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INTRODUCTION

Old world ground squirrels (the genus Spermophilus sensu stricto), including 14 species, are one of
the eight genera of ground squirrels previously included within the genus Spermophilus sensu lato
(Helgen et al., 2009), which is among the most intensively studied groups of mammals with respect to
its behaviour, ecology, and evolution. Among these genera of ground squirrels, only the genus
Spermophilus sensu stricto (hereafter, Spermophilus) is restricted to Eurasia (Helgen et al., 2009).
Old world ground squirrels (Spermophilus) are group-living, diurnal, hibernating marmotine sciurids
inhabiting open habitats (grasslands, deserts, and tundra). They spend the majority of their lives

sleeping and hibernating in underground burrows.

Three species of old world ground squirrels (Anatolian ground squirrels — Spermophilus
xanthoprymnus, European ground squirrels — Spermophilus citellus, and Taurus ground squirrels —
Spermophilus taurensis) are native to Turkey. Anatolian ground squirrels are endemic to Turkey and
small areas nearby, where they are distributed in central lowland and eastern highland Anatolia and in
small areas in adjacent Armenia and northwestern Iran. They are also known from a few localities in
southern Anatolia, in both the Teke peninsula and Cukurova plain (Kart Gur and Gir, 2010).
European ground squirrels are distributed in eastern Europe, including the European part of Turkey
west of the Bosphorus (Mitchell-Jones et al., 1999). Taurus ground squirrels are distributed in the
Anatolian part of Turkey, in the eastern part of the western Taurus Mountains, and are parapatric with
Anatolian ground squirrels at the northernmost limit of their distribution area (Fig. 1—Gilindiz et al.,
2007; Ozkurt et al., 2007).

We have been studying the physiological and evolutionary ecology of Anatolian ground squirrels, S.
xanthoprymnus, one of three species of old world ground squirrels native to Turkey, for about 10
years (Gir, 2001; 2007; 2010; Gur and Barlas, 2006; Gir and Kart Gur, 2005; Kart, 2000; Kart Gdr,
2008; Kart Gur and Gur, 2010; Kart Gir et al., 2009). As in many other species of old world ground
squirrels, Anatolian ground squirrels are obligately hibernating marmotine sciurids overwintering in

underground burrows. S. xanthoprymnus primarily inhabits steppes and alpine meadows throughout
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its distribution area. Although lengths of the hibernation and active seasons vary among years and
geographic populations depending on local environmental conditions, Anatolian ground squirrels are

mainly active from March through September, and hibernate during the remaining months.

Here we just briefly combine our findings about hibernation and patterns of geographic variation in
body size and their relationship to a suite of interacting environmental variables. To date, our findings
are the most comprehensive ones available on these topics in old world ground squirrels. Some of the
potential strengths of these studies are as follows: (i) we determined hibernation patterns of Anatolian
ground squirrels under both natural and laboratory conditions, with special attention to age and sex
differences (Kart Gar, 2008; Kart Gir et al.,, 2009) and (ii) we used a phylogenetic comparative
method (Martins and Hansen’s (1997) phylogenetic generalized least-squares analysis, PGLS) to
deal with patterns of geographic variation in body size of Anatolian ground squirrels (Gur, 2007;
2010). Phylogenetic comparative analyses were used because intraspecific comparative datasets,
like interspecific ones, may contain significant amounts of phylogenetic signal, suggesting that
intraspecific comparative studies should also incorporate phylogenetic information (Ashton, 2004), to
take into account phylogenetic nonindependence of samples and then to estimate correctly the Type |
error of statistical analyses (Diniz-Filho et al., 2007). Populations of S. xanthoprymnus show clear
phylogeographic structuring, with subdivision into five cytochrome b lineages (Giindiz et al., 2007),

thereby justifying using phylogenetic comparative analyses.

Hibernation patterns of Anatolian ground squirrels were determined with temperature-sensitive data
loggers implanted intraperitoneally under general anesthesia. Differences in hibernation patterns
between age and sex classes were studied (note that here we just briefly mention hibernation
patterns of free-living adult males and females in steppe habitat 50 km south of Ankara, Turkey—Kart
Gur, 2008; Kart Gur et al., 2009). For use in analyses of geographic variation in body size, adult
Anatolian ground squirrels were collected from 10 geographic localities in Anatolia, covering most of
their distribution area. The phylogenetic relationships among sampled populations of S.
xanthoprymnus were estimated from the cytochrome b mtDNA sequences from Harrison et al. (2003)
and Gindiz et al. (2007). Four principal hypotheses were tested to understand the possible cause(s)
of the observed pattern of geographic variation in body size (Gur, 2007; 2010): (i) heat conservation
hypothesis (Bergmann, 1847 in James, 1970; traditionally appended to Rensch’s (1938) and Mayr’s
(1956; 1963) intraspecific formulation of Bergmann’s rule), (ii) heat dissipation hypothesis (James’
intraspecific formulation of Bergmann’s rule; Aldrich and James, 1991; James, 1970; 1991; see also
Hamilton, 1961), (iii) primary productivity hypothesis (Rosenzweig, 1968), and (iv) seasonality
hypothesis (Boyce, 1978; Lindstedt and Boyce, 1985; Millar and Hickling, 1990). These explanations
all assume that patterns of geographic variation in body size are the result of natural selection (Ashton
et al., 2000).
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Figure 1. Geographic ranges of three species of old world ground squirrels native to Turkey.
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Figure 2. Body temperature records of representative adult male (above) and female (below)
Anatolian ground squirrels before, during, and after the heterothermal season. Dashed lines indicate

soil temperature at 1 m depth, which is the expected depth of the hibernacula.

In Anatolian ground squirrels, starting in the late summer or early autumn and ending in the late winter
or early spring, body temperature is repeatedly lowered from the euthermic level down to the
temperature of the surroundings in a series of torpor bouts (periods of low body temperature lasting
longer than 24 h), each lasting from several days to several weeks. The interval during which an

animal exhibits torpor bouts is defined as the heterothermal (or hibernation) season. Adult males have
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shorter heterothermal seasons than adult females (mean, 168 days vs. 212 days), beginning
heterothermy (or hibernation) later (mean, 31 August vs. 11 August), and ending earlier (mean, 14
February vs. 10 March; Figure 2). Regardless of the absolute duration of heterothermy, torpor bouts
account for a smaller proportion of the heterothermal season in adult males than in adult females
(mean, % 86 vs. % 91—Kart Gur, 2008).

Anatolian ground squirrels exhibit considerable geographic variation in body size (estimated from skull
characters). Interlocality differences account for about 65% of the variation in body size of adult males
and females. In both sexes, body size increases towards colder, more seasonal environments with
higher summer precipitation and productivity, towards northeastern highland Anatolia. It is thus
important to note here that Anatolian ground squirrels exhibit a Bergmannian size pattern: increasing
body size with decreasing ambient temperature. In males, but not in females, populations from more
seasonal northeastern highland Anatolia show the greatest degree of differentiation, indicating that
both sexes exhibit slightly different patterns of geographic variation in body size. The most important
factors driving geographic size variation are summer precipitation and seasonality for males (as
predicted by primary productivity and seasonality hypotheses, respectively) and summer precipitation

for females (as predicted by primary productivity hypothesis— Giir, 2007; 2010).

Hibernating species of the genera of ground squirrels (Spermophilus sensu lato) rely on fat reserves
as the source of energy during hibernation. Consequently, over-winter survival is positively correlated
with pre-hibernation fat reserves (Yensen and Sherman, 2003). However, for fat-storing hibernators,
because of both morphological constraints and costs associated with fat storage, the maximum size
of fat reserves is consistently 40-50% of total body mass and therefore the capacity to store fat
increases proportionately with body mass (Humphries et al., 2003; 2004). Because large individuals
store more fat prior to hibernation and deplete their fat reserves less rapidly (French, 1988), they may
be more likely to survive over-winter (including immediately following hibernation) in seasonal
environments where severe winters and long periods of food shortage occur. In other words, over-
winter fasting endurance may favour large body size (Boyce, 1978; Lindstedt and Boyce, 1985; Millar
and Hickling, 1990). But large body size is possible only if food availability during the growing season
is sufficiently high to meet the energetic costs of that size (McNab, 2002). Because food availability
during the growing season may influence over-winter fasting endurance through its effect on body
size, especially in hibernating species of the genera of ground squirrels and other fat-storing
hibernators, food availability (primary productivity hypothesis) and over-winter fasting endurance
(seasonality hypothesis) may not be mutually exclusive. Food availability and, especially in males,
over-winter fasting endurance are thus likely the primary underlying mechanisms generating the
observed pattern of geographic variation in body size (or a Bergmannian size pattern—Giir, 2007;
2010).

As understood from sex differences in hibernation patterns between adults (see Fig. 2), obviously

adult males remain active longer especially during the late winter/early spring when soil temperature
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at the depth of the hibernaculum, and presumably also sleeping chambers, is at or near the lowest
value and food is still scarce (Kart Gir, 2008; Kart Gir et al., 2009). They therefore run more risk of
starving, especially in more seasonal environments. This may explain why males and females
respond differently to seasonality of the environment (note that seasonality hypothesis received
support in males only) and therefore exhibit slightly different patterns of geographic variation in body
size. As expected, sexual size dimorphism, too, varies geographically and appears to increase

towards more seasonal northeastern highland Anatolia (Gur, 2007; 2010).

In S. xanthoprymnus, cytochrome b lineages have signals of recent range expansion. Consequently,
Gunduz et al. (2007) claim that Anatolian ground squirrels survived the last glacial maximum (LGM) in
small suitable habitats (refugia), and that the postglacial recolonization of Anatolia arouse from these
LGM refugia. Recent range expansion from these LGM refugia suggests that the current geographic
pattern of size variation in S. xanthoprymnus is mostly due to recent (i.e., postglacial) adaptive
processes. Accordingly, although part of the variation is phylogenetically structured (as estimated
using the PGLS parameter a values), the strong association between body size and environment is
observed, suggesting that adaptive processes in addition to historical ones have contributed to the
evolution of body size (Gir, 2007; 2010).
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