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Abstract

Individuals are generally predicted to avoid inbreeding because of detrimental fitness
effects. However, several recent studies have shown that limited inbreeding is tolerated
by some vertebrate species. Here, we examine the costs and benefits of inbreeding in a
largely polygynous rodent, the yellow-bellied marmot (Marmota flaviventris). We use a
pedigree constructed from 8 years of genetic data to determine the relatedness of all
marmots in our study population and examine offspring survival, annual male
reproductive success, relatedness between breeding pairs and the effects of group
composition on likelihood of male reproduction to assess inbreeding in this species. We
found decreased survival in inbred offspring, but equal net reproductive success among
males that inbred and those that avoided it. Relatedness between breeding pairs was
greater than that expected by chance, indicating that marmots do not appear to avoid
breeding with relatives. Further, male marmots do not avoid inbreeding: males mate with
equal frequency in groups composed of both related and unrelated females and in
groups composed of only female relatives. Our results demonstrate that inbreeding can
be tolerated in a polygynous species if the reproductive costs of inbreeding are low and
individuals that mate indiscriminately do not suffer decreased reproductive success.
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2007; Szulkin et al. 2009; Rioux-Paquette et al. 2010),

Introduction and others may even seek inbred pairings (Schjerring &

The extent to which an individual should inbreed
depends on the costs of inbreeding relative to the costs
of inbreeding avoidance (Waser et al. 1986; Kokko &
Ots 2006). In a majority of studies, inbreeding has been
shown to be prohibitively costly and thus avoided
(Charlesworth & Charlesworth 1987; Pusey & Wolf
1996; Coltman et al. 1998; Keller & Waller 2002). Costs
of inbreeding include lowered offspring birth weight
(Coltman ef al. 1998), decreased resistance to parasites
(Acevedo-Whitehouse et al. 2003) and decreased repro-
ductive success when offspring reach adulthood (Slate
et al. 2000). Despite the costs, however, some species do
not appear to discriminate against inbreeding (Bateson
1982; Part 1996; Keller & Arcese 1998; Hansson et al.
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Jager 2007; Thiinken ef al. 2007).

Inbreeding may be tolerated when some costs are low,
such as a lack of deleterious fitness consequences with
respect to offspring production or survival, as has been
demonstrated in North American red squirrels (Tamiasci-
urus hudsonicus; Lane et al. 2007) and dwarf mongooses
(Helogale parvula; Keane et al. 1996). Additionally, the
inclusive fitness benefits gained in an inbred pairing are
predicted to offset the costs of inbreeding in certain cir-
cumstances (Kokko & Ots 2006). For instance, an indi-
vidual that accepts an inbred pairing receives benefits
through direct fitness in the form of offspring, as well as
indirect fitness from increasing the reproductive success
of a relative (Kokko & Ots 2006). High costs of avoidance
may also lead to inbreeding tolerance. Individuals that
reject all inbred pairings may be forced to delay or
forego reproduction entirely if no unrelated mates are
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available, especially in small or isolated populations (Pu-
sey & Wolf 1996; Lehmann & Perrin 2003). High dis-
persal costs, either through increased mortality or
decreased reproductive opportunities, may also favour
inbreeding (Bengtsson 1978; Waser et al. 1986).

The prevention of excessive outbreeding, in which
unrelated individuals from different populations repro-
duce, can also benefit individuals who inbreed. Out-
breeding may cause locally adapted gene complexes,
which can make an organism more suited to its imme-
diate environment, to be disrupted (Lynch 1991). A fur-
ther possible cost of outbreeding may be found in the
representation of parental genes in the next generation,
such that individuals that breed with relatives will con-
tribute a comparatively greater amount of their own
genes to the next generation than individuals that out-
breed (Bateson 1983). Several studies have postulated a
level of optimal inbreeding, in which individuals avoid
outbreeding or close inbreeding, and prefer to mate
with partners of intermediate relatedness (Bateson 1982;
Hoogland 1992; Peacock & Smith 1997).

The costs and benefits of inbreeding are difficult to
demonstrate in natural mammalian populations due to
the difficulty of obtaining accurate pedigree information
on wild populations. Many studies on inbreeding in the
wild rely solely on measures of genetic heterozygosity
as a proxy for inbreeding coefficients (Coltman et al.
1999; Amos et al. 2001). Several studies, however, have
shown that the correlation between heterozygosity and
inbreeding as determined by pedigrees is usually weak
(Coltman & Slate 2003; Pemberton 2004; Slate et al.
2004). Pedigrees constructed from measures of related-
ness obtained from microsatellite analysis are therefore
generally more reliable (e.g. vonHoldt et al. 2008). Here,
we use pedigree reconstruction supplemented with
genetic pairwise relatedness estimates to examine the
costs and benefits of male inbreeding in a wild popula-
tion of yellow-bellied marmots in which inbreeding
appears to be widespread.

Yellow-bellied marmots are semi-social rodents and
live in geographically stable groups that vary in size
from a male/female pair to several males and many
females, as well as yearlings and juveniles (Allaine 2000;
Olson & Blumstein 2010). Approximately 95% of male
marmots and 50% of females disperse at 1 or 2 years of
age (Armitage & Downhower 1974; Armitage & Sch-
wartz 2000). Marmots of both sexes are capable of repro-
duction in their second year; however, fewer 2-year olds
than expected mate successfully, possibly due to repro-
ductive suppression (Armitage 2003). Marmots do not
show evidence of paternal care; thus, males should have
a greater tolerance for inbred pairings than females
because of fewer lost reproductive opportunities when
inbreeding (Kokko & Ots 2006). Previous research on
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this population of marmots, based solely on behavioural
observations, has suggested both males and females
achieve greater reproductive success when choosing to
inbreed than forgoing reproduction (Armitage 2004).

Here, we investigate the costs and benefits that mar-
mots accrue through breeding with relatives. We deter-
mine the reproductive costs of inbreeding to marmots
through variation in offspring survival after weaning.
We examine the relatedness of breeding pairs with
respect to random expectations to determine whether
marmots avoid mating with relatives. We then quantify
the reproductive benefits accrued by inbreeding males
using genetic parentage data and assess the likelihood
of reproduction for males in social groups of varying
relatedness to determine whether males forego repro-
duction to avoid inbreeding.

Methods

Pedigree construction

Our study site was located at the Rocky Mountain Bio-
logical Laboratory in Gothic, Colorado, USA (38°57'N,
106°59'W). We collected hair and blood samples from
marmots for DNA analysis from 2001 to 2008. DNA
was extracted from hair using Qiagen™ DNA minikits
following the protocol included in the kit (Qiagen Inc.,
Valencia, CA). We used 12 microsatellite primers devel-
oped for use in other sciurid species (May et al. 1997;
Stevens et al. 1997, Goossens et al. 1998; Hanslik &
Kruckenhauser 2000; da Silva et al. 2003; Kyle et al.
2004), multiplexed to include two primers per reaction.
Multiplexed primers and DNA were amplified using
polymerase chain reaction on a Peltier thermal cycler
(M] Research PTC-200) and genotyped on an ABI 3730
DNA capillary sequencer (Applied Biosystems). Alleles
were analyzed using GENEMAPPER 3.0 software (Applied
Biosystems). We found no significant deviations from
Hardy-Weinberg equilibrium, and only a small percent-
age of geographic social groups displayed linkage dis-
equilibrium (average 7% of locus pairs in a given year,
range 2-13%), most likely due to population structure.
We genotyped a total of 997 individuals in 14 distinct
geographic social groups, 819 of which were juveniles
during the study period and for which both parents
were identified. Average allelic diversity ranged from 9
to 22 alleles per locus (mean =12.9), and average
observed heterozygosity was 0.783 (range: 0.711-0.878).
The combined non-exclusion probability, which repre-
sents the probability of two individuals sharing the same
genotype by chance, was 1.15 x 107'® (Kalinowski et al.
2007). We used the program Cervus 3.0 (Kalinowski
et al. 2007) to assign parentage, which was then used to
construct the pedigree. Cervus considers all possible
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mother/father pairs for a given offspring and calculates
a likelihood score for each trio. Parentage is then
assigned at a given confidence level by comparing this
likelihood score to a critical value generated by simula-
tion. We analyzed each year separately to generate accu-
rate simulations of allelic diversity. Potential mothers
were selected based on geographic social group resi-
dence and an index of nipple size (a measurement which
reflects pregnancy and nursing). Candidate fathers were
considered based on group residence. In addition,
because male marmots are more likely to move among
groups (Armitage 1974), fathers were divided into two
distinct geographic groups, ‘down valley’ and ‘up val-
ley’, separated by approximately 5 km, which represents
a natural break in the marmot population. All offspring
from each geographic group were given the same list of
potential fathers. The majority of parent assignments
were made at the 95% confidence level; five offspring
were assigned parentage with 80% confidence. For 17
offspring, genetic samples were not available and par-
entage was assigned based solely on behavioural obser-
vations. Further details on pedigree construction are
reported in Blumstein et al. (2010).

The final reconstructed pedigree consisted of 149
reproductive pairs and their 819 offspring (1-29 off-
spring per pair), with a maximum depth of five genera-
tions and an average depth of three generations per
offspring. When individuals of unknown origin immi-
grated into a social group, their relatedness to others
was assessed using pairwise relatedness calculated by
KinGroup 2.0, a program that uses methods developed
by Queller & Goodnight (1989) to calculate the level of
genetic similarity between two individuals (Konovalov
et al. 2004). To verify that the relatedness values gener-
ated by KiNGrour were comparable to those produced
by the pedigree, we calculated the relatedness coefficient
(using Kincroup) for individuals whose relationships
were known from the pedigree and compared these val-
ues for 100 randomly chosen pairs of parent/offspring,
full sibling and half-sibling dyads. Relatedness values
generated with this method for parent/offspring pairs
averaged 0.48 (SD = 0.13), full siblings averaged 0.48
(SD = 0.16) and half-siblings averaged 0.29 (SD = 0.19).

To determine the overall level of inbreeding that
occurred in the population, we counted each offspring
for which the required relatives to determine both close
and moderate inbreeding events were known, as
described in Marshall ef al. (2002). Close inbreeding
(inbreeding coefficient f=0.25) includes parent/off-
spring and full sibling pairs, while moderate inbreeding
events (f = 0.125) are those between grandparent/grand-
child, aunt/nephew, uncle/niece and half-siblings. We
then counted the number of actual pairings observed for
each type of inbreeding event and from this calculated

their frequency of occurrence. To control for immigra-
tion of unknown individuals into the study area, we
used the equation provided by Marshall et al. (2002),
which discounts the rates of each type of inbreeding
event by the proportion of unknown reproductive males
in the population. To compute frequencies of total, close
and moderate inbreeding, we again used an equation
provided by Marshall et al. (2002), which assumes that
rates of inbreeding are independent of each other.

Offspring survival

To determine whether costs associated with inbreeding
depression were likely to influence an individual’s deci-
sion to inbreed, we examined the lifetime survival after
weaning of inbred and outbred individuals. Survival
prior to weaning could not be determined because juve-
nile marmots do not leave the natal burrow until
weaned (Frase & Hoffmann 1980). Marmots disperse
during June or July at 1 or 2 years of age (Van Vuren
1990). We began live-trapping by mid to late May in all
years; thus, we were able to census the yearly survival
of 1- or 2-year olds prior to dispersal. Because the fate
of dispersing individuals was not followed, we examine
local survival, i.e., the probability of staying in the
group and surviving. We used observation and live-
trapping data (methods detailed in Armitage & Johns
(1982) and Olson & Blumstein (2010)) from field work
performed in May-August 2001-2002, April-August
2003 and April-September 2004-2008.

We used a proportional odds discrete-time survival
model because marmot survival was censused once per
year (Allison 1982) when the animal was first live-
trapped. Discrete-time survival analysis splits each indi-
vidual by the number of time periods the individual
was present in the analysis, with the dependent vari-
able a binary indicator of whether or not the subject
died during the study. We used a logistic regression
and included seven dummy variables indicating
whether or not an individual had died in a given time
period (no individuals occurred in the data set for more
than 7 years). We clustered the analysis on the individ-
ual, which adjusts the estimates of standard errors to
account for non-independence between individuals. We
performed univariate analyses to test the significance of
possible covariates before including them in the multi-
variate model; possible covariates included inbreeding
coefficient, colony, sex and year of birth. Statistical anal-
ysis for this and all other analyses were performed
using Stata 10 (StataCorp 2007). Tests were deemed
significant when P < 0.05.

To further quantify the effects of inbreeding on sur-
vival, we calculated the number of lethal gene equiva-
lents in the genome resulting from inbreeding. Lethal
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equivalents estimate the number of recessive alleles in
the genome that, when homozygous, will cause death
(Templeton & Read 1984; Keller et al. 2002). To deter-
mine the number of lethal recessive gene equivalents
(B) Morton et al. 1956), we divided individuals into six
inbreeding classes based on inbreeding coefficient as
determined by pedigree and calculated the probability
of survival for offspring in each class by dividing the
number of surviving inbred or outbred offspring by the
total number known to be born (Keller 1998). We per-
formed a weighted least squares regression equation to
explain variation in the natural log of offspring survival
from both zero to 1 and zero to 2 years as a function of
an offspring’s inbreeding coefficient. The slope of this
line indicates the number of lethal equivalents in the
gamete (Morton et al. 1956). The significance of the B
value was tested using methods outlined in Templeton
& Read (1984).

Reproductive benefits

To determine whether inbreeding tolerance conveys
reproductive benefits, we examined the annual repro-
ductive success of all adult males in the population that
produced offspring (N = 44). We determined the repro-
ductive benefits of inbreeding tolerance by quantifying
the net number of offspring for males that did not
inbreed vs. those males that did inbreed or performed a
mixed strategy. To determine the net number of off-
spring produced, we multiplied inbred and outbred off-
spring by their respective probabilities of survival, as
calculated earlier (1 year survival: 0.625 outbred and
0.323 inbred; 2 year survival: 0.594 outbred and 0.282
inbred). We calculated this value for survival to both 1
and 2 years of age. Reproductive success between males
that mated with relatives and those that did not was
compared using a non-parametric Mann-Whitney U
test. Variance in male reproductive success was calcu-
lated by quantifying the total number of offspring each
male produced during the study period, and the mode
was used to determine the number of offspring per
male most frequently represented in the population.

Inbreeding avoidance

To evaluate whether male marmots forego reproduction
in order to avoid inbreeding, we examined the repro-
ductive decisions of males in three different types of
social groups. There were 104 unique males in the data
set. However, individuals were present multiple years
and in multiple groups per year. Thus, we defined the
unit of analysis as the group-year, which is a given
social group in a given year. With respect to a specific
male, groups consisted of only related females (N = 48
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group-years), only unrelated females (N =54 group-
years) or both related and unrelated females (N = 145
group-years). Group membership was inferred if a male
was seen in a social group during the breeding season,
or if a male was determined to have parented offspring
there based on genetic analysis (N = 22 group-years).

We fitted a logistic regression clustered by group-year
with breeding (reproduce or not) as the dependent vari-
able and group type (only relatives, no relatives, mixed)
as a covariate. Because group type is a categorical vari-
able, we converted two of the categories (mixed and no
relatives) into dummy variables and compared them to
the third group type (only relatives), which we used as
a reference category. We also included the male-to-
female sex ratio of the group, the group size and the
proportion of females a male was related to in the
group as covariates.

To determine whether females avoided mating with
relatives, we compared the observed relatedness of
actual reproductive pairs to simulated relatedness values
generated by pairing a given reproductive female with
all potential reproductive males. Potential mates were
determined based on geographic proximity, using the
same two geographically distinct groups, ‘down valley’
and ‘up valley’, as previously mentioned. We performed
a randomization procedure to determine whether the
average relatedness of reproductive pairs differed from
that expected by random mating. We used data from
only 2003 to 2008 for this analysis, because the pedigree
for 2001 and 2002 was fairly sparse compared to other
years. For each year, we randomly drew pairs with
replacement from among all possible combinations of
females and males in each geographic group and calcu-
lated the mean relatedness of all chosen reproductive
pairs. Because 2-year-old males may be less reproduc-
tively competitive than older males, we performed sepa-
rate analyses on two data sets: one with all males 2 years
and older and one with males 3 years and older.

Randomizations were performed in MaATLAB v.7.12
(2007, The MathWorks, Natick, MA, USA) using the
built-in ‘randsample’” function. We performed 10 000
iterations for each year, with the number of pairs
selected at each iteration determined by the number of
offspring produced in each area. The mean relatedness
of potential parent pairs was calculated at each iteration,
and we considered females in a group to have avoided
inbreeding when the observed mean pair relatedness
was below the lowest 5% of the 10 000 simulated mean
relatedness values (Rioux-Paquette et al. 2010).

The proportion of breeding males that were immi-
grants during the study was 0.17 in the ‘down valley’
sites and 0.26 in the ‘up valley’ sites. The relatedness of
these immigrants to other reproductive-age individuals
could not be determined by the pedigree. Therefore, to
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insure consistent relatedness values between adults of
known and unknown ancestry for this analysis, we
used the program KinGroup 2.0 to determine relatedness
values between all male/female dyads in each social

group.

Results

The total frequency of inbreeding, as measured by Mar-
shall et al. (2002), for all social groups combined was
13.9%, with close inbreeding events (father/daughter,
mother/son and full siblings) making up 7.2%
(Table 1). Moderate inbreeding events included pater-
nal half-siblings, maternal grandmother/grandson, and
maternal aunt/nephew and also occurred at a frequency
of 7.2%. When the proportion of immigrant males in
the population was taken into account, the adjusted
overall frequency of inbreeding was estimated more
conservatively at 10.9% (Table 1). The adjusted fre-
quencies may be excessively conservative however,
because it is not possible to say with certainty whether
the immigrant individuals were completely unrelated to
all individuals in the social group (Marshall et al. 2002).
The most frequent type of inbreeding event was
father/daughter, occurring in 25 pairings (6.6%), with
paternal half-siblings the second most frequent, with 15
occurrences. There were many more known opportuni-
ties for half-sibling pairings however, so that the fre-

quency of half-sibling inbreeding was only 2.2%
(Table 1).

Offspring survival

We found that as inbreeding coefficient increased, off-
spring survival decreased (Coeff =2.33, z=3.67,
P < 0.001) (Table 2). The social group a marmot was in,
as well as the year of its birth, did not have significant
effects on its survival, however, sex was a significant
indicator, with females surviving longer than males
(Coeff = 0.39, z = 3.47, P < 0.001).

In the weighted least squares regression of the natu-
ral log of marmot survival on inbreeding coefficients,
we found the equivalent of 3.09 lethal recessive genes
(SE = 0.68, * = 0.84) in the haploid genome of inbred
marmots that survived from zero to 1 year. We found
421 lethal recessives (SE =1.54, > =0.71) in inbred
marmots that survived from zero to 2 years. Both of
these estimates were significantly greater than the case
of no inbreeding depression (i.e. 0 lethal equivalents)
(1 year: N=6,t=3.74, P =0.02; 2 years: N =5, t = 3.46,
P =0.04).

Reproductive benefits

Males that mated with relatives achieved annual repro-
ductive success similar to males that did not (Table 3).

Table 1 Frequency of the occurrence of each type of inbreeding event out of the total times a given event could have been detected

from the marmot pedigree data, 2001-2008

Up valley

Down valley All groups

Raw  Adjusted

Frequency (%) (%)

Raw  Adjusted Raw  Adjusted
Frequency (%) (%) Frequency (%) (%)

Father/daughter 12/181 6.6 4.9
Mother/son 07242 0 0
Full siblings 1/404 0.2 0.2
Paternal half-siblings 4/390 1.0 0.8
Maternal half-siblings 07243 0 0
Paternal grandmother/grandson 0/61 0 0
Maternal grandmother/grandson 4/170 2.4 1.7
Paternal grandfather/granddaughter 0/38 0 0
Maternal grandfather/granddaughter ~ 0/119 0 0
Paternal uncle/niece 0740 0 0
Maternal uncle/niece 0/90 0 0
Paternal aunt/nephew 0/37 0 0
Maternal aunt/nephew 9/111 8.1 6.0
Double first cousin 0/57 0 0
Total measured inbreeding 173 129
Close inbreeding 6.9 5.0
Moderate inbreeding 10.3 7.6

13/196 6.6 55 25/377 6.6 5.1
1/214 05 04 1/456 0.2 0.2
2/404 05 04 3/808 0.4 0.3

11/341 32 27 15/731 2.1 1.6
0/332 0 0 0/575 0 0

0/29 0 0 0790 0 0
1/133 0.8 0.6 5/303 1.7 1.3
0/22 0 0 0/60 0 0

0/144 0 0 0/263 0 0
0/22 0 0 0/62 0 0
0/110 0 0 0/200 0 0
0/23 0 0 0760 0 0
0/132 0 0 9/243 3.7 29
0/34 0 0 0791 0 0
112 93 139 109
75 62 7.2 5.6
40 33 72 5.6

Frequencies were calculated for the entire population (All Groups), only the ‘Up Valley’ groups, and only the ‘Down Valley’ groups.
Adjusted values represent inbreeding frequencies after controlling for immigrants of unknown ancestry.
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Table 2 Probability of survival for outbred (f = 0) to increasingly inbred (f = 0.375) marmot offspring, from 1 to 7 years of age

Inbreeding

coefficient N offspring 1 2 3 4 5 6 7

0 474 0.625 0.323 0.208 0.170 0.144 0.117 0.088
0.063 93 0.594 0.282 0.169 0.133 0.109 0.085 0.059
0.125 74 0.520 0.208 0.109 0.080 0.062 0.045 0.028
0.188 32 0.445 0.148 0.066 0.044 0.032 0.021 0.012
0.250 134 0.373 0.100 0.038 0.023 0.015 0.009 0.004
0.375 3 0.246 0.041 0.010 0.005 0.002 0.001 0.000

Number of offspring produced at each level of inbreeding is also shown.

There was no difference in gross number of offspring
(offspring surviving to weaning) or net number of off-
spring (number of offspring discounted by survival to 1
or 2years of age) between males whose offspring
included either all inbred or a mix of inbred and out-
bred offspring vs. males who avoided inbreeding
(Mann-Whitney U: total offspring: N =42, U = 0.30,
P =0.76; 1year survival: N=42, U=115 P =025
2 year survival: N=42, U=1.36, P=0.17). We also
found considerable variance in annual reproductive
success among adult males, such that the modal num-
ber of offspring per adult male when all adult males in
the population were considered was 0 (range: 0-115,
N =104), and only 42% of adult males in the popula-
tion ever reproduced.

Inbreeding avoidance

During the 8-year study period, we found that inbreed-
ing between kin at the level of first cousins or greater
(f > 0.0625) occurred at least once during the breeding
tenure of 59% of adult males that bred in the study
population (26 out of 44 males). The type of social
group a male was in (relatives, no relatives or mixed)
was not a significant predictor of a male’s breeding
behaviour with respect to kin (Table 4). There was no
difference in a male’s breeding likelihood as a function
of the number of related females in his group, but
group sex ratio and group size were both significant

Table 3 Mean and range of number of offspring that survived
to weaning, 1, and 2 years produced by male marmots that
inbred or performed a mixed strategy (N = 26) and males that
outbred only (N = 18)

Inbred/mixed strategy Outbred only

Mean Range 95% CI ~ Mean Range 95% CI

Weaning 19.8 1-115 8.92-30.85 12 2-24 8.21-15.79
1 Year 120 0.6-68 4.02-1334 75 1.3-15 5.13-9.87
2 Year 59 03-32 3.65-1222 39 0.6-7.8 4.88-9.38
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predictors of breeding (Table 4). Males were less likely
to breed when there were more males per female and
when group sizes were large.

Based on the results from the randomization proce-
dure, female marmots do not appear to avoid breeding
with close relatives. The average number of males
2 years and older present in a given year in the ‘down
valley’ group was 11 (range: 6-14), and the average
number of females 2 years and older was 23 (range: 11—
33). Thus, the number of potential random pairings ran-
ged from 66 to 462. In the ‘up valley’ group, average
number of males per year was 20 (range: 13-32) and
the average number of females per year was 37 (range:
20-47). The number of potential pairings for this group
ranged from 260 to 1504. Table 5 shows the distribution
of simulated parent—pair relatedness values compared
to the relatedness between reproductive pairs actually
observed in the population each year (Rioux-Paquette
et al. 2010).

The observed mean pair relatedness values for the
‘up valley’ group were higher than the top 95% of
mean simulation values for 5 of the 6 years examined,
indicating that reproductive pairs were more related

Table 4 Effects of group type (mixed and no relatives com-
pared to only relatives as the reference group), male-to-female
group sex ratio, proportion of females related to a male out of
all females in the group and group size on a male marmot’s
breeding likelihood

95%
Regression confidence

Variable coefficient ~ Z-score P-value interval

No relatives 0.21 0.34 0.73 —0.98 to 1.39
Mixed 0.23 0.53 0.59 —-0.62 to 1.09
Sex ratio -1.15 —4.19 0.001 -1.69 to —0.61
Proportion -0.63 -1.61 0.11 —-1.40 to 0.14

related

Group size -0.06 -4.39 0.001 —-0.08 to -0.03
Intercept 1.48 2.51 0.01 0.33 to 2.64

Significant variables indicated in bold.
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Table 5 Per cent distribution of relatedness values for all potential parent pairs of yellow-bellied marmots

Year r=0 0>r<0.125 0.125<r<0.25 025<r<0375 0375<r<0.5 05<r<l1
2003 54.6 (53.8) 21.1 (22.1) 13.1 (5.8) 5.0 (6.7) 3.9 (10.6) 2.4 (1.0)
2004 54.2 (38.1) 22.2 (20.6) 9.8 (15.3) 5.2 (10.3) 5.8 (10.7) 2.8 (5.0
2005 45.9 (41.3) 24.6 (22.8) 15.8 (12.4) 5.8 (7.7) 4.7 (7.7) 3.2 (8.1
2006 46.8 (41.4) 25.2 (20.1) 16.4 (13.7) 6.1 (8.2) 2.7(9.2) 2.9 (7.4)
2007 39.2 (48.1) 23.9 (19.6) 17.9 (12.2) 7.4 (8.0) 6.2 (5.3) 5.5 (6.8)
2008 49.7 (31.6) 22.8 (26.5) 12.3 (16.2) 7.1 (11.6) 4.2 (8.3) 3.8 (5.7)

Actual per cent of parent-pair relatedness values for each category are given in parentheses.

than expected by random mating, and not different
than expected in 1 year (Fig. 1). Actual reproductive
pairs” mean relatedness for all years in the ‘up valley’
group was 0.09 (SD =0.06), while the simulated
expected relatedness was 0.02 (SD = 0.02). In the ‘down
valley’ group, mean reproductive pair relatedness was
higher than expected for 3 years and not different from
random mating in 3 years. The mean actual relatedness
for this group was 0.19 (SD = 0.06), while the simulated
expected relatedness was 0.15 (SD = 0.03). The age of
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Fig. 1 Observed relatedness values between reproductive
pairs of yellow-bellied marmots were higher than the 95th per-
centile of simulated expected relatedness values for eight of
the 12 group-years studied.

males included when considering potential reproduc-
tive pairs had no effect on the results.

Discussion

Yellow-bellied marmots in our study population do not
appear to avoid inbreeding, and in fact may demonstrate
a preference for inbred pairings, despite demonstrated
survival costs to inbred offspring. Relatedness between
reproductive pairs was higher than that expected from
random mating during a majority of the years studied,
indicating that female marmots do not routinely discrim-
inate against inbred pairings. Additionally, individual
reproductive output was similar for males that inbred
and for those that did not (Table 3), despite the demon-
strated decreased survival of inbred offspring (Table 2).
Thus, the benefits of inbred pairings for marmots appear
to outweigh, or at least equal, the costs.

Moderate inbreeding in a mammal can be a successful
strategy to achieve reproductive success when it is not
negated by costs such as decreased survival of offspring
or lost reproductive opportunities. Male mammals espe-
cially are predicted to have a higher tolerance for
inbreeding, because they invest less in each pairing and
therefore stand to lose fewer reproductive opportunities
when they accept an inbred pairing (Wheelwright et al.
2006). Alternatively, males may be more tolerant of
inbreeding because of reproductive skew, in which few
males achieve the majority of reproductive success,
while most males achieve little or none (Johnstone
2000). In this case, a male may be more likely to
accept an inbred pairing because the cost of inbreeding
avoidance in missed reproductive opportunities would
be great (Kokko & Ots 2006). In yellow-bellied marmots,
the proximate factor favouring inbreeding in males
appears to be the large variance in reproductive success,
because most males in our study population achieved
little to no reproduction. Therefore, males that mated
with relatives did not suffer decreased annual reproduc-
tive success, even after accounting for decreased off-
spring survival due to inbreeding depression, relative to
the majority of other males in the population.

© 2011 Blackwell Publishing Ltd
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Females are predicted to have a lower tolerance for
inbreeding owing to greater parental investment (Waser
et al. 1986; Kokko & Ots 2006) and fewer lifetime repro-
ductive opportunities than males, which results in selec-
tion for offspring to be as fit as possible (Trivers 1972;
Kokko & Ots 2006). Female marmots in our study did
not appear to discriminate against inbreeding, however,
and actual relatedness between reproductive pairs was
higher than expected from simulations for the majority
of years examined. The prevalence of reproduction
between individuals that are more related than
expected by random chance may indicate a preference
for inbred pairings in this marmot population. The
mean relatedness of observed pairings in both “up val-
ley’ and ‘down valley” (r = 0.09 and 0.19, respectively)
is consistent with low levels of inbreeding (Marshall
et al. 2002). The relatedness of pairings expected by
chance differed greatly between geographic groups,
with ‘up valley’ expected to have fairly low (r = 0.02)
relatedness and ‘down valley’ to have fairly high
(r = 0.15). That both groups had observed pairings con-
sistent with a fairly similar level of relatedness suggests
that marmots may be optimizing their level of inbreed-
ing, as has been reported for other species (Bateson
1982; Hoogland 1992; Peacock & Smith 1997).

The composition of the social group may also play a
role in a marmot’s likeliness to inbreed. For instance,
groups with males with long reproductive tenures
would be more likely to be composed of relatives, espe-
cially father/daughter pairs or grandfather/grand-
daughter pairs, because males are the primary
dispersing sex (Van Vuren & Armitage 1994). Our anal-
ysis of the potential routes to inbreeding found that
father/daughter inbreeding events occurred in 6.6% of
all individuals for whom this pairing could have been
detected. This was the highest frequency of any single
inbreeding event. Interestingly, aunt/nephew pairings
were also fairly frequent, at 3.7%. This pairing is likely
to occur when juvenile males remain philopatric, which
should be fairly rare among polygynous mammals
(Dobson 1982). The relatively low frequencies of these
inbreeding events reflect the fact that while few indivi-
duals reproduce in each group in a given year, many
offspring are produced. Thus, while many known
routes to inbreeding exist, the proportion of inbred
pairings that actually occur is relatively small. The dif-
ferences in the frequencies of inbreeding events may
represent a conflict of interest between the sexes for
acceptable levels of inbreeding. Theory predicts that a
trait may persist that is harmful to one sex but benefi-
cial to another (Waser et al. 1986; Parker 2006). In such
situations, males are predicted to favour inbreeding,
and because older animals are more likely to prevail in
a conflict of interest, father/daughter inbreeding should

© 2011 Blackwell Publishing Ltd

be seen more often than mother/son (Waser et al. 1986).
Our data support this prediction, with 25 instances of
father/daughter mating out of 72 group-years with
fathers and daughters in the same group, and one
instance of mother/son mating in 62 group-years with
mothers and sons in the same group.

Despite the lack of inbreeding avoidance demon-
strated by yellow-bellied marmots, the lethal equivalents
found in our study are greater than 80% of the estimates
of lethal equivalents in a study on captive mammals
(range: 0.68-15.16) (Ralls et al. 1988). Consequently,
inbreeding appears to exact a significant cost in survival
for offspring that is consistent with inbreeding depres-
sion. Yet, we did not find evidence to indicate that mar-
mots adjust their frequency of reproduction to avoid
inbreeding. When in social groups with only related
females, male marmots do not forego mating opportuni-
ties, but instead mate at similar frequencies to males that
have the opportunity to avoid inbreeding. This result is
contrary to that found in many other species in which
inbreeding has been examined (Wolff et al. 1988; Sillero-
Zubiri et al. 1996). Our results support the theory, how-
ever, that inbreeding can be tolerated if the benefits
gained by a lack of inbreeding avoidance outweigh the
costs imposed by inbreeding depression and lost oppor-
tunities to outbreed (Waser et al. 1986; Kokko & Ots
2006). The absence of inbreeding avoidance in this mar-
mot population suggests that the cost of inbreeding may
be lower than the reproductive benefit individuals gain
by tolerating it.

Inbreeding is common in plants and eusocial species
(Jain 1976; Reeve et al. 1990; Keller & Waller 2002), but is
rare in mobile vertebrates with small population sizes
where inbreeding will rapidly result in substantial
inbreeding depression (Pusey & Wolf 1996; vonHoldt
et al. 2008). Our results, based on both observational and
genetic data, indicate that the benefits marmots receive
from inbred pairings outweigh the costs. Therefore,
though we found that the survival costs of inbreeding
were high, we conclude that they must be lower than
some threshold that would make inbreeding intolerable.
We suggest inbreeding in mammals should be modelled
as phenomena with costs and benefits and may be a via-
ble strategy for managing populations existing in small
and fragmented habitats or in captivity. Given the theo-
retical expectation that inbreeding should be more com-
mon than reported (Kokko & Ots 2006), we expect that
detailed analyses, like the one presented here, will find
more evidence of inbreeding in natural populations.

Acknowledgements

We would like to thank Peter Nonacs, the Blumstein laboratory
group and two anonymous reviewers for helpful comments on



570 L. E. OLSON ET AL.

the manuscript. We also thank Amanda Lea, Thea Wang, Bets-
abe Torres and Jessica Dougherty-McMichael for valuable
assistance in the construction of the pedigree. L.E.O. acknowl-
edges support from an NSF Predoctoral Fellowship, American
Indian Science & Engineering Society EPA Scholarship, Sigma
Xi, American Society of Mammalogists, American Museum of
Natural History Theodore Roosevelt Memorial Grant, and
UCLA Eugene Cota-Robles Fellowship, UCLA Graduate Sum-
mer Research Mentorship, UCLA Holmes Miller Fellowship,
and UCLA Bartholomew Research Grant. D.T.B. was sup-
ported by the National Geographic Society, UCLA (Faculty
Senate and the Division of Life Sciences) and by the NSF
(IDBR-0754247 to D.T.B., as well as DBI 0242960 and 0731346
to the Rocky Mountain Biological Laboratory).

References

Acevedo-Whitehouse K, Gulland F, Greig D, Amos W (2003)
Inbreeding: disease susceptibility in California sea lions.
Nature, 422, 35.

Allaine D (2000) Sociality, mating system and reproductive
skew in marmots: evidence and hypotheses. Behavioural
Processes, 51, 21-34.

Allison P (1982) Discrete-time methods for the analysis of
event histories. Sociological Methodology, 13, 61-98.

Amos W, Worthington Wilmer ], Fullard K et al. (2001) The
influence of parental relatedness on reproductive success.
Proceedings of the Royal Society of London B Biological Sciences,
268, 2021-2027.

Armitage KB (1974) Male behaviour and territoriality in the
yellow-bellied marmot. Journal of Zoology (London), 172, 233—
265.

Armitage KB (2003) Reproductive competition in female
yellow-bellied marmots. In: Adaptive Strategies and Diversity
in Marmots (eds Ramousse R, Allaine D and Le Berre M), pp.
131-140. International Network on Marmots, Lyon, France.

Armitage KB (2004) Lifetime reproductive success of territorial
male yellow-bellied marmots. Oecologia Montana, 13, 28-34.

Armitage KB, Downhower JF (1974) Demography of yellow-
bellied marmot populations. Ecology, 55, 1233-1245.

Armitage K, Johns D (1982) Kinship, reproductive strategies
and social dynamics of yellow-bellied marmots. Behavioral
Ecology and Sociobiology, 11, 55-63.

Armitage KB, Schwartz OA (2000) Social enhancement of
fitness in yellow-bellied marmots. Proceedings of the National
Academy of Sciences of the United States of America, 97, 12149-
12152.

Bateson PPG (1982) Preferences for cousins in Japanese quail.
Nature, 295, 236-237.

Bateson PPG (1983) Optimal outbreeding. In: Mate Choice (ed.
Bateson PPG), pp. 257-277. Cambridge University Press,
Cambridge.

Bengtsson B (1978) Avoiding inbreeding: at what cost? Journal
of Theoretical Biology, 73, 439-444.

Blumstein DT, Lea A, Olson LE, Martin J (2010) Heritability of
anti predatory traits: vigilance and locomotor performance in
marmots. Journal of Evolutionary Biology, 23, 879-887.

Charlesworth D, Charlesworth B (1987) Inbreeding depression
and its evolutionary consequences. Annual Review of Ecology
and Systematics, 18, 237-268.

Coltman D, Slate ] (2003) Microsatellite measures of
inbreeding: a meta-analysis. Evolution, 57, 971-983.

Coltman DW, Bowen WD, Wright JM (1998) Birth weight and
neonatal survival of harbour seal pups are positively
correlated ~ with  genetic  variation  measured by
microsatellites. Proceedings of the Royal Society Biological
Sciences Series B, 265, 803-809.

Coltman D, Pilkington J, Smith J, Pemberton J (1999) Parasite-
mediated selection against inbred Soay sheep in a free-
living, island population. Evolution, 53, 1259-1267.

Dobson F (1982) Competition for mates and predominant
juvenile male dispersal in mammals. Animal Behaviour, 30,
1183-1192.

Frase BA, Hoffmann RS (1980) Marmota flaviventris.
Mammalian Species, 135, 1-8.

Goossens B, Graziani L, Waits LP et al. (1998) Extra-pair
paternity in the monogamous Alpine marmot revealed by
nuclear DNA microsatellite analysis. Behavioral Ecology and
Sociobiology, 43, 281-288.

Hanslik S, Kruckenhauser L (2000) Microsatellite loci for two
European sciurid species (Marmota marmota, Spermophilus
citellus). Molecular Ecology, 9, 2163-2165.

Hansson B, Jack L, Christians JK et al. (2007) No evidence for
inbreeding avoidance in a great reed warbler population.
Behavioral Ecology, 18, 157-164.

Hoogland ] (1992) Levels of inbreeding among prairie dogs.
American Naturalist, 139, 591-602.

Jain S (1976) The evolution of inbreeding in plants. Annual
Review of Ecology and Systematics, 7, 469-495.

Johnstone RA (2000) Models of reproductive skew: a review
and synthesis. Ethology, 106, 5-26.

Kalinowski ST, Taper ML, Marshall TC (2007) Revising how
the computer program Cervus accommodates genotyping
error increases success in paternity assignment. Molecular
Ecology, 16, 1099-1106.

Keane B, Creel SR, Waser PM (1996) No evidence of
inbreeding avoidance or inbreeding depression in a social
carnivore. Behavioral Ecology, 7, 480—489.

Keller LF (1998) Inbreeding and its fitness effects in an insular
population of song sparrows (Melospiza melodia). Evolution,
52, 240-250.

Keller LF, Arcese P (1998) No evidence for inbreeding
avoidance in a natural population of song sparrows
(Melospiza melodia). American Naturalist, 152, 380-392.

Keller LF, Waller DM (2002) Inbreeding effects in wild
populations. Trends in Ecology & Evolution, 17, 230-241.

Keller LF, Grant PR, Grant BR, Petren K (2002)
Environmental conditions affect the magnitude of
inbreeding depression in survival of Darwin’s finches.
Evolution, 56, 1229-1239.

Kokko H, Ots I (2006) When not to avoid inbreeding. Evolution,
60, 467-475.

Konovalov DA, Manning C, Henshaw MT (2004) KINGROUP:
a program for pedigree relationship reconstruction and kin
group assignments using genetic markers. Molecular Ecology
Notes, 4, 779-782.

Kyle CJ, Karels T], Clark B ef al. (2004) Isolation and
characterization of microsatellite markers in hoary marmots
(Marmota caligata). Molecular Ecology Notes, 4, 749-751.

Lane JE, Boutin S, Gunn MR, Slate ], Coltman DW (2007)
Genetic relatedness of mates does not predict patterns of

© 2011 Blackwell Publishing Ltd



NO INBREEDING AVOIDANCE IN A POLYGYNOUS RODENT 571

parentage in North American red squirrels. Animal
Behaviour, 74, 611-619.

Lehmann L, Perrin N (2003) Inbreeding avoidance through kin
recognition: choosy females boost male dispersal. The
American Naturalist, 162, 638—652.

Lynch M (1991) The genetic interpretation of inbreeding
depression and outbreeding depression. Evolution, 45, 622—
629.

Marshall T, Coltman D, Pemberton ] et al. (2002) Estimating
the prevalence of inbreeding from incomplete pedigrees.
Proceedings of the Royal Society of London. Series B: Biological
Sciences, 269, 1533-1539.

May B, Gavin TA, Sherman PW, Korves TM (1997)
Characterization of microsatellite loci in the northern Idaho
ground squirrel Spermophilus brunneus brunneus. Molecular
Ecology, 6, 399-400.

Morton N, Crow J, Muller H (1956) An estimate of the
mutational damage in man from data on consanguineous
marriages. Proceedings of the National Academy of Sciences of
the United States of America, 42, 855-863.

Olson LE, Blumstein DT (2010) Applying the coalitionary-traits
metric: sociality without cooperation in male yellow-bellied
marmots. Behavioral Ecology, 21, 957-965.

Parker G (2006) Sexual conflict over mating and fertilization:
an overview. Philosophical Transactions of the Royal Society of
London B Biological Sciences, 361, 235-259.

Part T (1996) Problems with testing inbreeding avoidance: the
case of the collared flycatcher. Evolution, 50, 1625-1630.

Peacock MM, Smith AT (1997) Nonrandom mating in pikas
Ochotona  princeps: ~ evidence for inbreeding between
individuals of intermediate relatedness. Molecular Ecology, 6,
801-811.

Pemberton ] (2004) Measuring inbreeding depression in the
wild: the old ways are the best. Trends in Ecology &
Evolution, 19, 613-615.

Pusey A, Wolf M (1996) Inbreeding avoidance in animals.
Trends in Ecology & Evolution, 11, 201-206.

Queller DC, Goodnight KF (1989) Estimating relatedness using
genetic markers. Evolution, 43, 258-275.

Ralls K, Ballou JD, Templeton A (1988) Estimates of lethal
equivalents and the cost of inbreeding in mammals.
Conservation Biology, 2, 185-193.

Reeve H, Westneat D, Noon W, Sherman P, Aquadro C (1990)
DNA” fingerprinting” reveals high levels of inbreeding in
colonies of the eusocial naked mole-rat. Proceedings of the
National Academy of Sciences of the United States of America, 87,
2496-2500.

Rioux-Paquette E, Festa-Bianchet M, Coltman DW (2010) No
inbreeding avoidance in an isolated population of bighorn
sheep. Animal Behaviour, 80, 865-871.

Schjerring S, Jager 1 (2007) Incestuous mate preference by a
simultaneous  hermaphrodite ~with strong inbreeding
depression. Evolution, 61, 423-430.

Sillero-Zubiri C, Gottelli D, Macdonald D (1996) Male
philopatry, extra-pack copulations and inbreeding avoidance
in Ethiopian wolves (Canis simensis). Behavioral Ecology and
Sociobiology, 38, 331-340.

da Silva A, Luikart G, Allaine D et al. (2003) Isolation and
characterization of microsatellites in European alpine marmots
(Marmota marmota). Molecular Ecology Notes, 3, 189-190.

© 2011 Blackwell Publishing Ltd

Slate J, Kruuk LEB, Marshall TC, Pemberton JM, Clutton-Brock
TH (2000) Inbreeding depression influences lifetime breeding
success in a wild population of red deer (Cervus elaphus).
Proceedings of the Royal Society Biological Sciences Series B, 267,
1657-1662.

Slate J, David P, Dodds K ef al. (2004) Understanding the
relationship between the inbreeding coefficient and
multilocus heterozygosity: theoretical expectations and
empirical data. Heredity, 93, 255-265.

StataCorp (2007) Stata Statistical Software: Release 10. StataCorp
LP, College Station, Texas.

Stevens S, Coffin J, Strobeck C (1997) Microsatellite loci in
Columbian ground squirrels Spermophilus — columbianus.
Molecular Ecology, 6, 493-495.

Szulkin M, Zelazowki P, Nicholson G, Sheldon BC (2009)
Inbreeding avoidace under different null models of
random mating in the great tit. Journal of Animal Ecology,
78, 778-788.

Templeton AR, Read B (1984) Factors eliminating inbreeding
depression in a captive herd of Speke’s gazelle (Gazella
spekei). Zoo Biology, 3, 177-199.

Thiinken T, Bakker T, Baldauf S, Kullmann H (2007) Active
inbreeding in a cichlid fish and its adaptive significance.
Current Biology, 17, 225-229.

Trivers RL (1972) Parental investment and sexual selection. In:
Sexual selection and the descent of man (ed Campbell B), pp.
136-179. Aldine Publishing Company, Chicago, Illinois, USA.

Van Vuren D (1990) Dispersal of yellow-bellied marmots. Doctoral
Dissertation, University of Kansas, Systematics and Ecology.

Van Vuren D, Armitage KB (1994) Survival of dispersing and
philopatric yellow-bellied marmots: what is the cost of
dispersal? Oikos, 69, 179-181.

vonHoldt BM, Stahler DR, Smith DW et al. (2008) The
genealogy and genetic viability of reintroduced Yellowstone
grey wolves. Molecular Ecology, 17, 252-274.

Waser PM, Austad SN, Keane B (1986) When should animals
tolerate inbreeding? American Naturalist, 128, 529-537.

Wheelwright NT, Freeman-Gallant CR, Mauck RA (2006)
Asymmetrical incest avoidance in the choice of social and
genetic mates. Animal Behaviour, 71, 631-639.

Wolff J, Lundy K, Baccus R (1988) Dispersal, inbreeding
avoidance and reproductive success in white-footed mice.
Animal Behaviour, 36, 456—465.

L.O/s research interests include conservation biology, spatial
ecology, and behavioral ecology. D.B. is broadly interested in
the evolution of behavior and conservation biology and the
integration of behavior into other disciplines. J.P. studies con-
servation genetics of carnivores and birds and directs UCLA’s
Conservation Genetics Resource Center. R.W. applies molecu-
lar genetic techniques to study questions in ecology, behavior
and evolution of animals.

Data accessibility

Data deposited in the Dryad repository: doi:10.5061/
dryad.fg4bc331.



