirrels living alone or in pairs. The evolutionary

history of these animals has been explored using both

morphological characters and molecular data. Although

morphological convergences have lead to numerous taxo-

nomic controversies, particularly regarding the classifica-

tion of ‘Spermophilus’ genus-groups (Harrison et al. 2003).

This is a group including the extant species Notocitellus,
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Otospermophilus, Callospermophilus, Spermophilus, Icti-

domys, Poliocitellus, Urocitelluss and Xerospermophilus

(Harrison et al. 2003; Herron et al. 2004; Helgen et al.

2009), while all fossils of these genera have been identified

as ‘Spermophilus’. The monophyly of Xerinae is generally

accepted (Hoffmann and Nadler 1968; Giboulet et al. 1997;

Steppan et al. 1999; Harrison et al. 2003; Mercer and Roth

2003). However, it is unclear what has driven the high level

of diversification of this monophyletic group.

A synthesis of fossil data with information on extant

species allows more accurate reconstruction of the evolu-

tionary history of different organisms (Ge et al. 2013,

2012; Lv et al. 2013; Zhang et al. 2013). The fossil Xeri-

nae, Palaeosciurus from Europe, dated to the early Oli-

gocene, is the oldest known ground squirrel (Vianey-Liaud

1974; Ziegler and Fahlbusch 1986). Protospermophilus and

Nototamias from North America, which may date to the

early Oligocene, are considered as primitive genera (Cope

1880; Storer 1993). Sciurotamias is a genus that diverged

from other Marmotini early, but its fossil was found in

Eurasia later than 10 Ma (Kowalski 1956; Qiu et al. 2008).

The fossils of Xerini and Protoxerini from Africa hint that

African squirrels may have come from Eurasia (Lavocat

1961; de Bruijn 1967; Hugueney 1969; Mein et al. 2000;

Winkler et al. 2010). These studies shed light on how

Xerinae originated and dispersed, but the worldwide fossil

records of these animals have not been compiled, and their

historical biogeography and evolutionary trajectories have

not been fully discussed.

Species within Xerinae are also notable for their mor-

phological diversity. The body forms of species within the

three different tribes are quite distinct. The largest (from

the genus Marmota) and smallest (Myosciurus pumilio)

species of the family Sciuridae are both from the subfamily

Xerinae. The body length of marmots is about 40–58 cm

and their weight is 2.3–8.0 kg (Hayssen 2008), while the

latter is a mere 6–7.5 cm and 16.5 g (Emmons 1979).

Davis (2005) reported a significant correlation between

climate and phylogenetic distance within extant species of

Marmota, and tail length has a clear relationship with

ecological profile in squirrels (Hayssen 2008). It is

worthwhile to determine the general trends of the body

form evolution in Xerinae, and discern the main environ-

mental change events that acted on their body form

evolution.

In the current paper, we follow Ge et al. (2013, 2012),

Lv et al. (2013) and Zhang et al. (2013) to propose an

outline for the evolutionary history of Xerinae, deduce the

main impacts of environmental change, which has acted on

diversification of these animals, and discuss the potential

mechanisms driving their body form transformations.

Materials and Methods

Compiling Fossil Records

The information of fossil records (including taxa, localities

and geochronological epochs) was mainly compiled from

the original literature, the Paleobiology Database (PBD)

(Alroy and Turner 2013), the New and Old Worlds Data-

base of fossil mammals (NOW) (available at: http://www.
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Fig. 1 Three main distribution areas of Xerinae: North America, Eurasia and Africa. Each triangle, square, or circle represents a species, and

the geographic coordinate of each species refers to the center of its distribution
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helsinki.fi/science/now/), the Miocene Mammal Mapping

Project of West United States (MIOMAP) (available at:

http://www.ucmp.berkeley.edu/miomap/) and the National

Infrastructure of Mineral Rock and Fossil Resources for

Science and Technology of China (NISTC) (available at:

http://www.nimrf.net.cn/). The Zoological Record from

1864 to 2012 provided by the Thomson Reuters’ Web of

Knowledge was consulted (available at: http://apps.

webofknowledge.com/) to check the completeness of

these data. The Latin name of each genus was used as

keywords in searches. Records with the same age ranges

and locations were considered as one single occurrence.

These occurrences were divided into groups according to

continents (Africa, Eurasia and North America) and geo-

chronological epochs (Oligocene, Miocene, and Pliocene

to Quaternary), and were depicted on the world map by

ArcView GIS 3.2. The systematic attribution of these taxa

mainly follows McKenna and Bell (1997) and Thorington

and Hoffmann (2005).

Phylogenetic Reconstruction

Molecular phylogenetic reconstruction and divergence time

recalibration were mainly based on the mitochondrial gene

cytochrome b (cytb). All cytb in this study, except Sciurota-

mias davidianus, were downloaded from Genbank (available

at: http://www.ncbi.nlm.nih.gov/). The specimen of Sciuro-

tamias davidianus was collected from Tangjiahe National

Nature Reserve (Sichuan Province, China) in 2011. DNA was

extracted according to the protocols provided by TIANamp

Genomic DNA kit [Tiangen Biotech (Beijing) Co., Ltd]. PCR

was conducted using a 2xTaqPCR MasterMix kit [Tiangen

Biotech (Beijing) Co., Ltd], with the primers H15915/L14725

for cytb (Irwin et al. 1991): H15915, 50-TYTYCW-

TYTTNGGTTTACAARAC-30; L1472, 50-TGAAAAAY-

CATCGTTGT-30. A standard procedure for amplifying DNA

was used: 12.5 ll Mix, 10.5 ll ddH2O, 1 ll H15915, 1 ll

L14725 and 1 ll DNA model. Cycling conditions of PCR

were modified from Herron et al. (Steppan et al. 1999; Piaggio

and Spicer 2001; Herron et al. 2005), with initial denatur-

ization at 94 �C for 3.75 min, followed by 30 cycles of

amplification, 94.0 �C for 1 min, 52 �C for 1 min, and 72 �C

for 2 min, and a final extension at 72 �C for 7 min. DNA

sequence was obtained by BGI (Beijing Genomics Institute)

and submitted to GenBank (the accession number is

KC005710).

The taxonomic information and accession number of

each species are listed in appendix I of Supplementary

material. ClustalW in MEGA 5.05 (Tamura et al. 2011)

was used to align these sequences, and jModelTest 0.1

(Posada 2008) was used to select the best-fit nucleotide

substitution model for each codon according to the Akaike

Information Criteria. We applied Bayesian inference in the

program MrBayes 3.1.2 (Huelsenbeck et al. 2001) to con-

struct the phylogenetic tree. The main parameters were set

as follows: four chains of 50 million generations, trees

sampled every 1,000 generations, with the first 12,500 trees

discarded as burnin. 14 species from representative genera

of Sciuromorpha were selected as outgroup taxa. To

compare the above analysis with previous studies, we reran

a Bayesian MCMC analysis on the data of Mercer and Roth

(2003). Bayesian trees were reconstructed from the com-

bined matrix of three genes: interphotoreceptor retinoid-

building protein (IRBP), mitochondrial 12S and 16S ribo-

somal DNA. 15 species of 15 extant genera in Xerinae

were included with Aplodontia rufa as the outgroup taxa.

Choosing Fossil Calibrations and Recalibrating

Divergence Time

Inferring divergence time based on molecular data is sen-

sitive to fossil calibrations (Ho and Phillips 2009). The

using of multiple fossil calibration points was advocated to

improve the accuracy in molecular dating (Smith and

Peterson 2002; Soltis et al. 2002). When multiple fossil

calibration points are available, it is essential to find out the

most congruent fossil calibration points and eliminate

inappropriate ones (Near et al. 2005). Here, we chose eight

points from the compiled database for the worldwide

occurrences of fossil Pteromyini (Lv et al. 2013) and

Xerinae (Appendix II of Supplementary material): 1.

33.9 Ma, the oldest fossil record of Pteromyini, Oligopetes

from the early Oligocene of Europe (Cuenca Bescos and

Canudo 1992; de Bruijn and Unay 1989; McKenna and

Bell 1997); 2. 33.9 Ma, the oldest fossil records of Xerinae,

Palaeosciurus, from Czech and Spain; 3. 7.2 Ma, the oldest

fossil record of Xerus, from Toros Menalla, Chad; 4.

29 Ma, the oldest fossil record of Tamias from Jackson,

Cedar Pass, United States; 5. 13.9 Ma, the oldest fossil

record of Ammospermophilus, from General Fort Polk

Fauna Site, United States; 6. 12.5 Ma, the oldest fossil

record of Marmota, from Cherry, Spring Lake, United

States; 7. 16 Ma, the oldest fossil records of ‘Spermophi-

lus’ genus-groups, which were demonstrated by their

multiple occurrences in United States; 8. 4.9 Ma, the oldest

fossil records of Cynomys (Although the earliest fossil of

Cynomys is 16 Ma in the compiled database, it is sub-

stantially deviated from other records, so we did not

include this record in analysis).

We mainly followed Near et al. (2005) to conduct the

single fossil cross-validation test and to find out the most

congruent fossil calibration points, which supposes the age

of all other calibration points inferred based on one single

fossil calibration point which is not largely deviated from

their ages recorded by absolute fossil ages. A best maxi-

mum likelihood tree was reconstructed in RaxML version
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2.2.0 (Stamatakis et al. 2008) with the substitution rate of

three codons unlinked. The branch length of this tree was

taken as genetic divergence according to estimated sub-

stitution rate along time. Based on this tree, a single note

that had a fossil age was fixed to calibrate the age of the

other seven nodes. The penalized likelihood method

(Sanderson 2002) was used as implemented in r8s

(Sanderson 2003). The deviation of ages calculated from

this analysis and the fossil ages were obtained, then the

square sums of these deviations were summarized (value of

SSx in Appendix III of Supplementary material). Those

with lowest value for the sum of square deviation (SSX)

were considered the most congruent fossil calibration

points.
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A

B

C

Fig. 2 The fossil distribution of Xerinae from the Oligocene to the Quaternary (a–c). Each triangle, square, or circle represents a fossil record
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Based on the above single fossil cross-validation test

(Appendix III of Supplementary material), three calibration

points were chosen from the above eight fossil calibration

points: 33.9 Ma for the divergence of Pteromyini; 33.9 Ma

for the divergence of Xerinae; 16 Ma for the divergence of

‘Spermophilus’ genus-groups. Estimating divergence time

among taxa with these three calibration points was per-

formed in BEAST (Drummond and Rambaut 2007). The

main BEAST parameters were set as: GTR substitution

model; Gamma site heterogeneity model; sequences divi-

ded into 3 partitions according to codon position; relaxed

clock with uncorrelated lognormal model; Yule Process

speciation prior; MCMC with 50 million generations; trees

sampled every 1,000 generations; the first 12,500 trees

discarded as burnin. Tracer v1.5 (Rambaut and Drummond

2007) was used to make sure the sampling size was
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Fig. 3 The fossil genera of Xerinae and the global environmental

change since the early Oligocene. The line below the name shows the

time span of the genus, and the color of the line illustrates different

life forms: orange for Marmotini and light green for Xerini and dark

green for Protoxerini. The dotted line linking the same genus displays

the possible dispersal route between continents. The numbers indicate

as follows: 1, 2 Process of grassland expansion (Edwards et al. 2010);

3 Global average temperature change (Zachos et al. 2001); 4 Generic

biodiversity of Xerinae
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effective. The maximum credibility tree summarized from

TreeAnnotator version 1.7.5 was illustrated in Figtree

v1.2.2 (both Available at: http://beast.bio.ed.ac.uk/).

Historical Biogeographical Inferences

Dispersal-Vicariance Analysis (DIVA) is one of the most

widely used methods for inferring biogeographic histories

(Yu et al. 2010). Bayesian-DIVA offers a statistical pro-

cedure for inferring geographical distributions at ancestral

nodes using a full hierarchical Bayesian approach (Ron-

quist 2004; Nylander et al. 2008; Harris and Xiang 2009).

In this study, we implemented Bayesian MCMC analysis

(Bayes-DIVA) in RASP (Yu et al. 2010) to reconstruct the

ancestral distribution pattern of Xerinae based on all trees

sampled during the stationary phase of the Bayesian search

(with the first 25 % discarded as burnin), which incorpo-

rates phylogenetic uncertainty into ancestral reconstruc-

tion. Whereas the consensus tree from the Bayesian

analysis was used as a representative tree, and the distri-

bution of extant species (in Appendix I of Supplementary

material) was used as range information of terminal taxa.

The distribution of Xerinae (Thorington and Hoffmann

2005) was divided into Africa (A), Eurasia (B), North

America (C). Parameters were all set as default. To eval-

uate the accuracy of the above historical biogeographical

inferences, we also conducted this analysis based on the

data of Mercer and Roth (2003). The trees obtained from

Bayesian inferences of three genes were used for a separate

analysis in RASP (Yu et al. 2010).

Body Form Evolution of Xerinae

The body weight, body length and tail length of Xerinae

(Appendix I of Supplementary material) were mainly down-

loaded from PanTHERIA (Jones et al. 2009). Missing data in

PanTHERIA were obtained from published literature (Nowak

1999; Hayssen 2008). Two parameters were used to display

shape difference among species: Log10 (body weight/total

length) and tail length/body length. Here, the total length is

summed from body length and tail length. Since the absolute

body weight/total length showed a large differentiation, we

standardized this value by a logarithm translation with a base

of 10. To show the body form diversification among extant

species of Xerinae, we compared the frequency distribution of

Log10 (body weight/total length) and tail length/body length.

Ancestral states of the above two parameters were recon-

structed using a weighted squared-change parsimony analysis

in MESQUITE v2.74 (Maddison and Maddison 2010). The

majority consensus tree from the Bayesian analysis above was

used as the phylogenetic input, and values of the two body

form parameters for each species were used as the terminal

characters.

Results

Fossil Occurrence

A total of 29 genera and more than 4,600 fossil occurrences

were reported in Xerinae. Their taxonomic names, syn-

onyms, species status, occurrence time, and localities were

compiled (Appendix II of Supplementary material) and

illustrated in Figs. 2 and 3. The earliest fossil of the ground

squirrel Palaeosciurus was found in Europe in the early

Oligocene (Vianey-Liaud 1974). Several million years later,

Protospermophilus and Nototamias arose in North America

(Cope 1880; Storer 1993). Tamias first emerged in the late

Oligocene in North America (Hall 1930), then dispersed to

Eurasia in the early Miocene (Fig. 2, 3) (Hall 1930; de

Bruijn et al. 1980). Xerinae diversified quickly in North

America, where more than 10 fossil genera (including the

‘Spermophilus’ genus-groups) developed in the late Mio-

cene. ‘Spermophilus’ genus-groups and Marmota arose in

North America during the Miocene, then dispersed to Eur-

asia in the early Pliocene and Pleistocene respectively

(Fig. 2) (Kellogg 1910; Gazin 1932; Hibbard 1941; Sutton

and Korth 1995; Kelly 1997, 2000). Kubwaxerus was the

earliest fossil record for Protoxerini. Atlantoxerus occurred

in Eurasia in the early Miocene, and dispersal to Africa

around 12 Ma. While the later diverged genera within

Protoxerini are all endemic to Africa (Fig. 2, 3).

Phylogenetic Relationships and Divergence Times

Phylogenetic relationships and divergence times of Xerinae

are summarized in Fig. 4. The phylogenetic reconstruction

based on Cytb is slightly different from the result of Mercer

and Roth (2003) in placing the Eurasian Sciurotamias with

the African Paraxerus. With three fossil calibration points

used in Bayesian MCMC analysis of molecular sequences,

the divergence of the tribe Xerini began around

29.02–19.4 Ma (Maximum fossil age 28.4 Ma). Diversifi-

cation of Xerus began around 20.28–10.93 Ma (Maximum

fossil age 7.2 Ma). As for Marmotini, Tamias split from

others around 22.33–14.48 Ma (Maximum fossil age

29 Ma). Marmota diverged around 7.34–4.9 Ma (Maxi-

mum fossil age 12.5 Ma) and the Eurasian Marmota

emerged about 4.25–2.44 Ma. The genus Spermophilus

originated around 8.38–5.55 Ma.

Fig. 4 Phylogenetic relationships and inferred divergence time of

Xerinae. Branch labels give posterior probabilities, node labels and

blue bars give 95 % confidence intervals value of divergence time.

Three fossil calibrations (asterisk marked) were chosen based on

single fossil cross-validation

b
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Fig. 5 Ancient distributions of

extant Xerinae inferred in

Bayesian-DIVA. Branch labels

give posterior probabilities;

node labels give the ancient

distribution of extant Xerinae:

A Africa; B Eurasia; C North

America; asterisk for unknown;

the proportion of pie charts

shows the inferred probability

of these areas as ancestral

ranges. The numbers given

around branches indicate: 1

origin of Eurasian Marmota; 2

origin of Spermophilus; 3 origin

of Marmotini (excepting

Sciurotamias); 4 origin of

Xerini; 5 origin of Xerinae
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Historical Biogeography

The historical origin of extant species is shown in Fig. 5. All

Eurasian Tamias, Marmota and Spermophilus were derived

from ground squirrels, which were developed in North

America (Fig. 5). Excluding Sciurotamias, the origin of

Marmotini in North American is supported by Bayesian-

DIVA, with a probability of 96.19 % (Fig. 5). The proba-

bility of a Eurasian origin of Xerini was 60.66 % in Bayes-

ian-DIVA (Fig. 5). The results of the Bayesian-DIVA

analysis are consistent with a Eurasian origin of Xerinae

(70.35 %), while Africa (26.20 %) and North American

origin were poorly supported (Fig. 5). Inferences based on

the data of Mercer and Roth (2003) generally showed similar

results, but Africa was deduced as the origin of Protoxerini.

Body Form Evolution

The frequency distribution of log10 (body weight/total

length) and tail length/body length are shown in Fig. 6. The

mean of log10 (body weight/total length) of extant Xerinae

is 0.06, with an additional peak between -0.4 and 0.1.

Here, a negative value implies the average body mass of

every 1 mm is less than 1 g. The mean of tail length/body

length of extant Xerinae is 0.61, with two nearly equal

peaks separated by the mean. The higher this value sug-

gests the longer of the tail. The ancestral states of body

form in Xerinae are depicted in Fig. 7. The body form of

the most recent common ancestor of all Xerinae is body

size and tail of a medium size. Log10 (body weight/total

length) of the ancestors is -0.01 and tail length/body

length is 0.59. Tamias [Log10 (body weight/total length)

range from -0.41 to -0.67, and the average tail length/

body length is 0.73] have become smaller with relatively

longer tails, while Marmota [Log10 (body weight/total

length) range from 0.51 to 1.17 and the average tail length/

body length is 0.34] and Cynomys [Log10 (body weight/

total length) range from 0.32 to 0.43 and the average tail

length/body length 0.21] have obtained larger bodies with

relatively shorter tails. Protoxerini, the African tree squir-

rels, have elongated tails but ‘Spermophilus’ genus-groups

and most of other North American ground squirrels have

shortened their tails. In addition, the African ground

squirrels Xerus have developed larger bodies but main-

tained their parasol-like tails (Fick et al. 2009).

Discussion

The Historical Biogeography of Xerinae

Palaeosciurus, the oldest fossil of ground squirrels (Vianey-

Liaud 1974), was unearthed in Europe, and a Eurasian origin

of Xerinae is supported in the historical-biogeographical

analysis of the present study. However, the diversity of this

group in Eurasia is overshadowed by their high diversity in

North America. From the early Miocene to the late Pliocene,

Tamias, ancestors of ‘Spermophilus’ genus-groups, and

Marmota probably returned to Eurasia through the Bering

Land Bridge. The lack of fossils of early squirrels in Africa

and the late presence of some Eurasian genera in Africa

(Lavocat 1961; de Bruijn 1967; Hugueney 1969; Mein et al.

2000) indicate that African squirrels stemmed from Eurasia

(Fig. 3, 8). Vulcanisciurus appeared as the single earliest

genus of Sciuridae occurred in Africa, it was recorded to bear

a climbing ability (ecology: scansorial granivore-frugivore)

in the Paleobiology database (available at: http://paleodb.

org/), and while the attribution of this genus has not been

determined, it probably is the oldest ancestor of arboreal

species within Protoxerini (Fig. 3).

The competitive exclusion principle, also known as

Gause’s law (Clause 1934, Savile 1960) proposes that one

Fig. 6 The frequency distribution of log10 (body weight/total length) and tail length/body length of extant Xerinae
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Fig. 7 Ancestral states of log10 (body weight/total length) (a) and tail

length/body length (b) inferred by the weighted parsimony analysis in

MESQUITE v2.74. Values at terminals were from extant species

(Jones et al. 2009; Nowak 1999; Hayssen 2008). Values on branches

were reconstructed from the consensus tree of Bayesian analysis and

states of extant species. Different colors from blue (minimum) to red

(maximum) on the branches show evolutionary change of these two

values
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Fig. 8 Historical biogeography of Xerinae. a Biogeographical evo-

lution of Xerinae inferred from the data of Mercer and Roth (2003)

from Bayesian DIVA. b Proposing the dispersal routes of Xerinae

from fossil records and molecular data: Red star gives the origin of

Xerinae; green lines and arrows give the dispersal of Protoxerini and

Xerini; red lines and arrows give the dispersal of Xerini; orange lines

and arrows give the dispersal of Sciutotamias; yellow lines and

arrows give the dispersal of ‘Spermophilus’ genus-groups; pink lines

and arrows give the dispersal of Tamias, and blue lines and arrows

give the dispersal of Marmota
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of two competitors will overcome the other, leading to

either extinction, or an evolutionary or behavioral shift

towards a different ecological niche. To avoid fierce

competition for forest canopy with tree squirrels, the

ancestors of ground squirrels appeared to shift to the

understory of the forest and live more often at ground level.

However, when they arrived in the forests of Africa, where

there was no competition from tree squirrels, some were

able to exploit the canopy and adapted as arboreal species

within Protoxerini. As the forests of the Northern Hemi-

sphere were heavily deteriorated (Jacobs et al. 1999), a

group of Xerinae maintain their lives on ground and

evolved to be the true ground squirrels (such as the

Marmotini).

Based on fossil records and analysis of molecular data,

the geographical evolution routines of Xerinae were pro-

posed: Xerinae likely arose in Eurasia and then dispersed to

North America and Africa. Marmotini underwent adaptive

radiation in North America, and Tamias, ancestor of

‘Spermophilus’ genus-groups, and Marmota subsequently

returned to Eurasia on multiple occasions after they were

highly diversified in North America (Fig. 8b). However,

solving the inconsistency of molecular dating and fossil

ages probably need to await more comprehensive studies in

paleobiology, tests of the phylogenetic position of fossils

based on ancient DNA and more comprehensive sampling

of extant species.

The Impact of Global Environmental Changes

on the Evolution of Xerinae

‘The geographic coherence of modern clades of Sciuridae

suggests that dispersal over large expanses of water or desert

is uncommon’ (Mercer and Roth 2003), therefore land

bridges may be the primary means for squirrels to migrate

between continents (Stewart and Disotell 1998). As a result

of the collision of Africa and Eurasia, the Africa-Eurasia

Land Bridge arose for the first time by 20.4–16.0 Ma, and

again by 13.8–11.6 Ma (Hallam 1994; Rogl 1999). The

inference of Mercer and Roth (2003) (Protoxerini arrived

Africa by 19 Ma, while Xerini arrived by 14 Ma) was gen-

erally supported in molecular dating based on one single

gene since this gene is poorly sampled in Protoxerini. Due to

the lack of cytb for several important taxa of Protoxerini, we

believe the inference based on the data of Mercer and Roth

(2003) is more reasonable and comprehensive. In the case

Vulcanisciurus was included in arboreal squirrels, the arrival

of the ancestor of Protoxerini likely occurred in the early

Miocene. The reason for the late arrival of Xerini in Africa,

though they diverged much earlier than Protoxerini in Eur-

asia, may be related to the ecological filtering of the Africa-

Eurasia Land Bridge. The vegetation surrounding the land

bridge around 19 Ma was probably forests (Rogl 1999),

which could favor dispersal of Protoxerini. Whereas grass-

land probably dominated during the re-emergence of the land

bridge several million years later (Rogl 1999), which could

favor the dispersal of Xerini.

For most of the Cenozoic, Eurasia was connected to

North America by the Bering Land Bridge (Simpson 1947).

The Bering Land Bridge first opened very near the end of

the Miocene at 5.32 Ma (Figs. 3, 4, 5) (Marincovich and

Gladenkov 1999; Gladenkov et al. 2002), and re-emerged

periodically during the Quaternary Ice Age (Hopkins

1967). Some ancestral Xerinae reached North America

during the early Oligocene, and developed into the genus

Tamias and the common ancestors of other North Ameri-

can ground squirrels (Ammospermophilus, Spermophilus,

Marmota, Cynomys etc.). Tamias returned to Eurasia in the

early Miocene, while the distributions of ‘Spermophilus’

genus-groups and Marmota were restricted to North

America until or subsequent to late Miocene. The fossils of

Marmota first appeared in Eurasia later than 2 Ma, with the

molecular clock analysis suggesting they dispersed from

North America to Eurasia around 6.09–4.18 Ma. Diversi-

fication of genus Spermophilus in Euroasia already began

in the late Miocene (9.32–6.25 Ma). These results are

different from those of Mercer and Roth (2003) and Har-

rison et al. (2003). The former inferred that the ground

squirrel genera such as ‘Spermophilus’ genus-groups and

Marmota may have made the crossing after Bering Land

Bridge re-establishment. The latter inferred that the Eur-

asian ground squirrels diverged from their North American

relatives around 10–14 Ma. It appears these taxa arrived

Eurasian at different time. The species exchange between

Eurasia and North America was also influenced by the

filtration of the Bering Land Bridge, which might be of

benefit to forest dwellers during most of the Cenozoic, but

facilitated dispersal of grassland dwellers during the late

Miocene, especially after the Bering Land Bridge

reformed. Then, Tamias returned to Euroasia much earlier

than ‘Spermophilus’ genus-groups and Marmota (Figs. 3,

4, 8).

Within Xerinae, the tribe Marmotini is notable for high

species richness. Rapid evolution is often associated with

successful responses to a similarly rapid or complex

change in the environment (Stebbins 1981). Since 15 Ma,

the global temperature has decreased continuously (Fig. 3)

(Boggs 1972; Zachos et al. 2001), which resulted in

increased aridity, seasonality, and an expansion of lower

productivity grassland ecosystems (Webb 1977, 1984;

Janis 1993; Edwards et al. 2010). This event probably

started from North America (Osborne and Beerling 2006).

The timing of these events corresponds to the adaptive

radiation of Marmotini in North America. A relatively

rapid diversification gave rise to lineages leading to mar-

mots and to several distinct groups of ground squirrels
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between 10 and 14 Ma (Harrison et al. 2003; Mercer and

Roth 2003). Increasing grass-dominated ecosystems may

have been a golden opportunity for development of Mar-

motini, while a large number of forest species (including

arboreal squirrels) moved southwards or became extinct.

For example tribe Pteromyini (the flying squirrels) diver-

sity had dramatically decreased during the middle to late

Miocene, and their habitats greatly contracted in the past

15 Ma (Lv et al. 2013).

The Mechanism of Body Form Transformation

of Xerinae

Besides the geographical range shift, the evolutionary

history of Xerinae also featured modification of body form.

The ancestral states of the most recent common ancestor of

Xerinae inferred in present study show a medium size, and

its ecological niche falls in between tree squirrels and

ground squirrels (Callahan and Davis 1982). So we spec-

ulate that the common ancestors of Xerinae might be in a

transitional state from tree squirrels to ground squirrels and

extant Xerinae are most likely to be descendants of Sciu-

rotamias-like ancestors.

Phylogenetic lineages usually begin with relatively

small organisms that give rise to larger forms (Brown and

Mauer 1986). The maximum size of mammals has gener-

ally enlarged during evolution (Evans et al. 2012). How-

ever, Xerinae here show two directions of change (Fig. 7):

(1) Generally enlarged, this kind of change is present in

Xerus, Marmota, Cynomys and ‘Spermophilus’ genus-

group. (2) Relatively smaller in body size, this kind of

modification is most prominent in Tamias.

Generally speaking, large body size has several eco-

logical advantages (Brown and Mauer 1986). Large species

are usually dominant in interspecific competition (Cuthill

2009). Individuals of large size can dominate resources and

consequently leave more offspring than their smaller rela-

tives (Brown and Mauer 1986). Large body is also energy-

saving, as large individuals spend less energy per unit

biomass on maintenance and are more efficient at

extracting usable energy from low-quality foods compared

to smaller individuals (MacFadden 2005). These ecological

consequences of body size provide a mechanistic expla-

nation for the Cope’s rule which states that population

lineages tend to increase in body size over evolutionary

time (Eldredge 1977; Hone and Benton 2005). The present

study provides additional support for the Cope’s rule, since

many ground living taxa, such as Xerus, Marmota, Cyno-

mys and ‘Spermophilus’ genus-groups are larger than their

ancestors. A larger body is favorable for grass dwellers,

especially for species that live in middle or high latitude.

The benefits of larger bodies include improved thermal

efficiency and storage of sufficient subcutaneous fat for

hibernation, which help protect against rapid climate

change in the alpine or arctic of north hemisphere. Inter-

estingly, the body size increase of these genera appeared to

accompany with rapid odontometric evolution (Goodwin

2009).

Despite the enlargement of many ground living spe-

cies, Tamias are much smaller than their ancestors. There

are two underlying factors. Firstly, tree squirrels which

are usually larger than Tamias occupy the resource-rich

forest canopy (Basset et al. 2012), while Tamias live more

often at ground level with seasonal change of food

resources (Elliott 1978). Deficiency of food caused by

tree squirrels’ competition may restrict the body size of

Tamias. Secondly, the strategy employed by Tamias to

cope with cold winter is distinct from most other Mar-

motini. Tamias are hoarders and do not hibernate deeply

during winter (Broadbooks 1958). The survival prospects

largely depend on whether they can store sufficient food

for winter use. To be larger in size means they need more

food than were they smaller. Moreover, the food avail-

ability is also influenced by the annual production of

plants, the storage condition, and pilferage by other spe-

cies. The body size of Tamias may be affected by these

factors. Interestingly, herbivorous mammals which store

food to cope with cold winter are generally small in size,

for example, species from Heteromyidae, Cricetidae and

Ochotonidae (Vander 1990).

Comparing the modifications of body size, the changes

of tail length/body length are somewhat contrary in Xeri-

nae, with two prominent peaks in Fig. 6. Tail length/body

length of the African tree squirrels have increased, while

this value has decreased in most ground squirrels (Fig. 7).

Tamias have smaller bodies with relatively longer tails,

while Marmota and Cynomys obtained larger bodies with

relatively shorter tails. These ratios appeared to in relation

to their habitats. For forest dwellers, long tails are crucial to

keeping balance when jumping among trees (Emmons and

Gentry 1983), while running with a long tail may be

troublesome for grassland dwellers. It is worth noting that

African ground squirrels (Xerus and Atlantoxerus) evolved

as an exception. For example, Xerus, bearing a long tail,

was observed to use their parasol-like tails to shelter from

strong sunlight (Fick et al. 2009). This morphological

specialization probably evolved to cope with the extreme

environment of tropical areas.

Conclusions

This study suggests that tectonic events and climatic changes

have impacted the diversification of ground squirrels. Xeri-

nae is a diverse rodent group whose earliest fossil record is

dated from Eurasia during the early Oligocene. The
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establishment of the Africa-Eurasia Land Bridge about

20.4–16.0 Ma appeared to facilitate the dispersal of Xerinae

from Eurasia to Africa. These invaders developed into Pro-

toxerini, the African tree squirrels. When Eurasia and Africa

connected again about 13.8–11.6 Ma, a group of Eurasian

ground squirrels entered Africa, later evolving into Xerus

and Atlantoxerus. Marmotini probably also derive from

Eurasian ancestors. They invaded North America during the

early Oligocene and thrived from the middle Miocene. All

Tamias, Spermophilus and Marmota originated in North

America. Tamias returned to Eurasia during the early Mio-

cene, while Spermophilus and Marmota did so during or after

the late Miocene (Fig. 8). The global cooling which

accompanied the rising of grass-dominated ecosystems from

15 Ma is likely to be the main cause for the radiation of

Marmotini. To cope with these changes, most extant Mar-

motini have developed into ground squirrels. The general

body form evolution of ground squirrels support the Cope’s

rule, while Tamias is an exception, as they are smaller than

their ancestors. Besides the competition from tree squirrels,

the reason may be related to their storage habit for coping

with cold winter. The ratio of tail length/body length is likely

related to their habitats: forest dwellers have relatively

longer tails while grassland dwellers bear shorter tails.
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