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Abstract In polyandrous and polygynandrous species where
females mate with multiple partners, males are expected to
maximize their fitness by exhibiting an array of reproductive
behaviors to ensure fertilization success, such as competing for
the best mating order within a mating sequence, optimizing
their investment in copulation, and mate guarding. Though
there is genetic evidence of a first-male precedence in siring
success for many mammalian species, the causes of this effect
are poorly understood. We studied influences on first-male
precedence in Columbian ground squirrels (Urocitellus colum-
bianus). We found that the time a male spent consorting and
mate guarding declined with his mating order (both the
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highest for the first male to mate). Mate guarding by the first
male significantly reduced, but did not exclude, the number
of additional males a female accepted. Later mating males
reduced the time spent consorting, suggesting a perceived
decreased chance of fertilization success. Consortship and
mate guarding durations were positively related to the male’s
siring success and to each other, suggesting that males
adjusted these behaviors strategically to increase their chances
of fertilization success. Our results suggest that besides being
the first male to consort, first-male sperm precedence is
further enhanced through longer mating bouts and by
suppressing the chances and/or efforts of later mating males.
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Introduction

Sexual selection on males and females has been shown to
shape the evolution of reproductive strategies in animals
(Birkhead and Megller 1998; Shuster and Wade 2003;
Danchin et al. 2008; Oliveira et al. 2008). In systems in
which individuals of one or both sexes mate with multiple
partners, a conflict between the sexes over parentage is
likely to arise. For instance, females may be selected to
seek extra-pair mating partners offering good genes
(Andersson 1994) or additional paternal care (Koenig and
Dickinson 2004; Kohda et al. 2009), and males may be
selected to ensure full paternity of the brood through mating
plugs, mate guarding, and female harassment (Birkhead and
Moiller 1998).

In polyandrous and polygynandrous systems, where
females mate with several males during a single period of
sexual receptivity, sperm competition and cryptic female
mate choice may influence male reproductive success,
leading to differential fertilization and variation in male
reproductive success within a litter (Parker 1982, 1984;
Lindén and Moller 1989; Birkhead and Pizzari 2002;
Kraaijeveld-Smit et al. 2002).

Facing sperm competition, males are expected to
develop mating and post-copulatory strategies in order to
ensure siring success and maximize their fitness. Hence,
males may need to compete for the best position within the
mating sequence (e.g., Raveh et al. 2010) and adapt their
ejaculate size to the intensity of sperm competition (Birkhead
and Moller 1998). Or alternatively, males may try to swamp,
remove, or block rival sperm (using copulatory plugs, for
instance Murie and McLean 1980; Koprowski 1992;
Birkhead and Moller 1998). By increasing their invest-
ment in copulation (i.e., longer and more frequent mating
bouts) and by mate guarding, males may decrease the
likelihood of females mating with additional partners
(Parker 1970; Dobson 1983; Birkhead and Meller 1998;
Simmons 2001; Pizzari and Snook 2003; Linn et al. 2007).

First-male sperm precedence (i.e., the probability of
siring more offspring in a litter when being first to mate)
and multiple paternity have been well studied in the
mammalian genera Urocitellus and Ictidomys. These rodent
species are especially good models for the study of mating
behavior because females exhibit a very brief receptive
phase (<12 h) during the breeding season, during which
they typically copulate with several males (Hanken and
Sherman 1981; Schwagmeyer and Parker 1987; Murie
1995; Lacey et al. 1997). Several authors have investigated
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and reported the existence of sperm precedence in these
taxa, including 13-lined ground squirrels, Ictidomys tridecem-
lineatus (Foltz and Schwagmeyer 1989; Schwagmeyer and
Foltz 1990); Belding’s ground squirrels, Urocitellus beldingi
(Hanken and Sherman 1981; Sherman 1989); in Arctic
ground squirrels, Urocitellus parryii (Lacey et al. 1997);
Idaho ground squirrels, Urocitellus brunneus (Sherman
1989); and Columbian ground squirrels, Urocitellus colum-
bianus (Raveh et al. 2010).

In this study, we investigated copulatory and post-
copulatory behaviors in free-living male Columbian ground
squirrels (U. columbianus) to identify underlying mecha-
nisms that facilitate first-male sperm precedence and
variation in male siring success (see Raveh et al. 2010).
Previous studies suggested that reproductive male Colum-
bian ground squirrels invest both time and energy in post-
copulatory behaviors such as mating calls (Manno et al.
2007) and mate guarding (Manno and Dobson 2008).
Whether such behavioral mechanisms influence siring
success, however, remains unknown.

Thus, we investigated whether first-male sperm prece-
dence was related to consorting and mate guarding
durations. We investigated whether sperm precedence
might be linked to consortship duration, having positive
but declining effects on male siring success through the
female’s mating sequence by focusing on (1) whether
consortship duration decreases with increasing mating
order, explaining variation in siring success irrespective of
mating sequence, and (2) whether mate guarding reduces
the number of male mating partners, particularly if the
operational sex ratio (estrous females/males) is low.

Materials and methods
Study area and species

We studied Columbian ground squirrels (U. columbianus) in
the Sheep River Provincial Park (Alberta, Canada, 110° W,
50° N, 1,500 m as.l.) in the seasons 2005 to 2008
(beginning of April to the end of July). Five neighboring
colonies (A, B, C, D, E) were monitored. Columbian ground
squirrels are colonial, hibernating rodents that inhabit
subalpine and alpine meadows of the northern regions of
the Rocky Mountains. The active season is short and adult
males are typically the first to emerge from hibernation
around mid-April, followed by females a few days to a week
later (Murie and Harris 1982; Dobson et al. 1992; Neuhaus
2000; Neuhaus and Pelletier 2001; Raveh et al. 2010).
Columbian ground squirrels were caught within the first
2 days of emergence from hibernation using live traps
baited with peanut butter (national live traps, WI, USA;
15x15x48 and 13x13x40 cm®). Adult males were trapped
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first, emerging from hibernation in mid-April (average 22.5
April+9.6 SD, range 12 April-26 May, N=71), followed by
adult females (29.0 April£6.6, 11 April-17 May, N=154),
yearling males (7.4 May+8.9, 16 April-28 May, N=58), and
yearling females (8.5 May+8.5, 21 April-30 May, N=90;
see also Murie and Harris 1982; Raveh et al. 2010). Adult
females mated on average 4.4 days after emergence from
hibernation (adults 4.4+2.2 SD days, range 3—15, N=134;
yearlings 7.0+£2.7 days, range 5-11, N=4).

Animals were individually marked using numbered
fingerling fish tags (National Band & Tag Co. Monel #1)
attached to both ears and a unique dorsal mark of black hair
dye for field observations (Clairol®, Hydriance—black
pearl no. 52). At first capture, we collected ear tissue from
each individual for use in paternity analyses. Tissue was
collected by using sterilized scissors to snip off the distal
portion of one pinna per animal. Tissue samples were
placed in 95% ethanol and stored at 3°C until analysis.
Thereafter, animals were trapped at least once per week and
weighed to the nearest 5 g using Pesola® spring scales.
During spring emergence, however, females were trapped
and checked daily until they had undergone estrus and
mating, the degree of swelling and openness of the vulva
being good indicators of the upcoming estrus (Murie 1995).
Females have their estrus approximately 4 days after
emergence from hibernation. Gestation lasts 24 days and
females give birth to a litter averaging three (one to seven)
naked and blind juveniles in a specially constructed nest
burrow (Dobson and Murie 1987; Murie 1995). Weaned
offspring emerge above ground some 27 days later (Murie
and Harris 1982).

Observations of consorting associations

Focal observations of females in estrus were conducted
from April to mid-May 2005, 2006, 2007, and 2008.
Squirrels were observed at a distance using binoculars from
the top of 2- to 3-m-high wooden stands dispersed
throughout the meadows. Mating activity begins in the
morning between 0700 and 1000 hours and lasts until 1400
to 1700 hours in the afternoon. Generally, a male followed
a female into a burrow, but in some cases, the male either
entered a burrow system with an estrous female already
inside or had stayed overnight in the same burrow system
with a pre-estrous female (A.P. Nesterova, S. Raveh, T.G.
Manno, D.W. Coltman and F.S. Dobson, unpublished data).
Estrous females might associate with many males in
succession, accepting some as mating partners, or refusing
others (e.g., when being chased in a burrow system a
female could escape through another entrance). We termi-
nated the focal female observation after she no longer
accepted any male mating partner (i.e., she chased
approaching males away), at which point she no longer

actively searched for males and began extended bouts of
feeding (Murie 1995).

During the mating sequence of each female, all consort-
ing partners (see definition below) were identified by their
dye markings, and we recorded three parameters for each
male 7 (all in minutes): (1) the consortship duration, (2) the
mate guarding duration, and if the female mated with a
subsequent male j also (3) the interval (time from the end of
mate guarding i, or consortship i if there was no mate
guarding occurred by i, to the next consortship by /). These
parameters are presented in more detail below. The male’s
mating order ranged from one (first to mate) to a maximum
of eight (termed “mating position” in Raveh et al. 2010).
The time since the start of the mating sequence (in minutes)
for male 7 is defined as the time elapsed since the first male
started consorting to the male 7 starting consorting, so is
always zero for the first male to mate and is the cumulative
time spent in consort plus mate guarding plus interval of the
males mating before male i.

Columbian ground squirrels usually mate underground,
so copulation was not often observed directly. We thus refer
to the time spent underground by the pair as “consortship
duration”. Nonetheless, consortship duration is likely to
reflect true copulation duration, since (1) estrus occurs
directly after hibernation, during that period females and
males spend the maximum daylight period foraging and
regaining body weight and entering a burrow together
during daylight is otherwise rare (Manno et al. 2008); (2)
males and females leaving the burrow show post-
copulatory behaviors (i.e., male and female genital groom-
ing, removal of copulatory plugs, mate guarding, and mate
calling; Manno et al. 2007; Murie and McLean 1980; Murie
1995); and (3) paternity analysis revealed that males
staying in a burrow for at least 15 min could sire offspring
(Raveh et al. 2010). We sometimes missed recording
consort duration, particularly for the first male to mate with
the female, since the pair was not observed entering a burrow
together (but we observed them emerging together; for more
details, see Raveh et al. 2010). We assumed that underground
copulations took place and defined “consortship” when an
estrous female and a male were in the same burrow system
for at least 5 min. Otherwise we assumed no copulation
occurred, and the event was discarded (Raveh et al. 2010).
These criteria to establish copulation are similar to those
used in similar species (e.g., Hanken and Sherman 1981;
Hoogland and Foltz 1982; Lacey et al. 1997; Murie 1995).

Mate guarding duration was defined as the time spent by
the male after consortship in chasing the female into a
burrow, sitting on that burrow, and/or fighting with rival
males to prevent and/or delay subsequent consortships
(Manno et al. 2007).

The interval duration was defined as the time lag between
two mating partners (i and j). This was either the time from
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the termination of consortship by i to the next consortship
starting by j (if the male i did not guard the female) or the
time from the termination of guarding by i to the next
consortship starting by j (if the male i did guard the female).

In total, complete mating sequence observations were
acquired for mothers of 110 out of 147 litters, which we
assumed to be an unbiased sample of all litters (i.e., the 110
litters showed similar patterns of siring success and number
of sires as the complete sample of 147 litters; Raveh et al.
2010). The 110 litters excluded yearling females, who
rarely reproduced successfully (Murie and Harris 1982;
Festa-Bianchet and King 1984; Dobson and Murie 1987).
Two consortships between the same male and female were
observed in five out of 110 mating sequences but were
retained in the analyses (they did not result in any offspring
sired though we corrected for random male individual
effects, see “Data analyses”).

After the mating event

Nest burrows of gestating females were identified through
behavioral observations (see Murie et al. 1998) and marked
with colored flags. Females from three colonies were
caught within 2 days of expected parturition and trans-
ported to a nearby field station. Females were housed
indoors in polycarbonate cages (48x27x20 cm) enclosed
in black covers (see Murie et al. 1998). The caged females
were fed fresh lettuce and apple twice a day as well as a
grain mixture (a molasses-enriched colt feed) provided ad
libitum. Within 12 h from parturition, neonates were
weighed, sexed, and a small amount of tissue was taken
from the outer hind toe or the tail for subsequent DNA
analysis (V=147 litters). Tissue samples were stored in
95% EtOH and later used to determine paternity. Females
and their litters were returned to the colonies the next day
(for details, see Murie et al. 1998). In the fourth and fifth
colonies, tissue for paternity analysis was collected from
the ear at juvenile emergence (age 27 days). To standardize
observations among all colonies, only offspring that
successfully emerged from their nest burrows during
weaning were included in subsequent analyses. Hence, we
used presence at weaning as our measure of reproductive
success. Offspring were caught within the first 2 days after
emergence with either unbaited 13x13x40-cm’ national
live traps or with multi-capture traps (Murie et al. 1998).
Juveniles were marked and weighed, and their sex was
determined or confirmed if they were born in captivity.

Operational sex ratio
We recorded the daily operational sex ratio (OSR; Emlen

and Oring 1977), which is the number of estrous females
per number of active, adult males (at least 2 years old) per
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day during the mating season (calculated for each colony
and year combination separately). Only 2-year or older
males were used in OSR because yearling males were never
observed to mate or sire offspring (Raveh et al. 2010). The
OSR varied between 0.037 and 0.667, which was due to
the number of estrous females varying between 1 and 5 and
the number of adult males varying between 1 and 29. The
high variability in OSR was also due to (1) differences
between colonies (Kruskal-Wallis test: x*=16.9, df=4, p=
0.002), but not between years (x>=5.4, df=3, p=0.14); (2)
a peak of estrous females either early or in the middle of the
mating season; and (3) differences in emergence dates after
hibernation of both males and females for every colony and
year combination. Nevertheless, in the majority of colony
and year combinations (eight out of 11), the OSR was the
highest and remained stable in the middle of the mating
season (spanning 7 to 14 days). Note that both the number of
estrous females and the number of adult males influenced the
OSR (partial correlations with OSR controlling for the effect
of the numbers of the other sex: effect of number of estrous
females: 7,=0.25, N=115 days, p=0.006; effect of number of
adult males: r, = —0.24, N=115 days, p=0.01).

The variation in the number of males during the mating
season was mainly influenced by the emergence dates of
younger males (between 2 and 3 years old). Even though
these 2- and 3-year-old males rarely defend a territory
(Manno et al. 2007; Manno and Dobson 2008), they are
still physically capable of obtaining copulations and siring
success (Raveh et al. 2010).

Paternity analysis

Molecular methods for isolation of microsatellite loci and
paternity assignment are provided in Raveh et al. (2010).
Briefly, DNA was extracted from preserved tissue and
amplified across 13 microsatellite loci (Goossens et al.
1998; Hanslik and Kruckenhauser 2000; Kyle et al. 2004;
Stevens et al. 1997; Raveh et al. 2010) using polymerase
chain reaction. Maternity was known for every offspring
through isolation or behavioral observations (Raveh et al.
2010). Paternity was assigned at 95% to 99% confidence
using CERVUS 3.0 (Marshall et al. 1998; Kalinowski et al.
2007) for each colony and each year (2005-2008) separately
(N=110 litters, for all 147 litters see Raveh et al. 2010).

Data analyses

Two different datasets were used for the analyses. First, the
complete dataset contained 110 litters from 76 different
females, where all offspring at weaning were successfully
assigned to their respective sires and where we knew the
mating order of each potential sire. Unfortunately we were
not able to record the consort duration, mate guarding
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duration, or interval for each potential sire. Therefore, we
created a second dataset containing 46 litters from 44
different females, which lacked only five values for male
consort durations and six values for the interval (hereafter
called the “selected dataset). To complete the “selected
dataset”, these 11 missing values were implemented with
the average values calculated for the respective mating
order from the complete dataset: For consort duration
(N=5), this was done two times for order 2 and three times
for order 3, and for the interval between two consortships
(N=6), this was conducted two times for order 1 and four
times for order 2. Note that we had no missing values for
the mate guarding duration in the selected dataset. The
selected dataset was used to analyze associations between
sperm precedence and the underlying mechanisms in more
detail.

All analyses were conducted in SPSS 17 (SPSS Inc.,
Chicago, IL, USA). We used generalized estimating equations
(GEEs) in the majority of analyses, with individual male
identifier as subject (which accounts for repeated measures per
male), various canonical link functions depending on the
parameter analyzed (normal distribution: identity link,
Poisson distribution: log-link, weighted binomial distribu-
tion: logit link) and the scaling parameter estimated using the
deviance method (Norusis 1994). The following independent
variables were used throughout: year (2005 to 2008, fixed
categorical effect), colony (A to E, fixed categorical effect),
mating partners (two to eight, fixed categorical effect), and
mating order (first to eighth, fixed continuous effect). Note
that year and colony effects did not significantly influence
the analyses (p between 0.50 and 0.99) and accordingly
dropped from the final models for clarity. Male consort
duration, mate guarding duration, and interval (all Poisson
distributed) were analyzed using GEE with a log-link
function. Siring success (offspring sired/litter size, logit link)
was analyzed using GEE with consorting partners and

mating order nested within mating partners as fixed effects
and the relative consortship duration as a covariate (which
is for the female mating with »n different males, the
consortship duration of male i divided by the total
consortship duration of all males n). Note that the males’
age (2-9 years old) had no significant effect on consort
duration (p=0.90), mate guarding duration (p=0.94), or
interval duration (p=0.076, the latter effect was negative
when entered as a covariate into the models presented in
Table 1). Likewise there were no effects of males’ age on
siring success (p=0.96, see Table 2) or on relative consort
duration (p=0.75, see Table 3). Therefore, male age was
removed from all models (Tables 1, 2, and 3).

Our dataset (N=110 litters) contained 50 individual
females with one litter, 21 with two litters, two with three
litters, and three with four litters. However, there were no
correlations between the number of mating partners an
individual female had in year ¢ compared to year #+1
(Pearson correlation, ¥=0.263, p=0.13, N=34), or between
the degree of first-male siring success in year ¢ compared to
year t+1 within these females (r=—0.172, p=0.33, N=34).
For that reason, we assume that individual female’s number
of mates was not consistent across years and that therefore
the use of the same female more than once in the dataset
did not bias analyses of behavioral correlates of paternity
and male reproductive success.

Results

Paternity assignment

In total, 147 litters were successfully genotyped (113
females and 434 offspring and 95 potential male sires;

Raveh et al. 2010). Out of these 434 offspring, 22 recruited
in subsequent year(s) into the adult population (six males

Table 1 Male reproductive behavior depending on his mating order and the number of mating partners, corrected for year and colony effects

Consort duration (N=381 of 69 males)

Mate guarding duration® (N=381 of 67 males)

Interval (N=298 of 61 males)

Parameter df Wald x° p df Wald x° p df  Wald x> p
Intercept 1 2,240.9 <0.001 1 227.8 <0.001 1 83.3 <0.001
Mating order 7 74.511 <0.001 4 62.6 <0.001 6 26.8 <0.001
Mating partners 6 39.103 <0.001 3 19.5 <0.001 5 218 0.001
Year 3 3.808 0.28 3 32 0.36 3 15 0.68
Colony 4 25.552 <0.001 4 2.2 0.69 4 10.0 <0.05

Durations (in minutes) were Poisson-distributed and modeled with a log-link using three separate GEEs, correcting for random individual male
effects. Mating order was nested within the number of mating partners. The scaling parameter was adjusted using the deviance method. The
interval is the duration from the end of guarding (or consortship when the male did not guard) to the next mating and is by default missing for the
last male to mate

# Mate guarding was only performed by males consorting first to fifth in a mating sequence and virtually absent when the female mated with more than five
partners, so the analysis was conducted for two to five mating partners only
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Table 2 Male siring success depending on his relative consort
duration (duration/total consort duration by all males in the sequence),
his mating order, and the interaction (N=185 of 58 males)

Parameter df  Wald x> p Coefficient=SE

Intercept 1 1.1 0.29 —0.43+0.41

Relative consortship 1 10.0 0.002 5.35+1.69
duration C

Mating order MO 1 6.4 0.011 —0.45+0.18

CxMO 1 4.1 0.042 —1.94+0.95

Siring success had a weighted binomial distribution and was modeled
with a logit-link using GEE, correcting for random individual male
effects. The scaling parameter was adjusted using the deviance
method. The number of mating partners (which correlates with both
relative consortship duration and mating order), year, and colony
effects were non-significant and removed from the model

and 16 females) and successfully reproduced, so the total
number of unique genotypes was 95—6 males+113—16
females+434 offspring=620. Note that only reproductively
active individuals and their offspring were genotyped,
thereby excluding non-reproductive females and yearling
males. Our genotyping success rate was 99%, with 80% of
the ground squirrels genotyped at all 13 loci (N=620). We
retained all 13 loci in our analyses as there was no
significant deviation from Hardy—Weinberg equilibrium or
linkage disequilibrium (Raveh et al. 2010). All 434
offspring were successfully assigned to both parents: 98%
of the offspring had 99% trio-confidence, while the
remaining 2% had 95% trio-confidence, suggesting that
our sampling of adults was complete and any unsampled
males were unlikely to be the true sires. In total, 412
offspring (95.0%) had zero mismatches with both assigned
parents, 21 offspring (4.8%) had one mismatch with an
assigned male or female parent, and one offspring had two
mismatches with the known female parent. These two
mismatches in the latter case were assumed to be mutations,
as this specific female gave birth under controlled labora-

Table 3 Male relative consort duration (duration/total consort
duration) depending on the time since the start of the mating sequence
(in minutes, O=first male started consorting), the number of mating
partners, and their interaction (N=139 of 53 males)

Parameter df  Wald x> p Coefficient + SE
Intercept 1 148.5 <0.001  —0.730+0.060
Time T 1 325 <0.001  —0.001+0.0003
Mating partners MP 1 55.8 <0.001  —0.089+0.012
TxMP 1 18.8 <0.001  0.0002+0.00005

Relative consort duration had a normal distribution and was modeled
using GEE, correcting for random individual male effects. The scaling
parameter was adjusted using the deviance method. The mating order
(which correlates with the time in the sequence), year, and colony
effects were non-significant and removed from the model
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tory conditions. See Raveh et al. (2010) for a more
complete description of paternity assignment in the 147
litters and of the effects of mating order (first to eighth) and
mating partners on siring success in the 110 litters (334
offspring) used for the subsequent analyses.

Mating order and siring success

Overall, male mating order had a strong effect on the male’s
siring success (Fig. 1; offspring genotyped in 110 litters:
GEE with logit link, with N=464 consortships of 71
individual males entered as subjects; effect of male
consorting order entered as a covariate: Wald y*=155.7,
df=1, p<0.001; effects of year and colony were non-
significant, both p>0.9, and omitted from the model). On
average, males that consorted first sired around 60% of the
offspring in the litter, and this proportion strongly declined
to less than 5% in males mating fifth, whereas males mating
sixth to eighth never sired any offspring. However, this
first-male mating advantage declined significantly with the
number of mating partners the female consorted with,
which is analyzed and presented in more detail in Raveh et al.
(2010). In the remaining part of this paper, we focus on the
mechanisms which might have influenced these patterns of
first-male precedence.

Reproductive behavior

Males consorted for 57.6+32.3 min (£SD, range=8-261,
N=381) guarded females for 7.3+22.2 min (range=0-223,
N=464), and the subsequent interval to a female’s next
consort was 23.9+28.9 min (range=0-162, N=298, mea-
sured from the end of consortship or guarding to the
beginning of the next consort). Consortship and mate

1.0

0.8 1

061 @

0.4+

Siring success

0.2 1

0.0IIIII
1 2 3 4 5 6 7 8

Mating order

Fig. 1 First-male mating advantage in Columbian ground squirrels.
Male siring success declined significantly with his mating order (1=first
to mate, 2=second to mate, etc.) and note that the sixth to the eighth male
to mate never sired any offspring. See Raveh et al. (2010) for more
details. Depicted are means=SEM, the weighted logistic regression line
is from the GEE model in the main text (coefficient of mating order
effect = SE —1.028+0.082, with intercept 1.177+0.1951)
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Fig. 2 Male reproductive behavior depending on his mating order and
the number of males the female mated with a two males (N=13
litters), b three males (N=48), ¢ four males (N=134 litters), d five
males (N=116 litters), e six males (N=47 litters; seven N=18 litters
and eight N=5 litters omitted for clarity). Black bars: consorting
duration, /ight-gray bars: mate guarding duration, white bars: interval
to next male (means+SEM). Note that sample sizes varied per bar due
to missing values. See Table 1 for statistical analyses

guarding duration decreased significantly with mating order
and the number of mating partners (Fig. 2; Table 1). The
interval to the next consortship increased with mating order
and decreased with the number of mating partners (Fig. 2;
Table 1). Male consortship and mate guarding duration
were positively correlated, but the correlation coefficient
was rather small (Spearman rank correlation 7,=0.24, N=381,
p<0.001). Neither of these two behaviors were correlated

with the interval duration (r,=—0.06, N=354, p=0.35 and
rs=0.01, N=298, p=0.81, respectively).

Mate guarding, OSR, and the number of consorting partners

The number of males each female consorted with was
strongly influenced by (1) the mate guarding duration of the
first male to mate and (2) the OSR (Poisson GEE with
individual females as subjects, x*=7.1, df=1, p=0.008 and
x>=5.1, df=1, p=0.024, respectively). Females consorted
with less males when the first male guarded her for a
prolonged period of time (coefficient+SE —0.0023+0.0009
from the above Poisson GEE). Additionally, females were
less likely to consort with several partners when less males per
estrous female were available (coefficient+SE —0.41+0.18
from the above Poisson GEE). The effect of the second males’
guarding on the number of additional males was negative (i.e.,
potential third to eighth males consorting), but not significant
(similar Poisson GEE as above, p=0.077), whereas the OSR
remained significantly negative (p=0.03).

Consortship behavior and siring success

The longest mating sequence lasted 546 min (from the start of
the first until the end of the final consortship). The minimum
consort duration that resulted in any sired offspring was
15 min. In the selected dataset (N=46 litters), male consort-
ship duration and mating order both significantly affected
siring success when tested separately (positive and negative,
respectively, two GEEs, both p<0.001). Combining both
factors and their interaction into one model (Table 2) showed
that siring success declined with mating order, increased with
the relative consortship duration, and depended on their
interaction (Fig. 3). The interaction effect resulted in the
relative consorting duration only affecting siring success
positively for the first two males to consort (Fig. 3a, b), but
not in later males to consort (Fig. 3c—e).

Timing within the mating sequence and siring success

The maximum time interval between two males success-
fully siring offspring was 345 min (ten out of 46 litters had
values between 181 and 345 min). In the selected dataset
(N=46 litters), male relative consort duration varied with
the timing within the mating sequence, and this was
independent of mating order (as can be seen from the
mixture of mating orders in Fig. 4b—e, see Table 3). The
cumulative effects of previous males’ behaviors on a focal
male’s siring success can thus be analyzed as a time-shift in
the mating sequence (and so their average mating order),
which causes these focal males to consort for a shorter time
and gain less parentage. Indeed, the male’s siring success
could be entirely explained by this timing shift: Siring success
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was negatively related to the amount of time passed since the
start of the female’s mating sequence (GEE, x*=10.5, df=1,
p=0.001) and consequently was no longer related to the
male’s relative consort duration (if added to the above GEE:
x*=0.5, df=1, p=0.46) nor related to the number of mating
partners (if added to the above GEE, x*=0.8, df=1, p=0.37;
N=139 of 53 males consorting second to eighth).

The timing in the mating sequence explained the pattern
of siring success we initially attributed to mating order. A
simple GEE model relating siring success (logit link) to In-
transformed (time in the mating sequence+1) explained a
large amount of variation in siring success (Fig. 5, x*=67.2,
df=1, p<0.001; the corrected quasi-likelihood under inde-
pendence model criterion was 855.6; with intercept+SE
0.258+0.227 and slope+SE —0.4124+0.050, N=185 of 58
males consorting first to eighth). Indeed, the pattern of siring
success depicted in Fig. 5 closely matched the pattern of
siring success in Fig. 1.

Discussion
In this study, we investigated alternative influences on first-

male precedence. Using a combination of mating observa-
tions and paternity analyses, we found that (1) the durations
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Fig. 4 Male relative consortship duration (duration/total consorting
duration) decreased with the amount of time since the mating
sequence started (O=first male started consorting) and the number of
mating partners (sample sizes and fitted lines from model in Table 3):
a two, b three, ¢ four, d five, and e six (large symbols, continuous
line) and seven (small symbols, dotted line) males. Note that mating
order had no effect (closed circles second, open triangles third, closed
squares fourth, open diamonds fifth, closed triangles up sixth, and
open circles seventh male in the mating order)

of male—female consortship and mate guarding decreased
significantly with the male’s mating order and the number
of partners a female mated with, (2) the number of males a
female consorted with was mainly influenced by first-male
mate guarding behavior and the OSR, (3) male siring
success significantly declined with order in the mating
sequence and relative consort duration only affected siring
success positively for the first two consortships within a
mating sequence, and (4) male relative consort duration and
siring success declined with the time passed since the
female started to mate. The timing in the mating sequence
seems to be a good predictor of the relative consort duration
and therefore also a good predictor of actual siring success
obtained.
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Fig. 5 The time since the mating sequence started (0=first male
started consorting) was closely related to the male’s siring success, as
it is a good predictor of the mating order, the number of mating
partners the female eventually consorted with and how much each
individual male invested in consorting. Fitted line from the GEE
model presented in the text (logit-link siring success vs. In-transformed
[time since start mating sequence + 1]). N=185 consortships of 58 males,
increasing symbol sizes denote increasing sample sizes (up to 15
overlapping data points)

We found that consortship and mate guarding durations
decreased with increasing mating order, but these differ-
ences between mating orders decreased substantially when
females mated with more than two males. Male siring
success showed a positive relationship with relative consort
duration, but only for males mating first or second. For the
first male to mate, consortship duration significantly
affected siring success. This was less true for the second
male, and consortship durations of later mating males did
not affect their siring success. Therefore, males can expect
an increase in their siring success by (a) being the first male
to mate with the female, when ideally only a few other
potential mating partners are present, or otherwise (b) the
first male should try to prolong the consortship and mate
guarding to reduce the chances of paternity by other males.
This could be beneficial in two ways: first by reducing the
number of competitors (other males that mate with the
female) and potentially forcing opponents into consortships
that are less successful due to their timing relative to female
receptivity.

The sperm precedence patterns found in our study
species can, as yet, not be fully understood without
knowing how consort duration (time spent underground)
scales to actual copulation duration and sperm transfer.
Calibrating the consort duration with the actual copulation
duration (e.g., underground videotaping, see also Lisk et al.
1989) and the sperm transfer rates of males in the different
mating orders should be done in the future to resolve this
point. The shortest consort duration resulting in sired
offspring that was observed in our study was 15 min,
which suggests that very short male—female associations
may lead to successful sperm transfer in this species.

Male guarding behavior, OSR, and mating partners

In polygynandrous mating systems, post-copulatory behav-
iors may have a significant influence on sperm competition
by limiting the ability of females to mate with additional
males. In our study, mate guarding did not exclude multiple
mating, as all successful reproductive females mated with a
minimum of two males (first-time mating females occasion-
ally have only one male partner; F.S. Dobson, unpublished
data; these were not successful in our dataset). Nonetheless,
mate guarding by the first male appeared to reduce the number
of additional mates the female consorted with, which is in
accordance with other studies (Martin 1984; Magller 1987,
Hatchwell and Davies 1992; Alcock 1994; Johnsen et al.
1998; Zaldivar Rae and Drummond 2007). Mate guarding
behavior that reduces the likelihood of additional mates
supports the hypothesis that mate guarding plays a role in
generating a first-male precedence.

Alternatively, the use of copulatory plugs in Columbian
ground squirrels (Murie and McLean 1980) might be
another male strategy to ensure paternity by assisting sperm
transfer and blocking or delaying (if the plug is lost) a
successful mating by a subsequent male (Gomendio et al.
1998). In general, these plugs do not appear to be effective
in preventing further matings in mammals (see, e.g.,
Baumgardner et al. 1982; Dewsbury and Sawrey 1984;
Gomendio et al. 1998; Koprowski 1992; Wolff and Sherman
2007). In our study population, some females were observed
to pull out the plug after a consorting event; this removal
may increase the interval to the next consortship. However,
the majority of litters in our study are sired multiply (Raveh
et al. 2010); therefore, copulatory plugs do not seem to be
very effective in monopolizing fertilization success.

We found evidence that male—male competition for
fertile females may determine the number of mating
partners per litter (see review Kvarnemo and Ahnesjo
1996), but the effect appeared small. When the daily OSR
was very high (ca. one estrous female per two males),
females mated with fewer mating partners per litter (on
average 3.75 males), as typical in the early mating season.
When OSR was very low (ca. one estrous female per five
males), which was typical in the middle of the mating
season when the majority of males had emerged from
hibernation, estrous females would mate with significantly
more mating partners (on average 4.40 males). This
suggests that (1) males are better at monopolizing estrous
females when fewer competitors were present (Yamamura
1986; Clutton-Brock and Parker 1992; Shuster and Wade
2003), although the difference between these two extremes
(4.40 vs. 3.75) was small, i.e., only 0.65 male partners or
(2) that females are choosier when the sex ratio is highly
male biased (since there are more males available to choose
from). In the latter case, if high quality males are available
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throughout the whole mating season (e.g., because they
emerge first and stay active through the whole season and if
all females may prefer these males), the number of mating
partners should decrease when more active males are
around, contrary to what we found. Nevertheless, given
that several females may be in estrus simultaneously on the
same day, males may face a trade-off between the numbers
of females they can mate with on the same day and the
mating order they can achieve for each of these females.

Although females are assumed to play an active role in
determining mate guarding duration (Jennions and Petrie
2000; Kokko and Morrell 2005), which may also hold true
for Columbian ground squirrels females (which may or may
not tolerate mate guarding; S. Raveh, P. Neuhaus, and F.S.
Dobson, personal observation), our results rather suggest
that male—male competition drives the relationship between
OSR and the number of male mating partners, but again the
effect appears small.

Consorting and mate guarding behavior in other ground
squirrels

Studies on mating behavior in other ground squirrel species
have shown that first-male precedence (as commonly
found) may be influenced by male mating behavior and
male competition over access to estrous females (Lacey
et al. 1997; Waterman 2007). For instance, male Arctic
ground squirrels and black tailed prairie dogs (Cynomys
ludovicianus) can only increase their fertilization success
by increasing their access to unmated females, since males
mating second rarely sired any offspring (a ratio of about
one of 11 cases; Lacey et al. 1997; Hoogland 1995).
Conversely, male Belding’s and 13-lined ground squirrels
do not guard their females but instead search for the next
female (scramble) in estrus directly after copulation and in
which paternity is much more equitably shared among
several males (Hanken and Sherman 1981; Schwagmeyer
and Parker 1987; Sherman 1989).

Mate guarding is a costly post-copulatory behavior
due to increased visibility to predators, energy invested
in chasing females, fighting rival males, and missed
mating opportunities with other partners (Pinxten and
Eens 1997; Martin and Loépez 1999; Komdeur 2001;
Plaistow et al. 2003; Cothran 2004; Saeki et al. 2005). The
resulting trade-off between mate guarding or searching for
another female may end in a war of attrition (Parker 1979;
Hammerstein and Parker 1982). Mate guarding by
multiple males in sequence is found in other species
(Clutton-Brock 1989; Birkhead and Meller 1992, 1998;
Jormalainen 1998; Simmons 2001; Wolff and Sherman
2007). In Columbian ground squirrels, post-copulatory
guarding behavior was not limited only to the first two males
to consort, as in other species (Foltz and Schwagmeyer 1989;
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Hoogland 1995; Lacey et al. 1997; Sherman 1989) but
extended to the third and fourth mating partners, which
seems to be quite unique. Our findings confirmed that
males’ investment in mate guarding declined throughout
the mating sequence, which suggests that sperm from later
mating males is progressively devalued due to mating
behavior of the previous males. Previous paternity analyses
revealed that up to the fifth consorting male are likely to
sire offspring (Raveh et al. 2010); thus, guarding behavior
seems to increase fertilization success. The cumulative
effects of consorting and mate guarding durations of the
previous males may have forced additional males to mate
at a suboptimal time, e.g., outside of the optimal
fertilization window of the female.

Compared to most species of ground-dwelling
squirrels, U. columbianus had more mating partners (4.4.
males per estrous female), which results in higher sperm
competition. First-male precedence in Columbian ground
squirrels seems to be enhanced by longer consortships and
by suppressing the chances and investment of later mating
males through mate guarding. The first five males within a
mating sequence sired offspring, which is rather unusual
in the Marmotini tribe. Female California ground squirrels
(Otospermophilus beecheyi) mate with an average of 6.7
males on their day of estrus, and though 89% of litters are
sired multiply, sperm precedence patterns remain elusive
(Boellstorff et al. 1994). First-male precedence in Colum-
bian ground squirrels is enhanced by longer consortships
and by suppressing the chances and investment of later
mating males through mate guarding. In Arctic ground
squirrels, these differences in investment run in the
opposite direction: The first male consorted for a shorter
time than the second mating partner, but mate guarding
was only performed by the first male and had no influence
on siring success (Lacey et al. 1997). This could be an
indication that Arctic ground squirrels have induced
ovulation (Lacey et al. 1997). In the solitary 13-lined
ground squirrel, which has a “scramble-competitive”
mating system, the second male’s fertilization success
depends on the interval between copulations of the first
and the second male and the duration of copulation
achieved by the second male (Schwagmeyer and Parker
1987; Schwagmeyer and Foltz 1990). The different mating
strategies found in ground squirrel species might be
influenced by whether the particular species exhibits
induced or spontaneous ovulation.

Currently, it is not known whether Columbian ground
squirrels have induced or spontaneous ovulation. Only two
studies on ovulation in ground squirrels are available: the
solitary 13-lined ground squirrel 1. tridecemlineatus (also
tribe Marmotini) is thought to exhibit induced ovulation
(Foster 1934), whereas the social Cape ground squirrel
(Xerus inauris) has spontaneous ovulation (Bouchie et al.
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2006). Our study species might be a spontaneous ovulator,
since this species re-cycles (which can take 5 to 10 days),
when the first estrus did not result in successful consort-
ships, for example due to adverse weather (F. S. Dobson, S.
Raveh, and P. Neuhaus, unpublished data). Furthermore,
induced ovulators typically have a very strong first-male
advantage (Stevens et al. 1997; Soulsbury 2010), while
Columbian ground squirrels can have a more even
distribution of siring success. Future studies on species in
the tribe Marmotini (including U. columbianus) should
include mechanistic studies to establish whether a causal
relationship between behavior and sperm precedence exists.
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