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Abstract While sexual selection in mammals with fe-
male defense systems has historically received consider-
able attention, much less is known about the factors
affecting reproductive success in mammalian species
with scramble competition mating systems. Using
mark–recapture techniques and DNA microsatellite loci
to assign parentage, we examined the mating system
and factors affecting the variation of the annual repro-
ductive success in an introduced population of the
Siberian chipmunk, Tamias sibiricus, a small, monomor-
phic, solitary squirrel. Our analyses showed that breed-
ing females were spatially dispersed, setting the stage
for a scramble competition mating system. Male repro-
ductive success was positively associated with the size
of the home range. The strength of sexual selection on

this behavioral trait was very strong, equaling previous
estimates for morphological traits in female defense
mating systems. These findings suggest that a behavior-
al trait, space use, strongly influences the annual repro-
ductive success in males, which is consistent with
expectations in a scramble competition mating system.
In both sexes, reproductive success was influenced by
habitat, with twice as many juveniles produced in semi-
open than in closed habitat, possibly due to differences
in food availability between the two habitats.
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Introduction

Among mammals, females usually have greater repro-
ductive investment than males (Git t leman and
Thompson 1988). Sexual selection theory predicts that
because of this asymmetry, female reproductive success
is mainly limited by access to resources, whereas male
reproductive success is mainly limited by access to
females (Bateman 1948; Trivers 1972). Depending on
the distribution of receptive females in space and time,
males can develop different strategies to increase their
access to females (Shuster and Wade 2003). At one end
of the spectrum, in species in which females are gre-
garious or estrus is predictable, dominant males should
be able to defend access to receptive females, giving
rise to a female defense mating system (Emlen and
Oring 1977; Ims 1987). In this system, male reproduc-
tive success is determined by the ability to guard a mate
and fight off rival males. At the other end of the
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spectrum, in species where receptive females breed syn-
chronously or are spatially dispersed, males are not able
to monopolize females, giving rise to a scramble com-
petition mating system in which male reproductive suc-
cess depends primarily on the ability to locate receptive
females (Murphy 1998). Most work done to date has
focused on female defense systems, and we have com-
paratively little information on scramble competition
systems (Lane et al. 2009).

Scramble competition is considered a common mating
system in insects (e.g. Thornhill and Alcock 1983; Moya-
Larano et al. 2007) and anurans (Arak 1983; Sztatecsny et
al. 2006), but it has been reported only rarely in most other
taxa. In mammals, scramble competition was not considered
to be frequent (but see Schwagmeyer 1988; Kappeler 1997).
However, studies of mammals are usually biased towards
large-bodied diurnal, social species (Stockley and Bro-
Jorgensen 2011) that typically show female defense systems
(Waterman 2007). Scramble competition mating systems
seem, however, to be a frequent occurrence in rodents
(Waterman 2007). In particular, in many species of sciur-
ids, females are home-range owners and are therefore
spatially dispersed. This prevents males from defending
access to receptive females and favors scramble compe-
tition mating systems (Murphy 1998; Waterman 2007;
Lane et al. 2009). In these systems, sexual selection
favors traits that increase a male's ability to locate
females rapidly and accurately (Schwagmeyer and
Woontner 1986). Such traits are often behavioral or are
related to the sensory systems employed by the animals
to locate potential mates and are hence usually more
difficult to study than the morphological adaptations that
are typically favored by selection in female defense sys-
tems (Lane et al. 2009). Consequently, the factors that
determine male reproductive success in scramble competition
mating systems are currently not well understood. Several
studies have shown that in species with scramble competition,
malemating or reproductive success is strongly correlated with
the success of mate searching (Schwagmeyer and Woontner
1986; Schwagmeyer and Parker 1987; Schwagmeyer et al.
1998; Spritzer et al. 2005). To our knowledge, only one study
(Lane et al. 2009) thus far has quantified the intensity of
selection on male searching behavior in a scramble competi-
tion mating system.

In mammals, variance in reproductive success fre-
quently seems to be greater among males than among
females and sexual selection is therefore often expected
to be stronger in this sex (Bateman 1948; Payne 1979;
Stockley and Bro-Jorgensen 2011). This hypothesis has
led some authors to assume that female variance in
reproductive success is minimal, with the expectation
that in natural populations, all of the females would
be breeding close to the maximum of their reproductive

capacity (Stockley and Bro-Jorgensen 2011). As a con-
sequence, female reproductive competition has received
comparatively little attention. However, a growing num-
ber of studies have shown that in natural populations of
mammals, the variance in female reproductive success
could be substantial (Schulte-Hostedde et al. 2004;
Clutton-Brock et al. 2006) and that female competition,
particularly competition for resources, is therefore a
potentially important evolutionary pressure. Because
most of the current evidence concerns gregarious spe-
cies, where social rank is a major determinant of female
reproductive success (Clutton-Brock 2009), it is espe-
cially interesting to study a solitary mammal, where the
determinant of female reproductive success are presum-
ably very different.

We studied an introduced population of Siberian chip-
munks (Tamias [Eutamias] sibiricus barberi), a small, diurnal,
monomorphic squirrel. The biology and ecology of this chip-
munk have been studied in its native range in Japan and in an
introduced population in France (Kawamichi 1980, 1989;
Chapuis et al. 2011). Siberian chipmunks are solitary and
sedentary rodents (Kawamichi 1996; Marmet et al. 2009).
Male chipmunks have larger home range than females, but
they do not defend a territory (Kawamichi et al. 1987) and are
thus unable to monopolize access to females, setting the stage
for a scramble competition mating system (Andersson 1994;
Murphy 1998). We first evaluated the spatial clustering of
breeding female to test our hypothesis of a scramble mating
system in this species. We then tested the hypothesis that
males' reproductive success was correlated to their effort to
locate females, using home range size as an estimator. Finally,
we tested whether female reproductive success varied be-
tween two habitats with different resource levels.

Material and methods

Study species and site

The Siberian chipmunk is a diurnal ground squirrel native
from north to southeastern Eurasia (Obolenskaya et al.
2009). Adults weigh approximately 100 g (no sexual dimor-
phism). They use burrows to hibernate and reproduce
(Chapuis et al. 2011). From an age of 8 months, female
chipmunks can enter estrus once per year in Japan (late
April–early May; Kawamichi and Kawamichi 1993) or
twice per year in France (in March and in June; Chapuis
et al. 2011). The period of estrus lasts 1–2 day(s) during
which a female utters distinctive estrous calls (Blake and
Gillett 1984, 1988). Several males then aggregate near the
female and pursue her (Kawamichi et al. 1987). Juveniles are
born after a gestation period of about 1 month and remain in
the nest at least another month (Chapuis et al. 2011). Young
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begin their dispersal shortly after their emergence from the
nest (Marmet et al. 2011).

Sold in pet shops in Europe starting from the 1960s
(Chapuis 2005), Siberian chipmunk populations were ob-
served a decade later in several European suburban forests
and urban parks (Chapuis et al. 2011). Our study site, called
La Faisanderie, is a 12-ha fenced area located in the Forest
of Sénart, a 3,200-ha suburban forest situated 22 km south-
east of Paris (48°39′N, 02°29′E). Two main kinds of habitat
are found within the site: a semi-open oak grove (6.5 ha;
herbaceous layer 90 %, shrubby layer 5 %, arboreal layer
60 %) and a closed oak-hornbeam grove (5.5 ha; herbaceous
layer 10 %, shrubby layer 30 %, arborescent layer 90 %)
(Marmet 2008).

Live trapping

Throughout 2006, trapping was conducted twice a month
for three and five consecutive days during the entire chip-
munk active period, from February to December (Marmet et
al. 2009). The trapping system consisted of 104 live traps
(8×8×26 cm, H.B. Sherman Traps©) located with a GPS
Leitz® (±1 m). The traps were distributed on a grid through-
out the study site (80 traps) and on its periphery (24 traps)
(Fig. 1) and were spaced on average 38±9 m apart (Marmet
et al. 2009). A total of 52 traps were placed in the closed
habitat and another 52 in the semi-open habitat. Every day,
the traps were opened between 7:00 and 8:00 AM, baited
with a mixture of peanut butter and sunflower seeds,
checked four times during the day, and closed between
17:00 and 18:00 PM. At first capture, chipmunks were
sexed and tagged with both a subcutaneous passive integrat-
ed transponder chip (PIT tag biolog-id, Bernay, France,
27303) and a numbered ear tag (National Band Tag Co,
Newport, KY, 41071). For each individual, a hair sample
was taken and stored at room temperature in 95 % ethanol.
During capture, females were recorded as “receptive” if they
showed a swelling of the vulva indicating their estrous
status (Blake and Gillett 1988). They were considered
“lactating” if the size and color of the nipples indicated
lactation activities. After examination, the chipmunks were
released at the capture point. Using trap history and
body mass, age categories were defined: juvenile born
in spring or in summer in 2006 and adult born in 2005
or earlier.

Habitat and space use

Because the large majority of the chipmunks in our study
were either captured only in the semi-open habitat or only in
the closed habitat, the habitat index was coded as a qualita-
tive variable with two categories, semi-open habitat or
closed habitat. Home range sizes were calculated using the

100 % Minimum Convex Polygon method (100 % MCP,
Mohr 1947) including all the trap coordinates used by each
of the 63 adults (Table 1) caught at least five times over the
study period. This measure of space use could be biased due
to the truncation of the movements at the edge of the
trapping grid and according to the number of time a chip-
munk was trapped (see Boyer et al. 2010; Powell 2000).
These potential biases were statistically controlled and
yielded in a home range size index (Supplementary
Material 1).

Females were considered to have been breeding if they
were recorded as receptive and/or lactating and/or had suc-
cessfully reproduced (inferred from molecular analyses, see
below). Based on a graphical representation of the spatial
distribution of the home range of breeding females and of
males on the study area, the average number of overlapping
ranges of breeding females in a breeding female's home
range was calculated, along with the number of overlapping
females in a male's home range. The average number of
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Fig. 1 Spatial distribution of adult breeding females of Siberian chip-
munks Tamias sibiricus trapped at least five times on the Park de la
Faisanderie (Forest of Sénart) in 2006. Number of overlapping breed-
ing females per breeding female range in bold
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overlapping ranges of breeding females was then used to
calculate P, the degree to which breeding females are
clumped in space, according to the method proposed by
Shuster and Wade (2003), pp. 43–45.

Genetic methods and parentage analyses

DNA was extracted from approximately 20 hairs per indi-
vidual using the Qiagen Tissue Kit and following the man-
ufacturer's protocol for DNA extraction from tissue samples.
The DNA was eluted in 50 μl of AE buffer (Qiagen) and
stored at −20 °C. Nine microsatellite markers were used to
assess the parentage. We tested 16 loci originally cloned
from Tamias striatus (Peters et al. 2007) and 11 loci origi-
nally cloned from Tamias amoenus (Schulte-Hostedde et al.
2000) for amplification and polymorphism, using DNA
obtained from ear tissue of ten Tamias sibiricus chipmunks
captured in the Senart forest. Nine loci (Supplementary
Material 2) amplified successfully and were polymorphic.
Among these loci, the primers specific for T. sibiricus were
redesigned for five loci. The original primers were used for
the four remaining loci because specific primers could not
be designed, usually because of the short size of the ampli-
fied fragment.

We amplified the nine microsatellite loci in two 10-μL
polymerase chain reaction (PCR) multiplexes containing
five and four markers, labeled with the fluorescent dyes
FAM, VIC, NED, or PET. All of the PCRs contained 1×
Multiplex Master Mix (Qiagen). The amount of marker used
varied among the markers from 0.1 to 0.3 μM. The PCR
conditions were as follows: 15 min at 94 °C for DNA
denaturation, 35 cycles of a 30-s denaturation step at 94 °C,
a 3-min hybridization at 54 °C, and a 30-s elongation at
72 °C, and a final elongation step of 15 min at 72 °C. The
PCR products were mixed with an internal size standard and
analyzed using an ABI 3700 capillary DNA sequencer
(Applied Biosystems). The size of the microsatellite alleles
was calculated using the Genescan and Genemapper software

(Applied Biosystems). Among 36 linkage disequilibrium
tests, only two were significant at the 0.05 level, and none
were significant after a Bonferroni correction. All the loci can
therefore be considered as genetically independent. One of the
Hardy–Weinberg tests was significant at the 0.05 level, but it
did not remain so after a Bonferroni correction.

A duplicate analysis performed on 96 individuals showed
a low overall error rate: one allelic dropout was observed at
one locus for one individual, i.e., an error rate of 0.1 %. To
account for other possible types of errors, we assumed an
overall conservative error rate of 2.0 % in the final geno-
types. Most of the loci showed moderate variation, with a
mean allele number of 5.5 and mean heterozygosity levels
of 0.62. The overall amplification success was 94.3 %, and
all of the individuals included in the analyses were scored
for a minimum of six loci. Three candidate fathers (among
32) and one candidate mother (among 35) were excluded
from the analyses because of this criterion.

We used the program CERVUS 3.0 (Kalinowski et al. 2007)
to identify parent–offspring trios. CERVUS uses a likelihood-
based approach to assign parentage, combined with a sim-
ulation of a parentage analysis to determine the confidence
of the parentage assignments. Using this approach, parent
pair-assignment analyses were conducted for all of the juve-
niles of the population using strict (95 %) and relaxed
(80 %) levels of statistical confidence. The simulations were
based on 10,000 cycles with a genotyping error rate of 2 %.
For each offspring, parentage was assigned to the most-
likely candidate parent pair. If a parent pair could not be
assigned at least at the 80 % confidence level, we assigned
either maternity or paternity alone, using the same method.
When parentage could not been assigned at the 80 % con-
fidence level (see “Results” section), it can be due to young
having been born from a non-resident adult or from a never-
captured resident adult or because the young was born
outside our study site but dispersed into it.

We then used the parentage inferences to estimate the
annual reproductive success (ARS) of the 63 adults, defined
as the genetically detected number of offspring for an indi-
vidual in 2006. We then calculated the opportunity for
sexual selection Is, quantified as the square of the coefficient
of variation of the ARS for a given sex (Arnold and Wade
1984a, b).

Statistical and selection analyses

The degree of spatial clumping of breeding females and the
number of female range overlapping the range of males was
compared between habitats using a Kolmogorov–Smirnov
test for paired sample noted D (Siegel and Castellan 1988).

The variation in ARS, Log(+1) transformed was analyzed
as a function of habitat, sex, and home range size index
using simple linear models including two-way interactions.

Table 1 Number of adult Siberian chipmunks Tamias sibiricus
trapped at least five times on the Park de la Faisanderie in the Forest
of Sénart in 2006, and mean number of captures, home range size, and
annual reproductive success

Habitat and sex Number of
chipmunks

Capture
number

Home range
size (ha)

ARS

Males

Semi-open 10 28±6 1.45±0.38 2.7±1.0

Closed 19 18±4 0.63±0.11 1.5±0.4*

Females

Semi-open 10 26±6 0.56±0.11 2.1±0.6

Closed 24 20±4 0.41±0.06 0.7±0.2

* Two males with no ARS available
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Model validation was checked from graphical examination
of the quantile–quantile plots, and the heterogeneity of
variance using residuals vs. fitted plot (Zuur et al. 2009,
2010). Missing data were excluded. Models were selected
using change in at least 2 U in Akaike Information Criterion
corrected for small sample size (ΔAICc) and best candidate
model determined by ranking AIC weights (Symonds and
Moussali 2011). Parameter estimates were obtained from
full averaged model method (Symonds and Moussali 2011).

Standardized linear (also called directional Lande and
Arnold 1983) selection gradients were calculated for each
sex separately by regressing the relative ARS on the stan-
dardized home range size. Estimates and standard errors
were generated using a “delete-one” jackknifing technique
from simple regressions (Sokal and Rohlf 1995; Crawley
2007). Due to the small sample size, non-linear gradients
were not calculated.

All of the analyses were completed with R 2.14.1 soft-
ware (R Development Core Team 2011), using the “adeha-
bitat” package (Calenge 2006) for home range analyses, the
“MASS” package (Venables and Ripley 2002) for general-
ized linear models, the “MuMIn” package (Barton 2012) for
information theory-based model selection. The R-code
for the “delete-one” jackknife procedure is given in
Supplementary Material 1. Mean is always followed by
a standard error, unless otherwise stated.

Results

We recorded 1,856 captures and recaptures between
February and December 2006, corresponding to a total of
226 chipmunks (120 adults and 106 young). The parentage
was inferred from genetic data for all of the captured young.
Maternity was successfully assigned to 66 of the young and
paternity to 71, with at least 80 % confidence. For each adult
captured at least five times, mean number of captures, home
range size, and annual reproductive success according to sex
and habitat are shown in Table 1.

Mating system and opportunity for sexual selection

The variance in ARS was significantly higher in males than
in females (variance ratio test, P<0.001). The difference
between the male and female variance in ARS decreased
when removing an outlier corresponding to a male with an
assigned ARS of 9 young, but ARS of males remained
significantly higher (P00.02). However, the opportunity
for sexual selection, Is, was very similar between sexes,
with a value of 1.55 for females and 1.51 for males (outlier
excluded).

All the females trapped at least five times in the semi-
open habitat (Table 1) were found to be in breeding

condition (n010), while the percentage fell to 58 %
(n014) for females in the closed habitat (Fig. 1). The
mean number of breeding females overlapping the range
of a breeding female was 0.9±0.2 (n010) in the semi-
open habitat (Fig. 1), whereas the value was significant-
ly higher (D00.61, P00.02) in the closed habitat (1.7±
0.3; n014). The degree of spatial clumping of females
(Fig. 1) in the semi-open habitat was P00.25, 3.5 times
lower than in the closed habitat where P00.83. Some of
the females that were captured in estrus or lactating had
an ARS of zero (Fig. 1), possibly because we failed to
assign their young or because it died before emergence
from the burrow or disperse before being captured.

The number of overlapping females in a male's range was
4.1±0.6 (n010) in the semi-open habitat (Fig. 2), which was
not significantly different (D00.26, P00.73) from the number
in the closed habitat (n017, 4.6±0.6). The home range size of
males in the semi-open habitat was on average 2.3 times larger
than in the closed habitat (Table 1; SupplementaryMaterial 1).
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Fig. 2 Spatial distribution of adult males of Siberian chipmunks
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Annual reproductive success and selection analyses

Model ranking based on AICc weights indicated that the
interaction between sex and home range size best explained
variation in ARS (Table 2). Male ARS markedly increased
with home range size (averaged coefficients±adjusted SE,
1.56±0.72, P00.030), whereas home range had little influ-
ence on the female ARS (Fig. 3). Moreover, ARS differed
according to habitat (coefficient for the semi-open habitat,
0.42±0.12, P00.019), being more than 2.1 times higher in
the semi-open habitat (n020, 2.3±0.5) than in the closed
habitat (n041, 1.1±0.2).

We performed a selection analysis for the trait that was
observed to influence the ARS, namely home range size
according to sex. In males, the selection gradient of the
standardized home range size on the relative ARS was very
strong (n027, β00.57±0.11, P<0.001), while it was weak
for females (n034, β00.10±0.03, P<0.001).

Discussion

The hypothesis of a scramble competition mating system in
the Siberian chipmunks of Sénart is supported by the observed
spatial distribution of breeding females in relation with the
home range size of males and the number of overlapping
females in a male's home range according to habitat. The
degree of spatial clumping of breeding females <1 indicates
a more evenly distribution of breeding females over resources
than expected by chance (Shuster and Wade 2003), thus
setting the stage for a scramble competition mating system
(Shuster and Wade 2003). Furthermore, a male home range in
the semi-open habitat is approximately twice larger than in the
closed habitat but the mean number of overlapping female in a
male's home range is equivalent between the two habitats.
Such a pattern reinforces the hypothesis that males increase
their space use to increase their chances of meeting and
fertilizing females (Marmet et al. 2009).

We observed a relatively low value of 1.51 for the op-
portunity for sexual selection Is in males (note however that,
because our sample sizes are relatively small and because
some juveniles were not successfully assigned parentage,
our estimation of Is is probably not very precise). This value
is much lower than the one typically observed in species
with female defense systems in which a few males monop-
olize the access to females. For example, in the highly
polygynous and sexually dimorphic northern elephant seal
(Mirounga angustirostris), Soay sheep (Ovis aries), and
bighorn sheep (Ovis canadensis), the average Is value for
males were 21.8, 3.5, and 4.5, respectively (Le Boeuf and
Reiter 1988; Coltman et al. 1999, 2002). The Is values that
we observed are in the order of those reported for other
squirrel species. For instance, in the yellow-pine chipmunk
(T. amoenus), a species with female-biased sexual size di-
morphism, depending on the year, the opportunity for selec-
tion ranged between 0.86 and 1.55 for males and between
0.48 and 1.19 for females (Schulte-Hostedde et al. 2004). In
the red squirrel, a species without sexual size dimorphism,
Lane et al. (2009) observed an Is value of 1.52 for males and
of 0.16 for females. Interestingly, we observed very similar
values of Is in males and females (1.55 versus 1.51). Thus,
even if males have a higher reproductive potential than
females, in this population of Siberian chipmunks, the var-
iance of the actual reproductive success is very similar
between the sexes, suggesting that the potential for sexual
selection is little different in males and females (Stockley
and Bro-Jorgensen 2011). Notably, however, caution must
be taken when interpreting Is values because they reflect
potential and not actual sexual selection (Klug et al. 2010).

Table 2 Best candidate models ranked according to AIC's weight, wi,
examining the variation of the annual reproductive success, Log(+1)
transformed, according to habitat, sex, and home range index using a
simple linear model

Best candidate models K AICc ΔAICc wi

Habitat(HAB)+sex (SEX)+home range
index (HRI)+SEX:HRI

6 116.94 0.00 0.44

HAB+SEX+HRI+HAB:SEX+HRI:SEX 7 119.04 2.09 0.15

HAB+SEX+HRI+HAB:HRI+HRI:SEX 7 119.34 2.40 0.13

HAB+HRI 4 119.67 2.73 0.11

HAB+SEX+HRI 5 119.90 2.96 0.10

HAB+HRI+HAB:HRI 5 120.86 3.92 0.06

Selected model in bold.
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Male's ARS increased with the size of their home range,
whereas it had little influence on the female ARS. A likely
explanation for this pattern is that a large home range allows
male chipmunks to more efficiently locate the home range
of females and the females within that home range, thereby
increasing mating opportunities. Such a relationship be-
tween behavioral traits related to female localization and
male reproductive success has already been described in a
few species with a scramble competition mating system.
Lane et al. (2009) have shown that in the North American
red squirrel, Tamiasciurus hudsonicus, a species with a
scramble competition mating system, male reproductive
success was positively correlated with both search ability
(measured as the number of estrous females located over the
mating season) and effort (measured as the mating season
home-range size). Similarly, Patterson and Schulte-
Hostedde (2011) found that in eastern chipmunks, bolder
males had more offspring, when the analyses were con-
trolled for the endoparasite load, presumably because bolder
males use larger home ranges, thus increasing the encounter
rate with potential mates. Our findings suggest that a behav-
ioral trait, i.e., space use, is determinant for ARS in males,
consistent with expectations in a scramble competition mat-
ing system.

In our study population in 2006, female ARS was influ-
enced by habitat. Females inhabiting the semi-open habitat
had a significantly higher reproductive success than the ones
inhabiting the closed habitat. This finding is probably due to
the differences in food availability between the two habitats
of our study site. The chipmunks of the Senart Forest feed
mostly on acorns and hornbeam seeds during autumn and
spring, and on cherries, herb seeds, and various insects
during summer (Chapuis et al. 2011), resources that seem
to be more abundant in the semi-open than in the closed
habitat (J.L. Chapuis and C. Le Coeur, personal observa-
tions). Although it was not possible to calculate a selection
gradient for the habitat variable, due to its qualitative nature,
our results suggest that habitat has a very important influ-
ence on female fitness, given that females inhabiting the
semi-open habitat have an ARS more than twice that of the
females inhabiting the closed habitat. Such an influence of
resource availability is in agreement with classical sexual
selection theories that postulate that, in mammals, because
of the high energetic demands of gestation and lactation,
female reproductive success will often be limited by access
to food (e.g., Emlen and Oring 1977; Sterck et al. 1997). In
our study, males, like females, have higher ARS in the semi-
open habitat. A male reproductive success depends on the
number of females it mates with, and of the fertility of these
females. Our spatial analyses show that males in the semi-
open habitat have in average about the same number of
females overlapping their range than males in the closed
habitat. This suggests that males have higher ARS in the

semi-open habitat because they have access to more fertile
females in this habitat.

Interestingly, while we observed a relatively low value
for the opportunity of sexual selection in males (Is01.51),
the selection gradient corresponding to the home range size
(β00.57±0.11) was very strong (i.e., β>0.50; Kingsolver et
al. 2001), suggesting that a behavioral trait, space use, is
under strong sexual selection in the males of our study
population (note however that our study covers only 1 year,
and that patterns of selection could very likely exhibit inter-
annual variation). In the North American red squirrel, Lane
et al. (2009) also found a high intensity of sexual selection
on behavioral traits, male searching effort and ability
(β00.56±0.20 and β00.48±0.15). Such high values are
comparable to the ones observed for weaponry in fe-
male defense mating systems. For example, the stan-
dardized selection gradient of antler size in male red
deer and of horn size in Soay sheep were found to be
0.44±0.18 and 0.56±0.28, respectively (Kruuk et al.
2002; Robinson et al. 2006). Though more studies
would be needed to reach a definitive conclusion, the
study by Lane et al. (2009) and our present study
suggest that, in species with a scramble competition
mating system, even if sexual selection does not result
in spectacular adaptations such as male weapons, the
intensity of sexual selection is similar to the intensity
in species with a female defense system.
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Supplementary Material 1 

 

A. Biases control of the home range size variable included in the analysis of the variation in 
annual reproductive success of Siberian chipmunks Tamias (Eutamias) sibiricus barberi 
introduced in the Forêt de Sénart (France). 
 

A.1. Periphery index 

Best-ranked models with change in ΔQAICc examining the variation of the periphery index 
according to habitat and sex using a generalized linear model with quasibinomial errors and logit 
link (Dispersion parameter for quasibinomial family taken to be 5.06). Selected model in bold. 
 
Candidate models K QAICc ΔQAICc w 

Sex 2 561.13 0.00 0.49 

Habitat + Sex 3 561.65 0.52 0.38 

Habitat + Sex + Habitat:Sex 4 563.64 2.51 0.14 

 

The periphery index varied according to sex, averaged model coefficients (a.m.c.) being 0.57 ± 

0.14 (P < 0.01) for males. No effect of habitat was detected (a.m.c.: 0.18 ± 0.15, P = 0.24, for the 

open habitat). The residuals of the fit including sex as independent variable was used as a 

periphery index (PI) in the following analyses. 

 

A.2. Number of captures 

Best-ranked models with change in ΔAICc < 4.0 examining the variation of the log(+1) transformed 
number of captures according to habitat, sex and periphery index using a linear model. Selected 
model in bold. 
 
Candidate models K AICc ΔAICc w 

Periphery index 3 207.75 0.00 0.40 

Habitat + Periphery index + Habitat:Periphery index 5 209.18 1.44 0.19 

Habitat + Periphery index 4 209.80 2.05 0.14 

Periphery index + Sex 4 209.93 2.18 0.13 

Null model 2 211.25 3.50 0.07 

Habitat + Periphery index + Habitat:Periphery index + Sex 6 211.42 3.67 0.06 

 



The number of captures decreased as the periphery index increased (a.m.c.: -0.12 ± 0.05, P = 

0.03), without any relationships with habitat (a.m.c.: 0.16 ± 0.09, P = 0.10, for the open habitat) or 

sex (a.m.c.: 0.05 ± 0.21, P = 0.80, for males). The residuals of the fit including periphery index as 

independent variable was used as a capture number index (CNI) in the following analyses. 

 

A.3. Home range size 

Best-ranked models with change in ΔAICc examining the variation of the home range size based on 
5 data points (n = 64), Log(+1) transformed, according to habitat and sex, including periphery and 
capture number indices, using a linear model using a simple linear model. Selected model in bold. 
 
Candidate models K AICc ΔAICc w 

HAB + SEX + HAB:SEX + PI + CNI 7 4.27 0.00 0.71 

HAB + SEX + PI + CNI 6 6.09 1.82 0.29 

 

As expected, home range size was negatively related to the periphery index (a.m.c.: -0.04 ± 0.01, 

P < 0.01), indicating that home range sizes were smallest at the edge of the trapping grid. 

Moreover, home range size was dependent upon the number of captures of chipmunks (a.m.c.: 

0.16 ± 0.04, P < 0.01), indicating that the more a chipmunk was trapped, the greatest was its home 

range. Finally, home range size varied according to sex and habitat (a.m.c.: 0.25 ± 0.13, P = 0.05). 

Home range size index corresponded to the residuals calculated from the fit given by the selected 

model, which was included as a covariate in the analysis of the variation in annual reproductive 

success. 

 

B. R-code for the ‘Delete-one’ Jackknife procedure used to calculate the directionnal 
selection gradient 
 
##Loop for running a ‘delete‐one’ simple linear regression 
jackkslr <‐ list(n) 
for (i in 1:n) { 
jackkslr [[i]] <‐ lm(fitness ~ trait, data = data[‐i, ]) 
 } 
##Store coefficients of the ith linear regressions 
coeff.matrix <‐ matrix(0, nrow = n, ncol = 2) 
for (i in 1: n) { 
coeff.matrix[i, ] <‐ coef(jackkslr[[i]]) 
 } 
colnames(coeff.matrix) <‐ c("INTERCEPT", "COEFF") 
##Create a table of the i coefficients 
seltab=data.frame(round(coeff.matrix, 2)) 
print(seltab) 
##Calculate the averaged coefficient, corresponding to the selection gradient and its standard deviation 
mean(seltab$COEFF) 
sd(seltab$COEFF) 



 

Supplementary material 2 
 

Forward (F) and reverse (R) primers for amplification of microsatellites in Tamias sibiricus. Also 

listed are the total number of alleles and the observed heterozygosity (Ho) at each locus. Locus 

whose primers were redesigned for T. sibiricus are indicated by the suffix ‘sib’ 
Locus name Sequences 5′–3′ N. of alleles Ho 

(1) EuAm94 
F TGGCTCAGTTTTTCAGTTTTT 

R ATCTCAAAGCCATCAAGAGTTT 
8 0.33 

(1) EuAm41 
F ATTCAGGCTCCAGAAAAACAAA 

R TCTGCCCCAGAGATATTGATCT 
5 0.36 

(1) EuAm35 
F ATCCGTTTAGTCTGTTATGTCTCA 

R TTTAATCTAAAGGACAACAATTGC 
7 0.79 

(1) EuAm108sib 
F GTCTCTAACAATTTGAACAA 

R CATGTTTGGGMGTGGTCATG 
5 0.71 

(1) EuAm138 
F AATGTATGCTAGAGTGCCCAC 

R TTTTCTAGAGACACAAAAATTTAG 
6 0.74 

(2) Chip14sib 
F TCAAGAAATACTTGGTAAGATGGAG 

R TTGTTTACGAGATCTTCATTTCAG 
4 0.51 

(2) Chip31sib 
F ATGGAACAACAGCCTACCAG 

R TTTAAACCCCTTACCCTCTTTG 
5 0.59 

(2) Chip32sib 
F TGTCCTAAACTTAGGTAGTTT 

R CTCAGTAACTTAGCAAGACC 
4 0.05 

(2) Chip205sib 
F TGTGCCTAGAGTCAGTGAATGG 

R CACATTTCCAGTTTTCTTTGGAG 
6 0.54 

 
(1) Peters MB, Glenn JL, Svete P, Hagen C, Tsyusko OV, Decoursey P, Lieutenant-Gosselin M, Garant D, Glenn T 

2007 Development and characterization of microsatellite loci in the eastern chipmunk Tamias striatus. 
Molecular Ecology Notes 7:877–879 

 
(2) Schulte-Hostedde AI, Gibbs HL, Millar JS 2000 Microsatellite DNA loci suitable for parentage analysis in the 

Yellow-pine chipmunk Tamias amoenus. Molecular Ecology 9:2180–2181 
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