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The complex social environment of female
house mice (Mus domesticus)

BARBARA KONIG AND ANNA K. LINDHOLM

Introduction

Conspecifics are a major environmental factor for most organisms. In
sexually reproducing species they are not only mating partners, but also partners
in competitive and cooperative interactions. In a social species, females therefore
interact with males as potential mating partners and with other females as
potential social and cooperation partners. On the other hand, conspecifics are
also competitors for limited resources when living in close proximity. Conflicts
are thus inevitable when females form groups, despite any benefits of group living
(Alexander, 1974; Emlen and Oring, 1977; Sterck e al., 1997). In recent reviews,
Clutton-Brock (2009) as well as Stockley and Bro-Jorgensen (2010) emphasize
the lack of knowledge about female competitive strategies, despite increasing
evidence for intrasexual competition and sexual conflict among females. Female
mammals regularly compete among themselves over access to resources such as
food, breeding territories, nest sites, and shelter. In species with multi-female
groups, they may further compete over breeding (dominance) rank, assistance
with offspring care, the number of offspring raised, protection of offspring during
babysitting, or social thermoregulation. Females may also compete over access to
mating partners in the course of a single breeding cycle, and competitive behav-
iour among females generally includes aggression, weaponry, alliance formation,
cooperation, and the inhibition of other females’ reproduction (Rosenqvist and
Berglund, 1992; Clutton-Brock, 2009; Stockley and Bro-Jergensen, 2010).
However, few data are available regarding whether differential access to resources
(including mating partners) leads to differences in reproductive success, and
whether social interactions affect the outcome of such reproductive competition.

The above strategies, which females may use during intrasexual competition,
are less conspicuous that those used by males, and this difference has been linked
to higher parental investment and lower potential reproductive rates in female

Ewvolution of the House Mouse, ed. Milo§ Macholdn, Stuart J. E. Baird, Pavel Munclinger and Jaroslav Pialek.
Published by Cambridge University Press. © Cambridge University Press 2012.
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mammals (see Clutton-Brock, 2009; Stockley and Bro-Jergensen, 2010).
Nevertheless, any selective influence of reproductive competition will tend to
result in the development of traits that allow for more competitive interactions.
Such a process has been termed ‘social selection” by West-Eberhard (1983, 1987),
with sexual selection considered a subset. Social selection refers to the fact that an
individual’s fitness is not only determined by its own phenotype but also by the
phenotype of a social partner. The potential for social selection exists whenever
individual fitness varies as a result of social interactions, both in a cooperative and
competitive context. In mammals in which females live in social groups, social
interactions thus may provide the opportunity for the evolution of traits that
improve reproductive competitiveness as well as social partner choice in females,
with the prediction that interactants experience variance in fitness. So far, fitness
consequences of female social interactions have only been described for primates
(Silk ez al., 2003) and for house mice (Weidt ez al., 2008).

House mice are a tractable species for studies of female social interactions
and female intrasexual competition, as well as the potential for reproductive
competition to affect a female’s social environment. Here, we first review
factors that influence female—female social interactions during reproductive
cooperation and competition. We then present new data from a free-living
population in Switzerland showing seasonal effects on female reproductive
competition and social bonding, and analyse whether differences in degree of
reproductive competition and in current reproductive state affect social inter-
actions of adult females.

Reproductive competition and cooperation in female
house mice

Female house mice (Mus domesticus) live in social groups, and field as
well as laboratory studies have illustrated their high potential for cooperation and
competition over reproduction. House mice have a flexible social structure, but
typically they live in small groups consisting of a dominant male, one or several
adult females with their litters and several subordinate mice of both sexes
(DeLong, 1967; Lidicker, 1976; Bronson, 1979; Berry, 1981; Singleton, 1983;
Gray et al., 2000). House mice are plural breeders, with several breeding females
per group. Within groups, adult females contribute to territorial defence
(Crowcroft, 1966; Latham and Mason, 2004) and cooperate in some kinds of
communal care, such as babysitting, social thermoregulation, or defence of pups.
The most conspicuous example of cooperation, however, is non-offspring nurs-
ing (for a review, see Konig, 2006). Such non-offspring nursing occurs when
two — or, rarely, more — females pool their litters in a communal nest and
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indiscriminately nurse both own- and non-offspring (Southwick, 1955; Sayler and
Salmon, 1971; K6nig, 1989, 1993; Manning ez a/., 1995).

Kept under standardized conditions in the laboratory or in semi-natural
enclosures, non-offspring nursing is an integral part of the reproductive behav-
iour of female house mice in egalitarian groups. Communal or non-offspring
nursing (also referred to as allosuckling or allonursing) has been described for
approximately 7o mammalian species across 12 orders, and for reproducing and
non-reproducing females; nevertheless, in only 10% of such species were non-
offspring nursed as much as own young, as is the case in house mice (reviewed in
Packer ez al., 1992; Jennions and Macdonald, 1994; Kénig, 1997, 2006; Lewis and
Pusey, 1997; Solomon and French, 1997; Hayes, 2000).

Communal nursing in house mice has been studied intensively in the laboratory
with direct descendants of wild-caught animals. When two females establish an
egalitarian reproductive relationship, communal nursing increases both partners’
individual lifetime reproductive success in comparison to females rearing litters
solitarily (Konig, 1993, 1994a). However, the probability for such cooperation is
highest when a female shares a nest with a familiar sister to form a low-skew society
(Konig, 1994a, b, 1997, 2006). As a consequence, non-offspring nursing of female
house mice in pairs with egalitarian reproduction is adaptive, and involves mutual-
istic direct fitness benefits. With increasing group size (three adult females per
group), on the other hand, reproductive skew increases towards despotic relation-
ships and individual reproductive success decreases below that of a solitary female.
The reason why females differ in individual reproductive success as a function of
group size and relatedness is that females differ in their probability to reproduce and
successfully wean young within their lifetime, due to competition over reproduc-
tion, despite communal nesting and communal nursing (Kénig, 1994a, b, 2006).

Individual fitness thus varies as a result of social interactions, and direct benefits
of cooperation seem to stabilize non-offspring nursing among female house mice.
Spatial proximity and nest sharing usually precede breeding associations in house
mice (Manning ez al., 1995; Dobson ez al., 2000; Hayes, 2000; Rusu and Krackow,
2004), while spatial intolerance and unstable dominance relationships prior to the
start of reproduction strongly impair cooperation in communal nests (Rusu and
Krackow, 2004). Females may therefore be expected to carefully choose partners
for subsequent breeding to avoid fitness loss, and establish social bonds to such
preferred partners. In accordance with this hypothesis, female house mice display
non-random preferences for social partners when kept in groups of unrelated
females in semi-natural enclosures (Weidt ef a/., 2008). Females that were after-
wards allowed to live with previously preferred social partners had a higher
probability to reproduce and a significantly higher lifetime reproductive success
compared to females living with previously non-preferred partners. This suggests



CTOOLSMWMS/CUP-NEW/2904659 WORKINGFOLDERMACH80s21606esctsp 1177 (1141342122012 11:21AM

The complex social environment of female house mice

that females generally associate with social partners with whom they have a low
potential for reproductive competition (Weidt ez al., 2008).

In natural populations and in enclosures, female house mice spatially asso-
ciate and communally nest with kin (Wilkinson and Baker, 1988; Dobson ez a/.,
2000; Dobson and Baudoin, 2002; Rusu and Krackow, 2004; Rusu ef a/., 2004).
Familiarity during juvenile development (as occurs among siblings) is of
importance for such female—female social interactions (Konig, 1994b;
D’Amato, 1997). This is in contrast to female mate choice, where dominance
status (Hayashi, 1990; Drickamer, 1992) or genotypic cues (MHC comple-
ment — Yamazaki ez al., 1976; or ¢ haplotype — Lenington and Egid, 1989) are of
main relevance. This suggests that for social partner choice direct information
about a potential partner’s behaviour or physiological status is more important
than genetic relatedness (see also Konig, 1994b, 2006). Nevertheless, choosing a
tamiliar female for social cooperation may result in close association with kin.
Incidences of female competition over reproduction, mainly expressed through
overt aggression, reproductive inhibition of other females or infanticide of non-
offspring, on the other hand, have been typically described for unfamiliar and
unrelated females (Hurst, 1987; Konig, 1994a; Palanza ez a/., 1996, 2005; Rusu
and Krackow, 2004).

The potential for female house mice to establish individualized social bonds
among group members is therefore high. House mice mainly use odours (for a
review see Stopka e al., Chapter 8 in this volume), but also ultrasonic vocal-
izations (for review see Musolf and Penn, Chapter 10 in this volume) for intra-
specific communication and individual identification, and familiar individuals
can recognize each other after a separation period of at least seven days (Hurst,
1990; D’Amato, 1997; D’Amato and Moles, 2001; Nevison ez al., 2003).

Seasonal reproduction in house mice

Reproduction in house mice is assumed not to be obligatorily seasonal.
Commensal populations usually breed all year, and feral populations breed non-
seasonally in some locations, but are seasonal in others (reviewed in Latham and
Mason, 2004). In his extensive review of the reproductive ecology of house
mice, Bronson (1979) concluded that the interaction between caloric depriva-
tion and the metabolic responses to cold exposure seem to be the most likely
candidate for producing a seasonal interruption of the potential of mice for
continuous breeding. During cold periods, reproduction is often reduced,
although cold-adapted house mice have bred in frozen carcasses in deep freezer
houses in the harbour of London (Laurie, 1946). Seasonal variability in com-
mensal barn populations therefore may allow a comparison of periods with high
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reproductive activity and a potentially high degree of reproductive competition,
with periods of relatively low reproductive activity and thus low competition
among females.

From free-living populations, however, little information is available on the
social life of female house mice and how it is affected by differences in female
competition over reproduction and by female bonding. Here, we illustrate the
complexity of the social environment of a wild female house mouse, using new
data from our long-term study of a free-living population in a barn in
Switzerland. We were specifically interested in the following questions:

e Is there evidence that female reproductive competition varies seasonally?

e Does seasonality in reproductive competition affect the social environment of
females?

e Does current reproductive state influence female—female social interactions
independently of seasonal effects?

Assuming that (1) females display social partner preferences; (2) individual
reproductive success is highest in pairs of females and decreases with increasing
group size; and (3) high reproductive activity implies high reproductive competi-
tion, reproducing females are expected to choose smaller group sizes during
periods of high reproductive activity.

Study population of wild house mice

Our study population was initiated in autumn 2002 by Andrea Weidt
and Barbara K6nig in a former barn, situated at the border of a forest near Illnau,
Kanton Ziirich, Switzerland. For a house mouse, a barn is a natural habitat.
House mice in Europe occur in anthropogenic habitats, such as grain stores and
farm buildings, with feral populations generally restricted to islands (Pocock
et al., 2004). This has been the case for a long time. Archaeological and palae-
ontological evidence shows that house mice were commensal with humans by
8000 BC, coinciding with new farming practices such as large-scale grain storage
(Cucchi ez al., 2002), and that house mice colonized western Europe, commensal
with humans, about 2000 years ago (Cucchi ¢ al., 2005).

Our study population was seeded with 12 wild-caught individuals, six
from each of two nearby demes (altogether four males and eight females,
caught at two farm houses situated within 5km of the barn) in November
2002, and has since August 2003 been open to immigration and emigration
(after successful reproduction of the founder individuals). Long-distance dis-
persal out of the barn occurs, as marked mice have been recovered approxi-
mately 1km away.
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Figure 5.1 Schematic drawing of the floor of the barn (floor space 72 m?) with 40 nest
boxes. Dividing walls are aluminium, 75 cm high, with 11 passages, separating the area
into four quarters; next to the entrance door into the barn is a separate area for storage of
equipment and for handling the mice — this is also accessible to the animals. Not shown
are 2—4 feeding and drinking sites each per quarter, and further structuring of the floor
with bricks and smaller wooden and plastic barriers or hides.

The barn is divided into four quarters by aluminium plates 75 cm in height,
with 11 small holes allowing the passage of mice (Fig. 5.1). The floor of the barn
consists of concrete, and is covered by commercial rodent bedding, and littered
with bricks and wooden and plastic barriers to provide internal structure and
shelters (not shown in Fig. 5.1). The mice can access all parts of the barn, and can
leave it under the roof or through holes in the walls (the walls consist partly of
bricks and wood). They nest in 40 artificial nest boxes (ten per quarter) and are
provided with straw as nesting material. The interiors of the nest boxes are
accessible to us, so offspring can be counted and measured. Food, a 50—50 mixture
of oats and commercial rodent food made by Haefliger AG, is provided
ad libitum at 9—10 feeding trays (at least two per quarter), as is water (3—4 drinking
sites per quarter). Availability of food at our study site is less than would be
available in grain stores and many barns, but is not limiting. We therefore
consider the availability of food within the natural range. The barn itself is free
of predators, but not of parasites; mice are exposed to predators, including foxes,
badgers, house cats, and birds of prey, whenever they exit the barn.

Male and female mice of minimally 18 g living in the barn are implanted with a
transponder (RFID tag; trovan® ID 100, o.1g weight, 1.5 mm length, 2.1mm
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diameter) by a trained and licensed animal care technician. Implanting trans-
ponders into smaller mice results in a high percentage of tags lost. Our method
nonetheless allows tagging of all reproducing females, as no pregnant or lactating
females weighing less than 19 g have been detected (2006—2010). The trans-
ponders provide a unique identity number for each mouse and a means to
monitor mice remotely by transponder readers.

In 2003, 2004, and since 2006 until now, all nest boxes and shelters have been
monitored weekly for the presence of tagged mice (which is done with a handheld
transponder reader placed outside the nest box or a shelter) and for the presence of
new litters. During 2005, monitoring was less frequent. The age of pups is
estimated, and all litters are measured when they are 13 days of age (range 12—14
days; day of birth of a litter is considered as day 1). We sex the pups and take
individual body weight. We refer to the number of pups at day 13 as weaning litter
size, because pups are not yet mobile and thus do not mix with other litters by
themselves. At 14 days of age, pups open their eyes and are mobile. They begin to
eat solid food at 17 days and are weaned when 2123 days old (dependent on litter
size; smaller litters are weaned earlier; Konig and Markl, 1987). Offspring mortality
between days 13 and 17 is almost absent in the laboratory, and we consider litter size
at day 13 as a good approximation of weaning litter size also in our barn population.

In addition, at approximately seven-week intervals, comprehensive trapping has
been conducted to monitor the adult population (population monitoring). Every
mouse is weighed and females are examined for reproductive state (characterized as
pregnant and/or lactating according to the swelling of the body and the appearance
of the teats), and those adults lacking transponders are tagged. We also monitor the
population for remains of deceased mice. Here, we analyse 29 population-
monitoring events over a period of four years, from April 2006 until March 2010.

In May 2007 we installed permanent transponder readers in the tunnels that
provide entrances to the nest boxes (two antennas per tunnel, which allows us to
discriminate between a mouse entering or leaving a nest box). These readers
connect to a computer and continuously track movements of tagged mice into
and out of nest boxes. This provides 24-hour information on movements and social
affiliations of adult mice, and makes breeding females and males easy to locate.
Here we include data from 1 January 2008 to 31 December 2009 on tagged females.

Seasonal variability in reproduction

The number of adult males and females in our study population
increased from an average (+ standard error) of 29.6 * 4.4 males (range 11-57)
and 38.9 3.0 females (range 27-55), respectively, in the 12 months from April
2006, to 69.7+ 8.3 males (range 55-88) and 70.7 + 4.8 females (40-100) in the 12
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Figure 5.2 (a) Adult males and adult females (body weight at least 18 g) and (b)
subadults (weaned offspring of less than 18 g) registered during population-
monitoring events over a period of four years (April 2006 to March 2010;
N=29); (b) further shows the total number of pups sampled per month at the
age of 13 days (IV=48).

months from April 2009 (Fig. 5.2a). No seasonal effects on adult sex ratio were
obvious; however, during the first three years (2006—2008), the number of adult
females was higher than the number of adult males during the summer, with the
reverse effect during the winter. The number of pups weaned (13 days of age) and
of subadults (weaned individuals up to a body weight of 17.5 g), on the other hand,
showed marked seasonal effects, with peaks in reproductive output at r2-month
intervals, during late spring/early summer (beginning April/May; Fig. 5.2b). The
number of subadults registered during a single population-monitoring event
reached values of up to 127 during mid-summer. Although reproduction rarely
entirely stopped during the winter, it was typically drastically reduced, beginning
in September/October.

Seasonality in reproduction was also reflected in the proportion of reproductive
females present in the population (Fig. 5.3a). This measure may reflect female
reproductive activity better than pup production, as only pups surviving to the age
of 13 days are included in the latter measure. However, it may fail to include non-
lactating females in early pregnancy. Generally, the proportion of females preg-
nant and/or lactating was lower during winter (October to March) than during
summer (April to September; binomial GLM, z,,,=9.84, p < 0.0001; statistics
were performed using R version 2.12.2; R Core Development Team, 2011). This is

I21
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Figure 5.3 Proportion of adult females classified as reproductive (pregnant and/or
lactating) during population-monitoring events; (a) over a period of four years (April
2006 to March 2010; N=29); (b) correlogram of temporal autocorrelation. The dashed
line gives the 95% confidence interval. Vertical bars crossing the confidence interval
indicate significant autocorrelations.

illustrated by the significant negative autocorrelation of the proportion of repro-
ductively active females after a seven-month lag time (Fig. 5.3b), using linear
interpolation to estimate missing monthly values (as monitoring sessions were
less frequent than once per month). Peaks of positive correlations after 11—14
months indicate an approximate annual cycle in reproduction.

During the study period, the proportion of females showing reproductive
activity decreased with time (binomial GLM, z, ,,=2.10, p < 0.05). As numbers
of adult females showed an increase with time (linear regression # ,,= 4.23,
# < 0.001), but numbers of reproductively active females did not (linear regression
t,,,=0.12, p < 0.91), the decrease in proportion of reproductive females over time
could be due to increased female competitive interactions. We used a generalized
linear model to test for an effect of the number of adult females present on the
proportion of females showing reproductive activity (Fig. 5.4). To remove the
effect of seasonality in breeding, we averaged across 12-month intervals, and we
log-transformed the average number of females present to avoid over-dispersion
of errors. Indeed, reproductive activity significantly declined with increasing
numbers of females present (binomial GLM, z, , = 5.25, p < 0.001).

To summarize, reproductive skew among adult females was substantial even
during periods of favourable breeding conditions during summer. The number
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Figure 5.4 Average proportion of females classified as reproductive (pregnant and/or

lactating), as a function of the log-transformed average number of females present
(points), per year, with generalized linear model prediction (line).

of reproductively active females did not change significantly over the study
period, nor did the annual total of pups weaned. However, the number of non-
breeding adult females in the population increased over time, suggesting
increasing female competition over reproduction, especially during the sum-
mer. In winter, however, under conditions of unfavourable, cold temperatures,
a female’s individual condition or physiology, and not necessarily reproductive
competitiveness against other females, might determine whether she is able to
reproduce. Reduced food and nesting material availability can be excluded in
our study population as causal factors for low breeding during winter, as
suggested for other wild populations (Laurie, 1946; Berry, 1968; Randall,
1999). Instead, cold and its ensuing influence on metabolism may be the
greatest hazard to a female (see also Lynch, 1992).

Male condition also supports our conclusion that the strength of intrasexual
selection varies seasonally. Given that wounds in males are typically inflicted
during intrasexual competition over access to females, only 8.8% of adult males
examined during population-monitoring events had fresh wounds on their body,
head, legs, or tail in winter, but 21% were wounded during summer.

Whatever the cause of the observed seasonality in reproduction, we expect
lower female competition during winter than during summer, leading to the next
question of seasonal differences in female—female interactions and female

bonding.
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Seasonal variability in nest box use and in social interactions
among females

Female nest box use and social behaviour were analysed from a two-year
dataset of transponder readings in the nest boxes. For each tagged female we
calculated the following monthly data (beginning with the month of tagging for
females implanted after January 2008, and excluding the month during which a
female died or disappeared from the barn): cumulative number of nest boxes
visited; cumulative number of female partners; and cumulative number and mean
duration of interactions. Social interactions and female partners were defined
according to meetings in the same nest box. As soon as any two females
simultaneously visited the same nest box, they were considered as partners and
the meeting as a social interaction. Nest boxes are rather small, with a diameter of
15 cm, and we never observed two separate nests within one box. We therefore
assume that individuals have direct contact when simultaneously visiting a box.
A total of 226 females provided 1305 monthly records of such data on partners,
social interactions, and number of nest boxes used.

Adult females usually met for a rather extended period of time in a nest box.
An average social interaction lasted 1296 s (21.6 min), and ranged between 2 s and
4602's (76.7 min; Fig. 5.5). A short interaction, of less than 1 min, might also be
interpreted as a socio-negative or agonistic encounter, resulting in a female being
chased out of the box. Substantially longer interactions between females, how-
ever, suggest a socio-positive relationship or familiarity with each other, and that

250
200 — —

150

Frequency

100 —

50

[ T T T 1
0 20 40 60 80

Duration of female meetings (min)

Figure 5.5 Frequency distribution of meeting duration (minutes) of any two
tagged females that simultaneously visit a nest box (monthly average of the
length of a female’s social interactions with any other female; N=226 females).
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the females belong to the same social group. In 44 monthly records (5.7%),
females used nest boxes without meeting another tagged female.

Influence of female reproductive state on spatial and
social behaviour

In 615 monthly records, information was available on female reproduc-
tive status during that month from population-monitoring events, and was used
for further analyses. We accounted for repeated measures of the same female
by implementing linear mixed models in ASReml 3.0 (VSN International)
with female identity as a random effect. We tested for independent and multi-
plicative effects of reproductive status and season on female social interactions.
Accounting for repeated measures complicates determination of degrees of
freedom; here, denominator degrees of freedom were calculated empirically in
ASReml according to Kenward and Roger (1997).

Females differed substantially in the monthly number of nest boxes visited,
which ranged between 1 and 33. Reproductively active females used fewer nest
boxes than non-reproducing females (Fig. 5.6a). Furthermore, all females generally
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Figure 5.6 Bar plots (mean * SE) of monthly data on (a) cumulative number of nest
boxes visited; (b) cumulative number of female partners; (c) cumulative number of female
meetings; and (d) average duration of meetings, according to female reproductive status
and season (V= 615 monthly records).
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used fewer boxes in summer than in winter (reproduction: Wald statistic, , = 20.0,

1,551
p <o.000r; season: Wald statistic, ., = 24.9, p < 0.0001; interaction: Wald statis-
tic, o5 = 0.001, p < 0.92). Within nest boxes, females met with o—19 female partners,
without obvious seasonal differences (Fig. 5.6b). Nevertheless, the lowest number
of partners was observed for breeding females in summer (on average 6.9 partners),
with significantly fewer partners than non-reproducing females in winter (repro-
duction: Wald statistic, ,g5 = 3.38, p < 0.07; season: Wald statistic, 4, = 0.38, p < 0.54;
interaction: Wald statistic, ,,, = 8.38, p < 0.005).

Reproductively active females had fewer (Fig. 5.6c) and shorter meetings
(Fig. 5.6d) than non-reproducing females, and during winter meetings generally
were more frequent and longer than in summer (number of female meetings:
reproduction: Wald statistic, ., =12.2, p < 0.0001; season: Wald statistic, ;, =
49.8, p<o.ooor; interaction: Wald statistic, ;;,=2.26, p<o0.14; duration of
female meetings: reproduction: Wald statistic, ,, = 46.1, p < 0.0001; season:
Wald  statistic, ;o = 49.9, p <o0.0001; interaction: Wald statistic, ., = 0.06,
p< 0.81).

In both summer and winter females used only a limited number of nest boxes
during a given month (on average ;-8 of 40 available), allowing for the con-
clusion that such spatial behaviour reflects an individual’s home range. We have
no information on female behaviour outside the nest boxes, but the rather long
duration of the majority of meetings among adult females in a box suggests that
partners belong to the same social group, are familiar with each other (with the
potential to establish social bonds), and that all group members might con-
tribute to defend nest boxes against non-group members (either through
olfactory cues or via aggression during direct interactions; see also Hurst and
Nevison, 1994).

Access to nest boxes may be a prerequisite for successful reproduction in
females. The vast majority of litters in our population was born and weaned in
boxes, presumably because they improve protection from disturbances by con-
specifics (see also Crowceroft and Rowe, 1957, 1958; Hurst, 1987; Rusu ez a/., 2004).
Nevertheless, even reproducing females used several nest boxes and sometimes
moved litters between boxes. We do not know why females regularly access
several boxes even when lactating. Such behaviour can be explained by several
factors, such as the option to move when faced with or disturbed by a predator,
varying microclimatic needs during different environmental conditions,
improved access to feeding and drinking sites, or avoidance of parasites. Since
the number of partners significantly increased with the increasing number of nest
boxes used (linear regression, # ,;,, =10.7, p < 0.0001), at a rate of 0.32 additional
partners per additional box used, larger groups may be able to defend larger



CTOOLSMWMS/CUP-NEW/2904659 WORKINGFOLDERMACH/80s2160669C053p. 127 (1141342122012 11:21AM

The complex social environment of female house mice 127

territories, which again might improve access to resources and/or defence against
non-group members.

Reproductive competition nevertheless influenced the spatial and social
behaviour of the females. During summer, when a higher proportion of females
were breeding, reproducing females used fewer boxes than during winter, and
also fewer than non-reproducing females. When radio-tracking female house
mice in a feed shed, Wilkinson and Baker (1988) also observed smaller home
ranges in lactating females. Reproducing females might access fewer nest boxes
because they regularly nurse offspring, keep them warm, and protect them against
infanticidal conspecifics, and thus have less time for exploratory behaviour. On
the other hand, they are limited in the time spent with the pups, because they
have to drastically increase the daily amount of food eaten to allow for milk
production (Konig ez al., 1988). Still, we exclude improved access to food as a
causal factor to temporarily reduce home range size during breeding in summer.
First, we did not observe food storage in nest boxes, and second, in winter, when
nutritional and metabolic requirements are expected to be higher than in sum-
mer, reproducing females did not show reductions in home range size. Instead,
we suggest that reproducing females under conditions suggesting high repro-
ductive competition are more restrictive in access to social partners. As predicted
from previous lab studies, they meet with relatively few partners, despite the fact
that relatively more other females are breeding. Highly pregnant or lactating
females might be more choosy in terms of with whom they meet, as preferences
for social partners result in low conflicts over reproduction and improved oft-
spring survival (see Weidt ez al., 2008). Furthermore, under experimental lab
conditions individual lifetime reproductive success decreases with increasing
number of females (Konig, 2006), and it has been shown for other rodents and
larger mammals that female competition increases with increasing group size
(reviewed in Silk, 2007).

Adult females rarely stayed in a nest box in the absence of any other adult
female, suggesting that meetings in social groups and established social bonds
play an important role in reproductive success. Social partners may serve various
functions for a reproducing female. If the social partner is also lactating, both can
establish a communal nest and gain mutual benefits through cooperative nursing
of litters. During summer, on the other hand, relatively many non-reproducing
adult females were also observed in our population. Social bonds to a non-
reproducing female might allow a lactating female to gain benefits through
helping to improve protection of offspring, social thermoregulation, or even
allonursing by non-reproducing females.

Future analyses of fitness benefits arising from individual associations between
reproducing and non-reproducing females in our study population will help us to
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understand how the presence of other females influences individual reproductive
success. If benefits of communal or cooperative care of young are substantial, we
then predict that reproducing females are especially choosy with respect to social
partners, and restrict interactions to only a few other reproducing females in order
to maximize reproductive success (K('jnig, 1994a).

Presumably as a consequence of having fewer partners, reproducing females
had fewer meetings during summer. In addition, they had shorter meetings in
summer, the period of elevated reproductive competition. Such behaviour might
suggest that breeding females alternated in their presence in the nest with other
females, and minimized the time of simultaneous nest use. Alternating with
other females reduces the time litters are left alone and are thus unprotected
during periods of high energetic demand of the mother. Such a benefit would be
obvious, especially for communally nursing females, and in captivity wild females
have been observed to take turns nursing each other’s offspring in communal
nests (Wilkinson and Baker, 1988; Konig, 1989).

In winter, females had more partners, more meetings, and longer meetings
than during summer, irrespective of their reproductive condition. Females thus
decreased the time outside of nest boxes, presumably to minimize exposure to low
temperatures in winter. In addition, larger groups may provide thermoregulatory
benefits. Huddling as a social strategy against low temperature is widespread
among rodents, and several otherwise solitary species nest communally during
the winter, thereby reducing exposure to the environment and consequent heat
loss (Martin e al., 1980; Batchelder ez a/., 1982; McShea, 1990; Hayes, 2000). The
absence, or only weak presence, of reproductive competition during winter might
have relaxed the reproducing females’ selectivity in interactions with other group
members, and thus allowed for the observed large number of partners. In African
striped mice (Rhabdomys pumilio), a strictly seasonal breeder, reproductive com-
petition even favours solitary living. After the breeding season, in the absence of
reproductive competition, almost all striped mice live in groups even under very
low population densities. During the breeding season, however, mice of both
sexes may live solitarily, except under very high population density, when no
opportunities for independent breeding exist (Schradin ez a/., 2011; 2011).

Conclusions

Our free-living study population of house mice in northern Switzerland
showed distinct seasonality in female reproductive activity over a period of four
years, despite unlimited access to food, water, and protected nesting sites. Such
seasonality had interesting consequences for female reproductive competition
and the quality of female—female interactions. During summer (April to
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September), intrasexual competition among females was pronounced, and might
explain why only a limited number of females were able to reproduce in the well-
established population. Although population size and the number of adult
temales increased over the study period, the absolute number of reproductively
active females remained unchanged. During winter (October to March), the
proportion of reproducing females and the monthly number of offspring weaned
were much lower, suggesting relaxed reproductive competition. It is unlikely that
female house mice competed strongly over access to mates, since the number of
adult males to adult females was rather equal over the entire period. They rather
seemed to compete over resource availability, in particular access to nest boxes as a
prerequisite to rear and protect a litter. Only when females drastically outnumber
males or simultaneously share mate preferences, female competition may also
encompass access to mates, as has been suggested by Rusu and Krackow (2004).

Throughout the year, females used a variety of nest boxes where they regularly
interacted with several reproducing and adult non-reproducing female conspe-
cifics belonging to the same social group. Despite the fact that analysis of long-
term stability in interaction partners is still lacking, such a pattern underlines the
significance of same-sex social partners and individualized social groups. Average
life expectancy in the study population is 196 days, but adult females can live up to
three or four years (Manser e al, 2011). Very interestingly, generation time
(average age of reproduction of a female), at nine months, is surprisingly long
(Manser ez al., 2011), suggesting that especially younger females need to integrate
and establish long-term social bonds within a group as a prerequisite to success-
tully wean oftspring. Our long-term data thus propose that females maintain
social bonds to other females even during periods of low reproductive competi-
tion, as part of a flexible and competitively superior reproductive strategy.

Within groups, social relationships appear to be structured by cooperation and
by the existence and resolution of conflicts. During summer, when intrasexual
competition was high, reproductively active females had relatively few partners
and used few nest boxes. Limitation of lactating females’ access to social partners
is expected according to laboratory data, since individual reproductive success is
highest for communally nursing pairs of females, and decreases with increasing
group size (Ko6nig, 2006). During winter, on the other hand, reproductive
competition was low and the benefits of social thermoregulation might outweigh
the benefits of reducing the number of social partners.

Theory predicts that the aversive effect of reproductive competition could be
offset by kin association. Even when reproductive skew occurs within social
groups, the long-term inclusive fitness of interacting females, when related,
should then be higher than of females not exhibiting social preferences. Within

social groups, female house mice have the option to establish preferences and
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restrict meetings to fewer partners when reproducing under conditions of high
intrasexual competition. Genetic relatedness among interacting partners has still
to be analysed for our free-living population, as well as whether individual
preferences result in fitness variances. Nevertheless, female social behaviour has
to be interpreted in the context of long-term relationships and such relationships
are typically complex. Interactions among females thus may be subject to social
selection processes, driving the evolution of female traits. Future studies have to
analyse whether females choose social partners based on their phenotype, to
identify the traits they use for partner preferences, and whether social selection
results in assortative traits of social partners.
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