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Abstract The Bateman gradient is increasingly used to
measure sexual selection and characterize mating systems.
In a landmark paper, Arnold and Duvall (Am Nat 143:317–
348, 1994) formulated predictions about the relationships
between sex-specific Bateman gradients and the major types
of mating system. In promiscuous species, gradients are
expected to be strong and similar in both sexes. Current
support for this prediction however remains equivocal as
reported male gradients are almost constantly steeper than
female gradients. Here, we estimated Bateman gradients in a
wild population of Eastern chipmunks (Tamias striatus)
over two reproductive seasons characterized by extreme
levels of promiscuity and unbiased operational sex ratios.
We found significant and positive Bateman gradients for
both sexes. The gradients were not different among sexes
suggesting that the strength of sexual selection was similar
for males and females. The opportunity for selection was
also particularly strong for a promiscuous species and not
different among sexes. Our results thus support the pre-
dicted Bateman gradients for a promiscuous mating system.
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Introduction

Measuring the strength of sexual selection acting on each sex
is central to our understanding of the evolution of reproductive
strategies. In species where there is a high competition for
females, it is commonly assumed that the variance in repro-
ductive success is higher for males than females. Bateman’s
principles have been traditionally measured in such species
where males are expected to be under stronger competition for
mates, resulting in greater opportunity for selection (I) and
steeper Bateman gradients (βss) among males than females
(Bateman 1948). Arnold and Duvall (1994) extended this
framework to other common forms of mating systems based
on the expectation that the sex experiencing stronger sexual
selection should have the strongest βss. Therefore, polyan-
drous mating systems are expected when females have stron-
ger βss than males. Monogamous and promiscuous mating
systems are expectedwhen both sexes are under similar sexual
selection, measured by either very weak or strong βss, respec-
tively (Arnold and Duvall 1994). Yet, although females in
promiscuous systems are expected to undergo strong and
similar sexual selective pressures as males, empirical support
for this prediction remains equivocal as male gradients are
regularly found to be steeper than female gradients (e.g.,
Bateman 1948; Jones et al. 2002; Levitan 2008; Munroe and
Koprowski 2011; but see Jones et al. 2000; Gopurenko et al.
2007). In fact, a steeper gradient for males than females was
also found by Bateman in its seminal experiment using pro-
miscuous Drosophila.

Many factors may contribute to the lack of empirical
support for the expected relationship between sex-specific
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Bateman gradients and promiscuous mating systems. First,
female fertility is usually more constrained by energetic
requirements to produce eggs and raise offspring than male
fertility, especially when no paternal cares are provided
(Bateman 1948). Also, the definition of promiscuity, which
is that members of each sex should mate with several
members of the other sex, is not categorical about the extent
of multiple mating required to be described as a promiscu-
ous mating system. For instance, round-tailed ground
squirrels (Xerospermophilus tereticaudus) have recently
been recognized as being promiscuous (Munroe and
Koprowski 2011). However, multiple paternity in this spe-
cies occurred in 55 % of litters and βss remained steeper for
males than females (Munroe and Koprowski 2011). Rela-
tively low levels of promiscuity may therefore lead to dif-
ferent expectations of sex-specific βss compared to
extremely promiscuous species. Similarly, other factors such
as differences in operational sex ratios (OSRs) or population
density are known to affect sex-specific reproductive skews
which may in turn cause βss to vary independently of the
“recognized” mating system of a species (Klemme et al.
2007; Mills et al. 2007; Shuster 2009; Fitze and Le Galliard
2011). Finally, multimate mating can provide other benefits
than just increasing reproductive success. For example,
multimale mating can improve female survival by reducing
male sexual harassment or provide indirect genetic benefits
to offspring that are affecting survival at later stages or their
sexual attractiveness as adults (Jennions and Petrie 2000). In
these cases, multimale mating is unlikely to affect litter size.
Given these constraints, theoretical prediction for promiscu-
ous mating system of Arnold and Duvall (1994) has yet to find
empirical grounds in wild populations (but see Gopurenko et
al. 2007 for an example in seminatural conditions).

Recently, a controversy on the measurement of sexual
selection arose from the assumption that the greater variance
in mating and reproductive success, typically calculated in
terms of opportunity for selection and opportunity for sexual
selection (respectively I and Is), the greater the selection
gradient (β) on a phenotypic trait should be (Klug et al.
2010; Krakauer et al. 2011). Indeed, chance variations in
mating success could be enough to cause different estimates
of Is despite no significant changes in β (Klug et al. 2010;
Fitze and Le Galliard 2011; Jennions et al. 2012). Yet, the
magnitude of βss, defined as the slope of the least-square
regression of reproductive success (RS) on mating success
(MS) (Arnold 1994; Jones et al. 2000, 2002; Mills et al.
2007; While et al. 2011), is largely independent of I and Is,
as long as their values are not zero (Jones 2009). MS is the
number of mates with whom an individual shares parentage
and RS is the number of juveniles assigned to a given
individual (Arnold 1994; Jones 2009; Anthes et al. 2010).
Therefore, I and Is provide summary statistics to describe
sex differences in fitness variance while βss directly relates

to sexual selection theory because it assesses how differ-
ences in MS between rivals translate into RS, and is thought
to represent the final common paths of all sexually selected
traits to fitness (Arnold and Duvall 1994; Jones 2009;
Anthes et al. 2010). Measures of I, Is and βss must all be
nonzero for the precopulatory phase of sexual selection to
operate (Arnold 1994; Jones 2009).

Here, we examined the expectations of Arnold and
Duvall (1994) for promiscuous mating systems in a wild
population of Eastern chipmunk (Tamias striatus), a small,
nonsexually dimorphic, forest-dwelling rodent, in which we
previously reported that 100 % of polytocous litters were
multiply sired and where OSRs are unbiased (Bergeron et al.
2011). In mammals, males rarely provide paternal care and
their RS is expected to increase steadily as a function of
their MS. For females, multimale mating is common and
could increase their RS by, for instance, reducing the risks of
infanticide, insuring ovum fertilization or providing indirect
genetic benefits related to fetus/offspring survival (Wolff
and Macdonald 2004). Therefore, following Arnold and
Duvall (1994), we expected to find positive and similar
opportunity for selection coefficients and Bateman gradients
for males and females associated with a highly promiscuous
mating system.

Material and methods

Study site and data collection

We studied free-ranging chipmunks on a 25 ha study site
located in a deciduous forest of southern Québec (45° 05′N,
72° 26′W; for more details, see Bergeron et al. 2011). This
study focuses on an exhaustive sampling of chipmunks
during reproductive periods in the autumns 2008 and
2009. Starting in June, we monitored the reproductive status
of each female. We used radio-collars (Holohil Systems
Ltd.) to locate the burrow of every reproductively active
female (classified on the basis of a hypertrophied vulva and/
or developed mammae) and specifically trapped at burrow
entrance in August and September to catch juveniles when
they first emerged from their maternal burrow. Chipmunks
do not typically share burrows with other adults. The OSRs
were calculated based on the number of adult males divided
by the total number of adult individuals caught during a
season.

Parentage assignment

Our trapping effort to catch emerging juveniles at maternal
burrows was equal for all females and we assumed that all
adult males from our study site accounted for 90 % of all
paternities (Bergeron et al. 2011). We used 11 microsatellite
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loci and the software Cervus 3.0.3 (Kalinowski et al. 2007)
to genetically assign parentage. Maternities were first
assigned from field observations and then corroborated ge-
netically. We then used genetics to assign paternity at a 95 %
confidence level to juveniles with known mothers. In au-
tumn 2008, we assigned 95 and 85 juveniles to 34 dams and
35 sires, respectively, and in autumn 2009, we assigned 45
and 38 juveniles to 23 dams and 27 sires, respectively. Thus,
we successfully assigned paternity to 89 and 84 % of the
juveniles with known mother in 2008 and 2009, respectively
(for more details, see Bergeron et al. 2011). As a general
procedure on our study site, we systematically trapped the
entire area every week allowing us to determined that 21
females and 29 males did not reproduce in 2008 while 67
females and 72 males did not reproduce in 2009 (see below).

Data analyses

For this study, we used the definitions of MSi and RSi
proposed by Arnold and Duvall (1994), which are the most
frequently used measures in Bateman gradient analyses
(Anthes et al. 2010; RSi is based on the number of juveniles
assigned at emergence to an individual i). All adults caught
during a given year without any juvenile assignment re-
ceived MSi and RSi scores of 0. We calculated the sex-
specific opportunity for selection (I) and opportunity for
sexual selection (Is) as the variance in either RS or MS

divided by its mean (X ) squared (i.e., I ¼ σ2
rs X

2
rs

� �.
and

Is ¼ σ2
ms X

2
ms

� �.
following Jones (2009)). We used linear

models to calculate Bateman gradients for each sex and to
test if the gradients significantly differed between the sexes
(Jones 2009). We used generalized linear models with a
Poisson error structure to test the statistical significance of
the Bateman gradients.

Estimation of mating success based on genetic assign-
ments might lead to collinearity problems, especially when
the average litter size is small: a+1 increment of MSi
necessarily increases RSi by at least 1 (Anthes et al. 2010).
We accounted for this collinearity issue by subtracting each
RSi by its MSi (adjusted RSi) to further investigate the
relationship between RS and MS, using linear models with
a Poisson error structure. We used the program R 2.12.2
(www.r-project.org) to perform all analyses. Estimates are
presented±SE.

Results

In both years, OSRs did not significantly departed from
equality (2008: 64 males, 55 females, p00.46; 2009: 99
males, 90 females p00.56, exact binomial tests).

Restricting the dataset only to adults that reproduced
yielded the same results (2008: 35 sires, 34 dams,
p00.99; 2009: 27 sires, 23 dams, p00.67). There was
no difference among years in any analyses of selection
for each sex (results not shown) and we thus conducted
all analyses with both years combined.

Sexual selection was similar for both male and female
chipmunks. There were no significant sex differences in

X rs and in Xms (X rs : t01.33, p00.18; Xms : t0−1.49,
p00.14, unpaired t test, Table 1). Also, there were no
significant sex differences in σ2

rs and in σ2
ms (σ

2
rs: F144,1620

1.25, p00.17; σ2
ms : F144,16201.30, p00.11, F test of

variance, Table 1). Hence, I and Is were both positive
and similar for males and females (Table 1). We also
found positive Bateman gradients (βss, Table 1, Fig. 1a)
that were significantly different from 0 for both sexes
(βss male: t021.39, p<0.001; βss female: t020.41,
p<0.001, Table 1) but not significantly different among
them (analysis of covariance: t00.67, p00.50, Fig. 1a).
Standardized Bateman gradients calculated based on rel-

ative reproductive RSi (RSi/X rs) and relative MSi (MSi/Xms)
were 1.00±0.03 and 1.02±0.02 for males and females,
respectively (Table 1). Finally, male- and female-adjusted
RSi increased with MSi (males: 0.85±0.13, t06.41,
p< 0.001; females: 0.94 ± 0.18, t05.53, p< 0.001,
Fig. 1b, slopes obtained from Poisson models) and
the slopes were similar for both sexes (t00.37,
p00.71).

Table 1 Quantitative measures of the genetic mating system of
chipmunks

Quantitative measures Males (n0163) Females (n0145)

Reproductive success

X rs 0.75 0.97

σ2
rs 1.69 2.12

I 2.97 2.27

Mating success

Xms 0.66 0.85

σ2
ms 1.14 1.45

Is 2.65 2.05

Bateman gradient

βss 1.17 1.14

Standardized βss 1.00 1.02

The opportunity for selection (I) is the variance in reproductive success
(σ2

rs), measured at juvenile emergence, divided by the mean in repro-
ductive success (X rs ) squared. Similarly, the opportunity for sexual
selection (Is) is the variance in mating success (σ2ms ) divided by the
mean in mating success (Xms) squared. The Bateman gradient (βss) is
given by the least squares regression of reproductive success (RS) on
mating success (MS) while standardized βss are calculated based on
relative RS and relative MS
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Discussion

We found positive and similar opportunities for selection and
Bateman gradients for male and female Eastern chipmunks,
suggesting that sexual selection acts equally on both sexes in
this species. Our result are thus in accordance with the pre-
dictions of Arnold and Duvall (1994) regarding Bateman
gradients and promiscuous mating systems.

Positive Bateman gradients on males are ubiquitous, espe-
cially when males do not provide parental care (Jones et al.
2002; Mills et al. 2007; While et al. 2011). However, inves-
tigations of Bateman gradients on females are still scarce in
the wild. Some evidences suggest that females of promiscuous
species generally increase their RS by increasing their MS
(e.g., Calsbeek et al. 2007), yet the strength of this relationship
seems to greatly vary among species. A recent reanalysis of
Bateman’s data provided evidence that femaleDrosophila had
a better RSwhenmatingwithmore than onemale (Snyder and
Gowaty 2007). A similar trend was also observed in the

rough-skinned newts (Taricha granulosa; Jones et al. 2002).
In these two studies, however, males had much steeper Bate-
man gradients than females, almost matching the prediction
for polygynous mating systems of Arnold and Duvall (1994).
A few studies on promiscuous mammals presented somewhat
steeper Bateman gradients for females that were nevertheless
weaker than male gradients (Schulte-Hostedde et al. 2004;
Munroe and Koprowski 2011; see also Mills et al. 2007).
The vast majority of the studies in which female Bateman
gradient equalled male gradient were conducted on promiscu-
ous species with sex-role reversal, in which strong sexual
selection on females is expected given that males invest rela-
tively more into reproduction and become the limiting factor
for which females must compete. For example, female Bate-
man gradients were equal or greater to male gradients in sea
spider (Pycnogonum stearnsi; Barreto and Avise 2010) and
pipefish (Syngnathus typhle; Jones et al. 2000). Together,
these studies suggest that sex-specific differences in Bateman
gradients can be quite variable within a single type of mating
system, in this case promiscuity (see also Levitan 2008).

Our system provides an excellent model to test the
expectations of Arnold and Duvall (1994) on sexual selec-
tion and promiscuity in the wild: Eastern chipmunks are not
sexually dimorphic, multimate mating is extremely common
and OSRs were unbiased over the course of our study. Also,
we report here that variances in MS and RS were not
statistically different between the sexes. Based on the eco-
nomics of sperm and egg production (anisogamy), Bateman
(1948) predicted that males should be under stronger sexual
selection pressures than females, even in a promiscuous
mating system (Knight 2002). However, such consideration
may be underestimating the effort required by males to
fertilize eggs, which goes beyond the production of sperm
and can also include the energy required to overcome intra-
specific competition. In many systems, males may thus be
limited in their fertilization capacity (e.g., due to exhaustion
or sperm depletion, Preston et al. 2001; Levitan 2005),
forcing females to actively seek multiple mates. In mam-
mals, promiscuity has been identified in more than 130
species and benefits of multimale mating can affect litter
size by ensuring, for instance, fertilization or improve off-
spring viability (e.g., good or compatible genes, infanticide
avoidance; reviewed in Wolff and Macdonald 2004). In
Eastern chipmunks, females are in oestrus asynchronously
for about 1 day over a period of 3 weeks during which males
are actively searching for them. It is rather common to see
eight to ten males scrambling on a female territory and this
fierce competition may limit the number of females a male
can fertilize. Preliminary results from our study system
suggest that habitat use by males is 1.5 to three times greater
than habitat use by females outside and during the mating
periods, respectively, and that males cover an area of
6,500 m2 on average during mating, which represents about
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Fig. 1 a Relationship between mating success (MS) and reproductive
success (RS) in Eastern chipmunks. The lines (black males, gray
females) represent Bateman gradients. b Relationship between MSi
and adjusted RSi (RSi−MSi) in males and females. The line is the
predicted values from the generalized linear model that includes the
two sexes. In both graphs, the points represent the actual data and the
black and gray circles are from males and females, respectively. Circle
size is representative of sample size at each point (largest circle, n0101;
smallest circles, n01)
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3 % of the grid (Montiglio et al., unpublished data). Al-
though infanticide has not been observed in our study sys-
tem, or formerly documented in chipmunks, we previously
showed that multimale mating by female chipmunks re-
duced inbreeding within their litters, suggesting that females
may benefit from actively seeking several mates (Bergeron
et al. 2011). Therefore, limited reproductive success in
males combined with benefits of multimale mating for
females in this species may have provided the ideal context
to observe equal sex-specific Bateman gradients.

Interestingly, the levels of I and Is found in our system
reached those usually reported for males of sexually dimorphic
species (Vanpé et al. 2008), and thus suggest that both sexes
have the opportunity to be strongly selected to increase their
MS. Females had I and Is of 2.27 and 2.05, respectively, which
is much higher than values previously reported for females of
other promiscuous species where all I and Is were lower than 1
(e.g., Jones et al. 2002; Schulte-Hostedde et al. 2004; Jones
2009; Barreto and Avise 2010; Munroe and Koprowski 2011).
Also, although males in our system had I and Is 24 % higher
than females, this is less than the differences reported among
sexes in other promiscuous systems. For instance, Munroe and
Koprowski (2011) showed recently that Is was 60% higher for
males than females in round-tailed ground squirrels. A possible
reason for such high values of I and Is documented in females
is the fact that we were able to detect females that did not
reproduce over the course of our study and include them in our
analyses. Including nonreproductive sexually mature individ-
uals almost inevitably results in reduced mean RS and MS,
which in turn increases their variances and therefore increase I
and Is (Shuster 2009). For example in our study system,
including the number of juveniles produced by all adult

females considerably reduced mean litter size (X rs without

0 s02.45, X rs with 0 s00.97). A close monitoring of popula-
tions is thus advised to accurately assess levels of I and Is in the
wild (e.g., I and Is without 0 s are 0.28 and 0.20, respectively).

Given that we were using a fixed grid, there is always the
possibility of having edge effects where some males could
be reproducing with females outside of the grid. However,
we have no reasons to believe that such effect could com-
pletely explain the 10–15 % of juveniles with no paternity
assignment. The lack of assignment in these cases could
equally results from the perhaps relatively low power of the
microsatellite loci used to differentiate highly related males
on the grid and also, as usual in such studies, from either
genotyping and/or sample handling errors. In any cases, it is
difficult to predict in which specific way these unassigned
juveniles might impact our estimates of sexual selection
metrics and we have very little reasons to believe that it
would be biased toward one sex or the other (given the
relatively uniform distribution of males and females on the
grid).

Mammals generally produce relatively small brood com-
pared to oviparous species such as fishes, insects, and

amphibians. We thus advocate cautiousness when one uses
genetic assignment methods to determine reproductive and
mating success as Bateman gradients may in part be con-
strained to be positive in such cases (Anthes et al. 2010). For
a given increase in MS, oviparous species can generally
increase their RS by several orders of magnitude compared
to mammals, which may increase the probability of observ-
ing variable, even negative, Bateman gradients. Although
standardized Bateman gradients are useful for comparison
across studies, we believe that controlling for potential
collinear effects between genetic reproductive success and
mating success (Fig. 1b) may provide additional insights in
the understanding of fitness benefits of multimate mating.
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