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1Département d’Ecologie, Physiologie et Ethologie, IPHC, UMR 7178 CNRS, 23 rue Becquerel,

67087 Strasbourg Cedex 02, France
2Centre d’Ecologie Fonctionnelle et Evolutive, Groupe d’Ecologie Comportementale, UMR 5175 CNRS,

1919 Route de Mende, 34293 Montpellier Cedex 05, France
3Department of Biological Sciences, Auburn University, 311 Funchess Hall, Auburn, AL 36849, USA

4Department of Biological Sciences, University of Alberta, Edmonton, Alberta T6G 2E9, Canada

Since W. D. Hamilton’s seminal work on the evolution of sociality, a large body of research has accumu-

lated on how kin selection might explain the evolution of cooperation in many group-living species. Our

study examined the evolutionary basis of philopatry and cooperation; specifically, whether individuals

benefit from the presence of close kin. We applied an individual fitness approach to a 16-year study of

Columbian ground squirrels (Urocitellus columbianus) to investigate potential causal paths by which the

presence of kin might act on individual fitness. Our results indicate that individual fitness benefits resulted

from associations of philopatric female kin, and support the hypothesis that increased tolerance of

proximity of kin is a proximate mechanism for these benefits. The major life-history influence of kin

on individual fitness was through improved reproductive success, and this benefit may have been

owing to philopatric settlement of kin that were recognized through familiarization in the natal burrow.

Thus, we demonstrated an evolutionary basis necessary for ongoing kin-selected cooperation in Colum-

bian ground squirrels, though the mechanism of familiarity may determine which kin individuals benefit

from cooperative behaviours.

Keywords: individual fitness; philopatry; kin recognition; kin selection;

path analysis; Urocitellus columbianus
1. INTRODUCTION
Since W. D. Hamilton’s early discussion of the genetic

evolution of social behaviour (Hamilton 1964), many

advances have been made in our understanding of how

kin selection might promote the evolution of cooperation

and sociality (West-Eberhard 1975; Wilson 1975;

Oli 2003; Bshary & Bergmüller 2008). Kin selection is

likely to operate whenever the benefits of helping a rela-

tive reproduce overcome any fitness costs of the helping

behaviour (Komdeur 1992; Komdeur et al. 1995; Oli

2003). For kin selection to favour cooperation,

individuals with kin present should have enhanced

fitness compared to individuals without kin. This expec-

tation has seldom been tested with an appropriate

fitness measure, though many studies have examined

nepotism associated with just a few fitness traits (e.g.

MacColl et al. 2000; Pope 2000; reviewed in primates,

Silk 2007).

The individual fitness approach (McGraw & Caswell

1996; Oli 2003; Oli & Armitage 2008) should provide

an alternative for testing whether kin presence is ben-

eficial to fitness. Individual fitness can be estimated for

animals that live together and have different degrees of
r for correspondence (vincent.viblanc@c-strasbourg.fr).
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kinship. An association of presence of kin and greater

individual fitness would show that philopatry is adaptive,

and that heritable behaviours associated with kinship

might evolve through kin selection. While indirect, this

expectation provides a test of whether kin selection

could favour helping or cooperation within a population.

We investigated philopatric maternal kin in a local

population of Columbian ground squirrels (Urocitellus

columbianus). These ground squirrels are hibernating

rodents with a short active season of three to four

months (Dobson et al. 1992). They are relatively long

lived (up to about 10 years old), and generation overlap

(both spatial and temporal) allows for the presence of

matrilineal kin and the occurrence of nepotistic beha-

viours (King & Murie 1985; King 1989a). Female

philopatry produces kin associations that may result in

both competition and cooperation among relatives

(Dobson et al. 1997; Dobson 1998; for a review,

Lawson Handley & Perrin 2007). Females exhibit

territoriality (Murie & Harris 1978, 1988) and kin-

differential behaviours, namely reduced aggressiveness

and increased tolerance of close maternal kin (King

1989b). Such observations raise the question of whether

fitness benefits are associated with cohabitation with kin.

We performed a detailed analysis of causal influences

by which the presence of kin might increase individual
This journal is q 2009 The Royal Society
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fitness. First, we examined whether preference was given

to territorial establishment around close kin (i.e. litter-

mates and their mother) by recording and comparing

distances between natal nest burrows for neighbouring

females that were or were not closely related. We then

examined variance in individual fitness of females, and

compared this with the average number of kin present

for each female over her lifespan. Further, we investigated

whether fitness differences were observable for sisters

(including full and half sisters) that were either littermates

or non-littermates, as the recognition mechanism of close

relatives might constrain kin-differential behaviour (King

1989a). If individual fitness were enhanced by kin selec-

tion but constrained by social learning in the natal nest,

we would expect only the presence of kin from the same

natal nest to positively affect direct fitness.
2. MATERIAL AND METHODS
(a) Study population and data collection

Ground squirrels were followed from 1992 to 2007 at the

Sheep River Wildlife Sanctuary, Alberta, Canada (1108W,

508 N and elevation 1500 m). Animals were live-trapped

each year within a couple of days of emergence from hiber-

nation using National Live Traps (Tomahawk Co., WI,

USA; 13 � 13 � 40 cm3) baited with peanut butter. Each

ground squirrel was marked with ear tags (Monel no. 1

National Band & Tag Co.) and was weighed to the nearest

5 g using a Pesola spring-slide balance. Zygomatic arch

breadth (ZAB), an index of structural size, was measured

to the nearest 0.1 mm by placing callipers over the animals’

heads and clasping both sides of the zygomatic arch

(described by Dobson et al. 1999). Complete litters were

caught and marked when the young emerged from nest bur-

rows near the time of weaning and mothers were thus

associated with a single litter in each year.

(b) Inter-nest burrow distances

We considered as neighbours all reproductive females that

established their natal nest burrow less than 30 m (roughly

a home range diameter; Elliott & Flinders 1991) away from

one another. Location of the nest sites were mapped using

a Cartesian grid of flagged wires placed over the colony

(cell size ¼ 10 � 10 m), and nest burrows were determined

either by live-trapping newly emerging juveniles at those

specific sites, or by observing a lactating female there at

morning emergence. We subsequently compared inter-

burrow distances between focal individuals and close kin

neighbours (littermate sisters and mothers), and between

focal individuals and less-related individuals.

(c) Fitness estimates

Since a mother was associated with a single litter in each year,

we were able to establish maternal and sibling (maternal

component) relatedness for all females born since 1992.

Reproductive data were complete and allowed us to estimate

fitness indices for females. In order to integrate reproductive

success and survival into a single measure of fitness, we

established individual transition matrices (McGraw &

Caswell 1996) for each of the 70 females of our study with

complete life-time data. Transition matrices can be con-

sidered age-structured population projection matrices,

applied to one individual. They are used to calculate the

population growth rate of an individual (a genotype). An
Proc. R. Soc. B (2010)
example of one such matrix follows:

AðA958Þ ¼

0 1:5 1:5 1:5
1 0 0 0

0 1 0 0

0 0 1 0

0
BB@

1
CCA

For each individual, the top row of the matrix represents

reproductive success during each year of survival (reproduc-

tive success is 0.5 times the number of offspring weaned,

since only half of the genome is passed on to future gener-

ations). Survival is reported in the matrix sub-diagonal and

is binary (1, if the animal lives until the next year; 0, if

not). The size of the matrix depends on the lifespan of the

female (range¼ 2–10 years, average¼ 4.87 years). Thus,

from age-specific fecundities and age-specific survival, the

matrix allows the calculation of eigenvalues. The dominant

eigenvalue is a population growth rate based on the individual,

a measure of individual fitness. In the above case, this female

(A958) lived for a total of 4 years, during which she weaned a

total of (0 � 2) þ (1.5 � 2) þ (1.5 � 2) þ (1.5 � 2) ¼ 9 pups.

Calculation yielded an eigenvalue (the individual fitness) of

l ¼ 1.7025.

Eigenvalues thus represent an individual’s propensity to

survive and reproduce within a given community. However,

individual fitness might be related to changes in population

density, because some females have lifespans in increasing

years, whereas others might have lifespans in decreasing

years. For example, a mother with an individual fitness of

1 would be below mean fitness in years of population increase,

but her fitness would be above average in years of population

decline. We thus entered finite population growth rates into a

matrix that yielded a relative index of population fitness that

took into account annual population growth rates during

different years of the female’s lifetime. The regression of

adult females’ individual fitnesses on this relative population

index was highly significant (r2 ¼ 0.33, F ¼ 33.387, d.f. ¼ 1,

p , 0.001, n ¼ 70), and we used the residuals as individual fit-

ness estimates adjusted for changes in population size.

Analyses of fitness with and without this adjustment yielded

very similar results and identical conclusions, but we present

individual fitness adjusted for changes in population size

because they should be better estimates.
(d) Path analyses: the influence of kinship on female’s

direct component of fitness

We used standardized partial regression analysis (viz. path

analysis; Li 1981) to evaluate variables that might explain

variance in individual fitness for our 70 females. Because

they are influential in the life-history matrix, we examined

influences of female lifespan (i.e. longevity; mean ¼ 4.87,

s.d. ¼ 3.11), age at maturity (mean ¼ 2.3, s.d. ¼ 0.77)

and offspring production (i.e. mean litter size weaned;

mean ¼ 1.55, s.d. ¼ 0.68) in order to partition their contri-

bution to the individual fitness measure. This subsequently

allowed us to estimate indirect effects in the path model. In

turn, these life-history traits might be influenced by maternal

structural size (i.e. ZAB; mean ¼ 33.69, s.d. ¼ 0.97),

maternal body condition at spring emergence (estimated by

the regression residuals of body mass on ZAB; Dobson

1992; Schulte-Hostedde et al. 2005; mean ¼ 0.01, s.d. ¼ 1)

and the Julian date of spring emergence (i.e. the first

time the animal was seen above ground; mean ¼ 116.13,

s.d. ¼ 7.96; Dobson et al. 1999; Broussard et al. 2005).

http://rspb.royalsocietypublishing.org/
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Figure 1. The distance between natal nest locations for adult females that were natal kin and reproduced concurrently on the

study area. A histogram of the frequency distribution and a density function (viz. a kernel density plot) are shown.
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For each of our 70 females, the number of kin present in

the colony during the breeding season each year was averaged

over her lifespan (mean ¼ 2.28, s.d. ¼ 1.51, range ¼ 0–5.60)

and was included as an independent variable in the model.

This allowed us to investigate the indirect influences of kin-

ship on individual fitness through offspring production, age

at maturity and lifespan.

Data were tested for normality and transformed wherever

necessary using rank transformation procedures from SPSS.

Age at maturity was neither normally distributed nor greatly

improved by transformation (skew ¼ 20.02, kurtosis ¼ 2.66),

but we included this variable because of its known influence

on l (Oli & Dobson 2003). Analyses without this variable

revealed very similar patterns to those reported below. Data

were standardized, which is necessary when analysing

variables measured on different scales (such as mass,

number of individuals, frequency and fitness value).

Independent variables were checked for collinearity using

variance inflation factors (VIFs) and collinearity diagnostic

procedures from SPSS.

Additionally, we considered the issue of kin discrimination.

Kin-biased behaviour in Columbian ground squirrels might be

based on social learning of individual identities (King 1989a;

Hare & Murie 1996). We conducted a multiple regression

allowing us to test our assumption that only natal kin should

positively affect a female’s direct fitness. For our 70 females,

we examined the average number of individuals present in

the colony over their lifespan in three categories: (i) natal

kin (including a mixture of full and half sibs owing to

multiple paternity; Murie 1995; mean¼ 1.22, s.d. ¼ 0.69,

range¼ 0–2.75); (ii) non-natal kin (i.e. non-littermate

sisters, which may also contain full and half sibs; mean ¼ 1.05,

s.d. ¼ 1.12, range ¼ 0–3.67); (iii) distantly related and vir-

tually non-kin individuals (mean ¼ 48.80, s.d. ¼ 19.45,

range ¼ 0–72.50). All analyses were performed using SPSS

v.16.0 and R v.2.6.1 statistical software, and one-tailed

tests based on a priori predictions carried out at a � 0.05.
Proc. R. Soc. B (2010)
3. RESULTS
(a) Inter-burrow distances

Inter-burrow distance was significantly less between lactat-

ing mothers that shared common natal environments as

pups (viz. littermates and their mother) than between

more distantly or unrelated individuals (Wilcoxon’s

signed-rank test; W ¼ 10 131, p , 0.0001, n ¼ 117). For

focal adult females, female natal kin neighbours averaged

25 per cent closer than non-natal kin neighbours

(means+ s.e. ¼ 15.06+0.05 m versus 20.09+0.04 m).

On average for a given female and a given year, 0.49+
0.002 natal kin versus 2.9+0.008 non-natal kin or vir-

tually unrelated individuals were located within 30 m of

the nest burrow (means+ s.e.). When considering the

spatial distribution of kin females over all the years and

over the whole meadow, we found that, on average,

and for each female having at least one kin present

(n ¼ 171), 72 per cent of their natal kin were established

within their immediate surroundings (viz. within the

30 m home range of the focal females; figure 1).
(b) Potential causal influences of kinship on

female fitness

A path model was used to identify variables that contrib-

uted to variation among females in individual fitness

(figure 2; r2 ¼ 0.61, F ¼ 34.74, d.f. ¼ 3, p , 0.0001,

n ¼ 70). The standardized partial regression coefficient

(viz. path coefficient) for the influence of offspring pro-

duction (i.e. litter size weaned) was high and significant

(b ¼ 0.79, t ¼ 8.97, p , 0.0001), but age at maturity

and mother’s lifespan did not have significant influences

on individual fitness (respectively, b ¼ 20.08,

t ¼ 20.98, p ¼ 0.33; b ¼ 20.21, t ¼ 22.65, p . 0.95).

Note that the path coefficient for mother’s lifespan was

negative, contrary to prediction, supporting the null

hypothesis of no positive influence. Although offspring

http://rspb.royalsocietypublishing.org/
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numbers were significantly correlated with maternal life-

span and age at maturity, condition indices and VIFs

did not indicate a significant bias owing to collinearity.

VIFs were between 1.12 and 1.31 (suggested cut-off

about 10; Myers 1990), and condition indices were

between 1.25 and 1.71 (suggested cut-off about 30;

Belsley et al. 1980).

Multiple regressions of offspring production or age at

maturity on maternal spring body condition, structural

size and timing of spring emergence were not significant

and did not explain substantial amounts of the variation

(figure 2; r2 ¼ 0.08, F ¼ 2.06, d.f. ¼ 3, p ¼ 0.11, n ¼ 70

and r2 ¼ 0.016, F ¼ 0.37, d.f. ¼ 3, p ¼ 0.77, n ¼ 70,

respectively; 1.01 , VIFs , 1.10). However, the multiple

regression explained significant variation in mother’s life-

span (r2 ¼ 0.38, F ¼ 13.55, d.f. ¼ 3, p , 0.0001, n ¼ 70).

Mother’s body condition and structural size had a notice-

able effect on female lifespan (respectively, b ¼ 0.39,

t ¼ 3.86, p , 0.0001; b ¼ 0.42, t ¼ 4.31, p , 0.0001),

but the effect of timing of spring emergence was not

significant (b ¼ 20.17, t ¼ 21.69, p ¼ 0.09).

Mean number of kin was significantly associated with

mean litter size at weaning (r ¼ 0.29, p ¼ 0.01, n ¼ 70).

An indirect influence of kin on individual fitness through

the influence of offspring production on fitness was sig-

nificant (figure 2; pathindirect ¼ 0.23; indirect paths are

generally considered significant when both direct paths

are significant; Cohen & Cohen 1983).

(c) Natal kin, non-natal kin and individual fitness

Multiple regression of individual fitness on numbers of

individuals present per year (averaged over lifetime) for

three categories of individuals (natal kin, non-natal kin
Proc. R. Soc. B (2010)
and distant or non-kin) was significant (r2 ¼ 0.15,

F ¼ 3.84, d.f. ¼ 3, p , 0.05, n¼ 70, 1.04 , VIFs , 1.18).

Consistent with our prediction, natal kin had a positive

effect on female fitness (b¼ 0.37, t ¼ 3, p , 0.01, n ¼ 70),

whereas the two other classes of individuals explained

little of the variation observed in individual female fitness

(b¼ 0.011, t ¼ 0.093, p ¼ 0.92, n¼ 70 for non-natal kin;

b¼ 20.18, t¼ 21.56, p¼ 0.12, n ¼ 70 for non-kin).

Although the effect is not significant, the negative path

coefficient (20.18) for non-kin suggests a negative

effect of this class on individual fitness.
4. DISCUSSION
The Hamiltonian theory of kin selection has received con-

siderable support over the past 30 years in taxa as diverse

as insects (West-Eberhard 2005), spiders (Anthony

2003), birds (Komdeur 1992; Komdeur et al. 1995;

MacColl et al. 2000) and mammals (Holekamp &

Smale 1991; Armitage & Schwartz 2000). However, to

our knowledge, few studies have investigated the

effect that kin have on the fitness of close relatives

(see Armitage & Schwartz 2000; MacColl et al. 2000).

We report evidence of direct fitness benefits associated

with matriline establishment via kin selection for female

Columbian ground squirrels.

Estimating individual fitness can be achieved by con-

structing individual transition matrices that reflect

reproduction and survival (McGraw & Caswell 1996).

However, when considering life-history data and compar-

ing fitness estimates, special attention should be given to

individual fitness relative to other individuals in the popu-

lation. Comparisons could be biased, for instance, if some

http://rspb.royalsocietypublishing.org/
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individuals reproduce primarily in years with increasing

population densities, when average individual fitness is

high, whereas others reproduce mainly in years with

decreasing population densities. We thus adjusted indi-

vidual fitness by taking changes in population size into

account. In Columbian ground squirrels, population den-

sity is likely to vary over the years, as environmental

conditions, such as food availability, vary (Dobson &

Kjelgaard 1985; Dobson 1995; Dobson & Oli 2001).

Offspring production had the strongest effect in explain-

ing differences observed in individual fitness and was by far

the most important demographic factor contributing to

individual fitness among the elements of the matrix popu-

lation model (figure 2). In addition, mothers’ traits such as

body size (structural) and body condition had strong influ-

ences only on longevity among the demographic variables,

and they appeared to have little or no indirect influence on

individual fitness. Our analyses provide support for indi-

vidual fitness benefits from the presence of natal kin in

Columbian ground squirrels. Females with more close

kin around them exhibit higher direct fitness values than

females with fewer kin present. The presence of kin acts

positively on fitness through a direct effect on mean litter

size at weaning (b ¼ 0.29). Kinship did not have a strong

influence on age at maturity or lifespan through direct or

indirect effects.

Our analysis of natal inter-burrow distances of natal

kin versus more distant kin and unrelated individuals sup-

ported a role for shared space and decreased aggression

between natal kin. Davis (1984) reported that female

Richardson’s ground squirrels (Spermophilus richardsonii )

were less likely to be chased away from a resident female’s

core area if they were closely related to the resident. In

Columbian ground squirrels, most natal kin individuals

established themselves close to one another (figure 1),

in spite of the fact that non-natal kin and unrelated indi-

viduals outnumber natal kin as neighbours by six to one.

This finding supports previous results of kin spatial over-

lap and inheritance of territories in Columbian ground

squirrels (Harris & Murie 1984; King 1989b), and ensu-

ing benefits might be seen in the form of increased energy

for reproduction (Davis 1984; King 1989a). Moreover,

protection of young against infanticide might be an

additional benefit of close cohabitation of natal kin. We

found that although natal kin showed strong preference

for clustering, resident females still had substantial

amounts of non-natal kin and virtually unrelated

individuals around their nest burrows. Perpetrators of

infanticide are usually other lactating females near the

time of the first emergence of juveniles above ground

from natal burrows (Dobson 1990). Over a 2-year

study, conspecifics were observed to kill 16 out of 209

(8%) newly emerged juveniles from 9 out of 72 (13%)

litters; only two of the victims in the study were

closely related to the perpetrator (i.e. relatedness

coefficient r � 0.25; Stevens 1998).

Comprehensive reviews on rodent sociality (Solomon

2003; Hare & Murie 2007) emphasize the role of philopa-

try in social evolution. Benefits for females of remaining

philopatric include inheritance of territories, monitoring

of nearby territories, mating with unrelated group mem-

bers and increased direct fitness benefits (Davis 1984;

Armitage & Schwartz 2000). Life-history advantages

such as increased developmental rate or survival might
Proc. R. Soc. B (2010)
also favour philopatric establishment. After philopatry,

which brings kin into association, kin selection provides

a basis for the evolution of cooperation and sociality.

Whereas some studies have demonstrated indirect fitness

benefits (Sherman 1977; McLean 1982) or greater toler-

ance (Michener 1973; Davis 1984; King 1989b; Hare

2004) resulting from kin-selected nepotism, others have

called into question the extent to which kin selection

might explain the evolution of ground squirrel sociality

(Armitage 1987). Our study reports direct fitness benefits

occurring from matriline establishment in Columbian

ground squirrels, supporting kin selection as promoting

the evolution of sociality. In our case, rather than measure

kin selection directly, we demonstrated the fitness

differences necessary for evolution via kin selection.

Our study supported King’s (1989a) suggestion that

recognition mechanisms constrain the degree of kinship

over which direct fitness benefits occur because of the

presence of kin. Cooperation among kin and the evolution

of sociality in Columbian ground squirrels seem to favour

only natal littermate kin because of this important

constraint.
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