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Abstract: Background: Communal nursing in house mice is an example of cooperation where females pool litters in the
same nest and indiscriminately nurse own and other offspring despite potential exploitation. The direct fitness benefits
associated with communal nursing shown in laboratory studies suggest it to be a selected component of female house
mice reproductive behaviour. However, past studies on communal nursing in free-living populations have debated whether
it is a consequence of sharing the same nest or an active choice. Here using data from a long-term study of free-living, wild
house mice we investigated individual nursing decisions and determined what factors influenced a female’s decision to

Results: Females chose to nurse solitarily more often than expected by chance, but the likelihood of nursing solitarily

decreased when females had more partners available. While finding no influence of pairwise relatedness on partner choice,
we observed that females shared their social environment with genetically similar individuals, suggesting a female’s home
area consisted of related females, possibly facilitating the evolution of cooperation. Within such a home area females were
more likely to nest communally when the general relatedness of her available options was relatively high. Females formed
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cooperation.
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communal nests with females that were familiar through previous associations and had young pups of usually less than

Conclusions: Our findings suggest that communal nursing was not a by-product of sharing the same nesting sites, but
females choose communal nursing partners from a group of genetically similar females, and ultimately the decision may
then depend on the pool of options available. Social partner choice proved to be an integrated part of cooperation among
females, and might allow females to reduce the conflict over number of offspring in a communal nest and milk investment
towards own and other offspring. We suggest that social partner choice may be a general mechanism to stabilize costly
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Background

The collective care of offspring is a key form of cooper-
ation where individuals care for the offspring of others,
and in doing so gain direct and/or indirect fitness
benefits [1-4]. Within an evolutionary framework, such
investment into caring for the offspring of conspecifics
has been studied in a diverse range of taxa, including so-
cial insects [5], birds [6] and mammals [7]. A specific
type of collective care is communal nursing where two
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or more reproducing females pool their litters in the
same nest or burrow and indiscriminately nurse own
and other offspring [8—11]. Recent evidence has demon-
strated the potential for exploitation during communal
nursing [12], which suggests that choice of a communal
nursing partner is important. However, the mechanisms
behind social partner choice within the context of
cooperative care are poorly understood.

One species where communal nursing has been studied
extensively in the laboratory, and less so in the wild, is the
house mouse (Mus musculus domesticus). Laboratory
studies have demonstrated that two females regularly
establish egalitarian relationships in which they nurse each
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other’s pups non-selectively [10, 13-15]. Females pool
their litters in a single nest, and for an extended period of
up to 3 weeks invest in all pups present. When pups are
pooled in the same nest females with pups already present
are unable to distinguish own from other offspring before
the onset of weaning, and cannot remove own pups again
to nurse them solitarily [9, 12, 16-18]. In consequence,
communal nursing has been argued to be a side effect
of sharing the same social environment or nesting
sites [9, 10]. In a similar vein, communal nursing has
been associated with high population densities and a
lack of dispersal opportunities [19].

Conversely, Weidt et al. [20] found in a free-living
population that females nest solitarily despite having up
to five potential communal nursing partners (another fe-
male with pups in their social environment), suggesting
an element of choice in communal nursing decisions. In
laboratory experiments, communal nursing has been
shown to provide fitness advantages for females, such as
increased lifetime reproductive success in comparison to
solitary nursing. Females achieved higher success when
they nursed with a related, familiar or preferred female
partner [14, 18, 21]. Individual lifetime reproductive
success, however, decreased below that of a solitary
nursing female in groups of three or more females [11],
suggesting the optimal communal nursing group size to
be two females. Additionally, pups from communal nests
had higher survival probabilities [9, 22], but only when
offspring in the communal nest had different fathers,
suggesting that the pups were better protected against
male infanticide (90% of the litters raised communally
were pooled with litters sired by different males; [22]).
Females can also benefit from increased foraging time or
time away from the nest, without affecting the amount
of maternal care received by the offspring [23]. Further-
more, communal nursing may have thermoregulatory
benefits, allowing pups to allocate more resources to
growth, and therefore is expected to occur more fre-
quently at higher altitudes and lower temperatures
(reviewed in: [10]).

Communal nursing can therefore be considered
adaptive for females, and if this is the case it raises
the question of whether females use specific charac-
teristics of a partner and/or their litters when deci-
ding to communally nurse. Recent studies of house
mice have identified milk production as a potential
source of conflict between communally nursing fe-
males [12, 15]. Since females produce milk according
to the total number of pups in the communal nest
and not just own litter size, a female with a smaller
litter overinvests in milk production in relation to her
own litter size [15]. Furthermore, when the difference
in birth litter size is experimentally increased, females
are less inclined to nurse communally [12]. According
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to theoretical models and empirical evidence, exploit-
ation costs are more often tolerated among relatives
due to the indirect benefits gained [24, 25]. Such
findings suggest that relatedness should be important
in communal nursing decisions, and evidence in
support of this has indicated that females typically
nest with kin [26], and prefer partners that share al-
lelic forms of the major histocompatibility complex
(MHC) gene [27]. Green et al. [28] recently revealed
that female house mice choose nesting partners who
are closely related, and those who share own major
urinary protein (MUP) genotype.

On the other hand, females can establish successful
cooperative relationships with previously unfamiliar, un-
related partners [21, 29], and a laboratory study revealed
that association during juvenile development had a
stronger influence on individual lifetime reproductive
success than genetic relatedness [29]. These observations
suggest that other factors allow for effective communal
nursing [21, 29, 30]. An earlier study found that solitary
nursing occurred in about 67% of litters [20], indicating
that a female should choose a partner that would avoid
exploitation, allowing for mutual benefits [14, 31]. Taken
together these findings imply that females may use
specific cues to assess characteristics of potential com-
munal nursing partners and/or their litters. Weidt et al.
[21] demonstrated in a laboratory experiment that fe-
male house mice have increased lifetime reproductive
success when nursing with a preferred female partner,
suggesting that not every partner is suitable. Therefore,
selection on choice of a social partner is expected to re-
sult in the evolution of specific traits that allow its
bearer to gain fitness benefits through successful social
interactions [32-34]. Therefore, to understand the role
of partner choice in female house mice, we first need to
analyse the factors involved in the decision to nurse
communally.

In the present study, we investigated in detail commu-
nal nursing decisions in the natural, complex social
environment of free-living house mice. Analysis of
communal nursing was carried out post-hoc and did not
involve manipulation of the study population. Over a
period of two years, we collected information on each
breeding female’s potential nursing partners and their lit-
ters. We first investigated whether communal nursing
was a by-product of nest availability. We looked at
whether females always nursed communally when they
had the opportunity to do so, and analysed whether
female decisions were independent of nest occupancy.

In a second step we analysed the factors that deter-
mine whether a female joined another female (hence-
forth: communal nursing decision) and focused on all
situations in which a female had the choice to either join
another female for communal care of litters or rear her



Harrison et al. Frontiers in Zoology (2018) 15:4

young solitarily. Given the importance of relatedness
and a population’s genetic structure in the evolution of
cooperation [35-37], we analysed the genetic compos-
ition of the females’ social environment in which they
exhibited choice. We further tested if communal nursing
decisions were affected by the social environment, were
linked to seasonal effects on reproduction, population
size, or number of nest sites used by the focal female.

In a final step, we analysed social partner choice and
compared traits of the chosen female with that of option
females available that were not chosen as a partner for
communal nursing (henceforth: social partner choice).
We predicted that a female should preferentially join
another female when 1) the partner is kin; 2) the chosen
female is familiar, either by juvenile or peer group familiar-
ity, or by social association through sharing the same
home area; and 3) the absolute difference in own and
other offspring litter size is minimized, reducing the risk
of exploitation.

Methods

Study population

Data were collected from a free-living house mice popu-
lation situated close to Zurich, Switzerland, from January
2008 until December 2009. This study period was longer
than the average life expectancy of a mouse in the study
population (average life expectancy: 196 d; [29]). The site
was an old barn with a floor space of 72 m? which was
divided into four equal sections by large plastic walls
(holes in these walls enabled mice to access all sections).
Each section contained ten nest boxes and numerous
shelters that were distributed throughout. Wooden and
plastic structures provided shelter and allowed the mice
to form and defend territories. The barn, although
closed to larger predators, was open to dispersal and im-
migration of mice, and to parasites and diseases [38, 39].
Food (50/50 mixture of oats and hamster food, Landi
AG, Switzerland) and water was provided ad libitum in
three feeding trays and four water dispensers per
section.

All individuals of the population were captured
every seven weeks. Over the two-year study period on
average (mean+ SE) 104.5+10 adult mice, 63.6+9
subadults, and 37.6+10 pups (range: 0-112) were
present during each population-monitoring event. In-
dividuals weighing at least 18 g were considered adult
and implanted with a subcutaneous transponder
(RFID tag; Trovan-ID-100A implantable micro-
transponder: 0.1 g weight, 11.5 mm length, 2.1 mm
diameter; implanter Trovan-ID-100E; Euro ID Identi-
fikationssysteme GmbH & Co, Germany). Using a
one-hand technique to restrain the mice the trans-
ponder was implanted with a sterile needle in the
scruff of the neck, and a tissue sample was taken
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from the ear for genetic analysis (ear puncher, Napox
KN-293: 1.5 mm diameter). Once tagged, adults were
individually identifiable allowing non-invasive moni-
toring of their position in the barn. Mice carrying
RFID tags could either be identified with a hand-held
transponder reader (during handling or when resting
in nest boxes or shelters), or by an automatic antenna
system that recorded the mice entering and leaving
nest boxes (see below for a more detailed descrip-
tion). There have been no reported adverse effects of
the transponders in this population or the literature.
The Swiss Federal Law on Animal Protection recom-
mends ear tissue samples for use as genetic tissue.

More detailed information about the capture proced-
ure, the barn set-up and the population can be found in
[23, 31, 40].

Reproduction

Reproduction was closely monitored in the nest
boxes, which mice could access through a single
plastic entrance tube. Experimenters were able to
open the nest boxes at the top, allowing any litters
born to be discovered and measured. Before opening
a nest box we used a hand-held transponder reader
to register the identity of all tagged mice inside. All
shelters were also checked for tagged adults and lit-
ters, however, females rarely gave birth to pups out-
side of nest boxes (for all litters observed between
January 2008 and December 2009 only 7% of litters
were found outside of nest boxes). Such nest checks
were carried out during the day when mice were
usually resting.

All nest boxes were searched for new litters every 8-
12 days. These nest checks allowed us to find litters
while they were still being nursed, and minimized
disturbance of the nests by experimenters. As a conse-
quence, however, litters were usually not found shortly
after birth (28% of litters found during the study period
were 1-3 days old, where day 1 is counted as day of
birth). When a litter was found, age of the pups was de-
termined using morphological indicators (skin pigmenta-
tion, teeth eruption, fur growth and eye opening enabled
age estimation of +1 day; [23, 31]). We further registered
number of litters in the nest (1 litter = solitary, all pups
of the same age; > 2 litters = communal), and the size
and age of each litter. When pups were estimated to be
13 days old, we took an ear tissue sample and morpho-
logical measurements. Day 13 was considered the closest
age to weaning that we could safely handle and reliably
locate pups, as pups open their eyes at day 14 and then
attempt to escape capture (in terms of gaining independ-
ence from maternal nutrition, weaning starts at 17 days
and ends at 21-23 days [13]).
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Parentage analysis

We took an ear tissue sample from every living pup
when aged day 13, all handled adults and any corpses
found. Following the procedure described in Auclair et
al. [23], DNA was amplified at 25 microsatellite loci en-
abling parentage analysis assignment of mother and
father for individuals. At a 95% confidence level using
Cervus 3.0 [41], success at assigning a mother to pups
was 87—88% over the two years studied.

Pairwise relatedness measures and spatial genetic
structure

We compared how genetically similar two individuals were
to each other at 25 microsatellite loci to the average similar-
ity between all female dyads of the year the focal female’s
litter was born (either 2008 or 2009). To choose an appro-
priate estimator we followed methods used by Rollins et al.
[42] in which pedigree r is compared to r estimated from
microsatellite genotype similarity. We took from our
pedigree 50 full sibling and 50 parent-offspring dyads of ex-
pected relatedness r = 0.5, 50 half sibling dyads (expected
r =0.25), and 50 dyads of unrelated individuals (expected
r =0; living contemporaneously and not sharing a grand-
parent). For all of these dyads we estimated pairwise re-
latedness values using five different estimates for r [43-47]
as implemented in Coancestry 1.0 [48], and correlated them
against the expected r values (see Additional file 1: Table S1
for summaries). From this we determined the Wang esti-
mate [47] to have the highest correlation (R = 0.80) between
expected r and estimated r (for example, full sibling ex-
pected r: 0.5, and estimated r using the Wang estimate:
0.533 +£0.02), and therefore used this estimator to deter-
mine pairwise relatedness in the current study.

We further assessed the spatial genetic structure of fe-
males in the entire barn during the years monitored using
GenAlIEx 6.5 [49]. This spatial genetic autocorrelation
analysis allowed comparison of genetic similarity between
female mice depending on their location in the barn dur-
ing nest checks. We calculated a genetic distance matrix
using microsatellite genotypes. A spatial location was
assigned to each female based on the nest box where she
was detected, at the time of a nest check (when each nest
box was scanned by a hand-held reader). To reduce
autocorrelation, the first nest check in each month was
used (N =23 nest checks). Spatial genetic autocorrelations
were computed between a focal female’s genotype and the
genotypes of all other tagged females at the same location
(radius of 0; starting point), and between the focal female
and all tagged females recorded within increasing concen-
tric circles of 1 m radius from the starting point. Since
neighbouring nest boxes are generally located within 1 m
of each other, a radius of 1 m included 1-3 nest boxes.
This was repeated for all females and significance was
determined by random permutations.
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Female nest box use and meetings

Every nest box had two antennas (NewBehavior AG,
Zurich, Switzerland) fitted to the entrance tube allowing
continuous monitoring of all tagged individuals coming
and going. For a detailed description of the antenna sys-
tem and remote monitoring see Konig et al. [40], and for
an illustration of nest box stays and meetings see Add-
itional file 1: Figure S1. Movement in and out of nest
boxes by a focal female was recorded by the antenna sys-
tem and analysed for a tracking period of 30 days prior
to the focal female giving birth. This time period was
chosen as it included the gestation of the focal female
and most of the gestation and initial lactation period of
potential partners (house mice gestation: 19-21 days
[50]). During this 30-day period the antenna system
allowed us to calculate the number of nest boxes a focal
mouse visited regularly. Females use a number of neigh-
bouring nest boxes for resting and breeding [31, 40], and
we determined an individual’s home area from the nest
boxes they entered. We also quantified the cumulated
time a female spent in all nest boxes she entered as well
as the frequency of these visits. Any nest box entered for
less than 300 s within these 30 days was not considered
as regularly entered and was excluded. Additionally, we
determined all individuals a focal female met within this
time period, the number of meetings they had, in which
nest boxes they met and the total duration of these
meetings (association time). This, therefore, provided a
measure of recent familiarity between the focal female
and each of her potential partners.

Communal nursing and potential nursing partners

A litter is considered communal when two or more fe-
males pool their litters in the same nest box. Nest boxes
were rather small (diameter of 15 cm) and we never ob-
served two separate nests in one nest box. Litters that
shared a nest box therefore were always communal
Once litters are pooled a female with pups already
present in the nest is unable to discriminate between
own and other offspring [9, 12, 17, 51]. Thus, for the
purpose of this study we determined the decision to
nurse communally as being made by the pregnant
female who was about to give birth (hereafter: focal fe-
male) and not by those that had already given birth
(meaning in the event a female chose to nurse solitarily,
her litter could later have been joined and become
communal).

Any female (hereafter: option female) that gave birth
within the 16 days before a focal female gave birth was
classified as a potential communal nursing partner. Ac-
cording to Weidt et al. [20], females only communally
nurse with another female if they share the same home
area, here based on shared use of nest boxes (overlap-
ping nest box use). Thus, available options for each focal
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female were considered to be those litters born to fe-
males in the nest boxes regularly entered by the focal fe-
male (determined by the antenna system, as explained
above). We chose sixteen days before the focal female
gave birth as the limit for communal nursing options, as
16 day old pups are still nursing, but weaning starts at
17 days of age when pups begin to eat solid food [13].
Such criteria have been used in several other studies of
communal nursing [12, 14, 20].

Is communal nursing a by-product of nest availability?
The communal nursing decision of a given focal female
would likely be constrained by the availability of nests
within her home area. To test this we let y be the prob-
ability that a given female chose to form a communal nest.
Let P be the proportion of nest boxes occupied, defined as
the number of boxes in a female’s home area that already
contained one or several litters during the 16 days before
a focal female gave birth divided by the total number of
nest boxes a female used (nest boxes considered are only
those used regularly by the focal female). If all nest boxes
in a female’s home area already contained litters from
other females (P = 1), the focal female could only commu-
nally rear her litter even if her preference was to raise her
young solitarily. Equally, if none of the nest boxes in her
home area contained a litter (P = 0), starting a solitary nest
would be her only option. Moreover, if the focal female
randomly chose a nest box (irrespective whether occupied
or not), we would expect the probability for a communal
nest y to be directly proportional to the proportion of oc-
cupied nests, y ~ P. For example, if a female used 5 nest
boxes, and in 2 of these boxes a litter had recently been
born (P=04), we expect a communal nest in 40% of
cases, a random by-product of shared nest sites. Decisions
for communal nursing will be equally random if females
had individual nest box preferences and nest boxes did
not vary in quality. If nests varied in quality and females
preferred high quality nest boxes, on the other hand, we
expect communal nursing to occur more often than ran-
domly expected according to the options available.

To account for the constraint of nest availability on a
female’s communal nursing decision, as well as to test
whether communal nursing decisions deviate from ran-
dom choice expectations, we modelled the probability of
communal nesting y as a power function B, given as:

y~ P

Here exponent a (where a >0) defines the shape of
the relationship. If a = 1, y will be a linear function of B,
just as expected under random expectation. We thus
used a = I as our null hypothesis. If a > 1, the function
will be convex, and females are less likely to form a
communal nest then expected randomly. If 0 > a > I, the
function will be concave, and females chose the commu-
nal nests more often than expected by chance. Also note
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that, as required, the function is constrained to go
through point (0,0) as well as point (1,1) for all > 0. In
short, this analysis allowed us to test whether communal
nursing was an artefact of communal living or the result
of shared preferred nest boxes.

Communal nursing decision

Our intention was to gain information about a female’s de-
cision to nurse her litter communally with another litter.
Therefore, all situations in which a female had no available
option to communally nurse at the time of giving birth, in
her social environment, were excluded from our analysis.

To consider an effect of population density on the deci-
sion to communally nurse in our study, we took the adult
population density calculated from the population-
monitoring event closest to the birth date of the focal fe-
male’s litter. To assess seasonal effects on reproduction (see
[31] we included in our analyses the season the litter was
born (Summer = March to August; and Winter = September
to February).

For each option available we compiled the following
data on the focal and option females, as well as their lit-
ters: association time, pairwise relatedness and age dif-
ference between the focal and the option female, age
difference between the focal and option litter, and num-
ber of nest boxes the focal and option female shared.
Using this dataset we determined what factors influ-
enced a focal female’s decision to communally nurse.
We had two categories of option females (Fig. 1): (1)
Chosen partner (C), the option female that the focal fe-
male chose as a communal nursing partner; (2) Non-
chosen partner (NC), the option female(s) that the focal
did not choose to form a communal nest with; these also
include the option females from the cases where the
focal female chose to nurse solitarily (F2 in Fig. 1).

Litters were initially considered solitary when all pups
were at the same stage of morphological development.

Communal nursing Solitary nursing

J

Fig. 1 An illustration of option female categories. Blue circles
illustrate the focal female, either in a scenario where she opted to
join another litter and to nurse communally (F1) or where she opted
to nest alone and nurse solitarily (F2). All option females are shown
as either non-chosen partners (NC, grey circles) or a chosen partner
(C, green circle); the white circle represents a nest where no litter
was present and would have been chosen under the scenario in F2

I

Option females
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In some cases later genetic analysis revealed “cryptic”
communal nests in which two females had given birth to
litters on the same day in the same nest box. In the
event that a cryptic communal nest was found with no
other litter, we could not be certain which female gave
birth first. Therefore, we randomly chose one of the
females to be the focal female, as in such a case all attri-
butes between the two females would be equal, for ex-
ample pairwise relatedness, association time and
absolute age difference. In two cases a focal female
joined an existing cryptic communal nest. In this sce-
nario it was not clear which option female had been
chosen, therefore, we took the average value for each
characteristic.

Another predictor of choice that we considered was
juvenile familiarity between a focal and an option female,
which was indicated when both females were raised in
the same litter (having the same mother and found in
the same nest on the same day), or in the same commu-
nal nest, with a maximum age difference of 16 days. We
were further interested to test the effect of litter size on
the focal female’s decision to choose one option over
another. However, we could not be certain that our
measure of litter size for each litter was an accurate rep-
resentation of birth litter size. We were only able to take
the number of pups that were present when we found
the litter for the first time. A more accurate measure of
litter size would have required checking nest boxes daily,
which would have increased disturbance and in such
situations females often relocate litters elsewhere (pers.
obs.). Furthermore, pregnant female house mice are
known to kill pups already present in the nest before
giving birth themselves [12, 14, 29, 52], which could
reduce observed litter sizes.

Social partner choice

To analyse choice of communal nursing partner we were
specifically interested in the characteristics of an option
female and her litter that determine whether a focal
female will form a communal nest with her or not. To
analyse such data we chose focal females for which we
had complete information about all potential option fe-
males at that given decision from our full dataset, which
reduced the data from 276 to 74 events. This reduction
in data occurred because of missing parentage informa-
tion of option females, or because the potential option
litters were not found again at day 13 (due to pup mor-
tality, that was likely due to infanticide [22]), therefore
no genetic sample could be taken from the pups and
consequently no mother could be assigned. Of these 74
we focused on the 34 occasions (N =28 individual fe-
males) when a focal female chose to nest communally.
We used the remaining 40 events of solitary nursing to
make comparisons with the communal options.
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Statistical analysis

Statistical analyses were carried out using R version 3.1.3
[53]. Generalized linear mixed models (GLMM) were
performed using the R package ‘lme4’ [54], and fulfil-
ment of model assumptions was inspected visually from
the model diagnostics [55]. To improve interpretability
of parameter estimates [56] we centred and scaled the
continuous explanatory variables in the appropriate
models (association time, pairwise relatedness values,
age difference between the females, partner age and focal
female age).

We modelled the probability of choosing to nurse
communally as power function of the proportion of oc-
cupied nests (y ~ P, see above) using a non-linear least
squares model (NLS). This approach allowed us to find
the best estimates for shape parameter a given our ob-
served data and, equivalently, to test whether communal
nursing was an artefact of communal living. We
analysed the probability of a focal female choosing to
communally nurse vs. solitarily nurse using a binomial
GLMM (option taken =1, option not taken=0). We
specified a full model which included the following fixed
effects: number of options available, number of nest
boxes entered, age of the focal female, experience of
focal female (whether the focal female had a litter
before), adult population density, and season. Female
identity was included as a random effect.

We further assessed the probability of an option
female being chosen using a binomial GLMM (chosen
female = 1, non-chosen female = 0). The fixed effects in
our full model included: age of the option female’s pups
on the day the focal female’s pups were born, litter size
difference (absolute), number of nest boxes shared, age
difference between the focal and option female, age of
option female, pairwise relatedness, association time
with the option female, and whether the option litter
was solitary. Event ID (a unique number given to each
decision), focal female identity and option female iden-
tity were included as random effects. We were unable to
specifically test juvenile familiarity due to an incomplete
data set; we therefore looked at cases where the informa-
tion was available to assess its occurrence, and used age
difference between the females as a proxy.

We carried out initial model selection on both
GLMMs to determine whether the interaction terms
were important by using the model selection function
in the MuMIn package [57]. Our models were com-
pared to all possible combinations of that model con-
taining the same or fewer interaction terms, and to a
model containing no interactions, and all fixed effects
were kept in the model. Models were ranked by cor-
rected Akaike information criteria (AICc), whereby
the model with the lowest AICc value was chosen to
be the most adequate model. In the event that two or
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more models fell within 2 delta AICc of each other,
we then chose the model with the lowest degrees of
freedom. In both cases the most adequate model was
the model containing no interaction terms, and there-
fore all interactions were considered non-significant
for P>0.05. To determine the significance of each
fixed effect, we compared a model with the fixed ef-
fect of interest removed to the model containing all
fixed effects, using likelihood ratio tests [58, 59]. All
random effects were kept in the model and variance
components were estimated using maximum likeli-
hood methods (“ML”).

To test the difference between the pairwise relatedness
of the focal female to the option female(s) in the commu-
nal nursing scenario and in the solitary nursing scenario,
we used a linear mixed model (LMM), with event ID, focal
female identity and option female identity included as ran-
dom effects. To determine whether the communal options
and the solitary options differed with regard to age of
pups, we used a Wilcoxon-Mann-Whitney rank sum test,
as in this case the residuals were not normally distributed
(tested using a quantile-quantile plot; [58]).

Results

During the two-year study period we collated informa-
tion on 314 litters producing 1432 pups. All litters raised
communally confirmed previous observations [20] that
their mothers had shared nest boxes before giving birth,
thus validating our definition of option females (see
Methods). In 276 litters (N = 127 individual females) the
focal female had at least one option to nest communally.
In the remaining 38 cases (N = 34 individual females) no
other female gave birth in the previous 16 days, meaning
they had no option but to nest solitarily (these were ex-
cluded as focal females). Within a female’s home area,
the number of females considered as an option
(altogether N =128 individual females) ranged from 1 to
15 (mean + SE: 3.55 + 0.14 available options; Fig. 2). Fe-
males chose to nest communally in 106 cases (38.4%; N
=77 individual females) and solitarily in 170 cases
(61.6%; N =98 individual females); 48 females used both
nursing strategies during the study period. Females on
average used 5.20 £0.10 (mean + SE) nest boxes and
interacted with a total of 8.69 +0.24 (mean + SE) tagged
females (includes all adult female interaction partners of
the focal female during the 30-days prior to birth, repro-
ducing and non-reproducing).

Is communal nursing a by-product of nest availability?

Results from the nest availability analysis of communal
nursing decisions indicated that our observed data dif-
fered significantly from random expectation based on
nest box occupancy (t =2.57, P =0.014, null expectation:
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Fig. 2 a Probability of a focal female choosing to nurse communally
(score = 1) vs. solitarily (score = 0), here shown against the number
of potential communal nursing partners available at a given
decision. Tick marks demonstrate the variability in the number of
options available. b Density plots of the number of available options
for the females that chose communal (blue) and the females that
chose solitary (red)

a =1, observed data: a =1.30, Fig. 3), which suggested
females chose to nurse communally less frequently than
under random expectation.

Communal nursing decision

We initially investigated the genetic spatial structure of
the females for the two years that the study population
was monitored, and found that the relatedness between
adult females was positively correlated when females
were found in the same nest box (0 ¢cm) and up to
400 cm from that nest box (significant positive genetic
spatial structure was observed at: 0, 100, 200, 300 and
400 cm, P <0.001, Fig. 4). As distance from the central
point increased, these correlations declined to zero and
below, implying that female mice were found close to
genetically similar individuals.

Adult population density (taken from the closest
population-monitoring event) did not significantly affect
the decision to nurse communally (Table 1). More litters
were born in summer (March to August; N = 228; com-
munal = 90, solitary = 138) than in winter (September to
February; N=48; communal =15, solitary=33), but
there was no significant influence of season.

Focal females were significantly more likely to nurse
their litters communally with an increasing number of
available options in their home area (Fig. 2a, Table 1).
Unsurprisingly, the number of options available to a fe-
male increased with number of nest boxes used by the
focal female, but this had no significant effect on her de-
cision (Table 1). Females sometimes chose to nurse
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Fig. 4 A plot illustrating the genetic spatial structure analysis for all
the females in the study population, during 2008 and 2009.
Estimates and 95% Cl are shown per distance class (in black). Blue
line represents the average (zero) with a 95% Cl, illustrating the null
hypothesis of no spatial structure. All confidence intervals were
obtained by bootstrapping

solitarily even when there were up to 13 potential part-
ners available. Additionally, there was no significant ef-
fect of reproductive experience of the focal female
(whether she had a litter before; Table 1) on her decision
to nurse communally.

Social partner choice

The decision to choose one partner over another was not
significantly influenced by pairwise relatedness (Tables 1
and 2). However, there was a significant difference between
relatedness of all option females in the communal scenario

Table 1 GLMM results analysing the decision to nurse communally and the choice of communal nursing partner

Response variable Explanatory variables Estimate 95% CI Lower, Upper Likelihood ratio test (x?) P

Decision to nurse communally ~ Number of options available 0.14 0.01, 0.26 4.89 0.027
Number of nest boxes entered -0.07 —0.24, 0.10 0.66 0418
Age of the focal female 0.10 —-0.21, 041 042 0518
Experience of focal female -0.54 -1.20,0.12 2.59 0.108
Adult population density 0.28 —043, 0.99 0.58 0447
Season -0.26 -0.97, 0.46 0.51 0477

Choice of partner Age of option pups -0.44 —-0.66, — 0.22 26.92 <0.001
Litter size difference -0.32 —1.05,0.40 0.75 0387
Number of nest boxes shared -0.19 —0.90, 0.53 0.27 0.606
Age difference between the females ~ —0.57 —1.23,0.09 290 0.088
Age of option female -0.20 —0.90, 049 033 0.565
Pairwise relatedness 012 —0.56, 0.80 0.11 0.738
Association time 0.95 0.01, 1.89 439 0.036
Was option litter solitary? -0.24 -1.72,1.23 0.10 0.749

Explanations: Decision to nurse communally = whether the focal female chose to form a communal nest (1) or whether she decided to nurse solitarily (0); Choice
of partner = whether the option female was chosen (1) or not (0); Age of the focal female, Age of option female (potential partner) and Age difference (absolute)
between the females = calculated as the age the mouse would have been at the time the focal female gave birth to her litter; Experience of focal female =
whether a focal female had a litter previously or not (whereby 1 =yes and 0 = no, first litter); Age of option pups = age of the option female’s litter at the time the
focal female gave birth. Significant factors (P < 0.05) are highlighted in bold
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Table 2 Attributes of the option females under the different scenarios, whether the partner was chosen as a communal nursing

partner or not

Attributes of the option females Focal chose CN

Focal chose SN

Chosen Non-chosen Non-chosen
Age of pups (d) 27 +05 80+07 6.6+ 06
Litter size difference 37+07 29+ 05 22+0.1
Number of boxes shared 27 +02 27 +02 23+02
Age difference between females (d) 141.8 + 244 190.7 + 286 136.5 + 164
Age of option female 2972 + 238 301.0 + 30.8 3363+ 166
Pairwise relatedness 030 + 0.04 0.26 + 0.03 0.19 + 0.04
Association time (min) 4303.1 + 7203 20983 £ 4024 24580 + 3689

Attributes are given as mean + SE. CN Communal nursing, SN Solitary nursing; Litter size difference, the absolute difference between focal female litter size and
the option female’s litter size; Age difference between females is given as absolute days, and is calculated from the date the focal female gave birth

(overall mean of all option females when a focal chose com-
munal nursing: r = 0.235 + 0.02) and those of all the option
females in the solitary scenario (mean: r = 0.192 + 0.02; x =
4.57, P=0.033). A female thus chose to nurse communally
when her available options were generally more closely
related to her.

The likelihood of an option female being chosen signifi-
cantly increased when her pups were young (Table 2). 82%
of the focal females joined a litter that was maximally
5 days old, and 72% of the females chose a litter that was
younger than the average of her other available option lit-
ters (all females that chose to nurse communally from the
full data set, N=105). To test if age of pups influenced a
focal female’s decision to nurse solitarily, we compared
the age of pups in the option litters available to a focal
female that chose solitary nursing against the age of pups
in the option litters available to the communally nursing
females (Table 2). We found a non-significant tendency
for the available litters in the communal nursing scenario
to be younger (Wilcoxon test; W=2981, P=0.074),
suggesting that the availability of a young litter may have
played a role in a focal female’s decision.

Focal females spent significantly more time with the
chosen partner in the month before birth than with her
other option females (Tables 1 and 2), suggesting the
chosen partner was more familiar. We then explored the
potential for juvenile familiarity to play a role in partner
choice. Only 18.8% of option females (27 of 148 option
females) were of a similar age to the focal female (differ-
ing by a maximum of 16 days in age). Twelve of these
27 were females born in the same litter (siblings) or in
the same communal nest as the focal female. Of the
focal females that chose to nurse communally only 6
had the option to choose a litter sibling, of which in only
2 cases they chose her as a partner (one female chose a
maternal sibling and the other a full sibling). Therefore,
only a few focal females (12.6%) in this data set had the
option to raise a litter communally with a partner that

was from the same litter, and therefore familiar by juven-
ile association. Furthermore, there was no significant ef-
fect of age difference between the focal and the option
female (Additional file 1: Figure. S2), or the option fe-
male’s age on the focal female’s decision (Tables 1 and
2). The decision to choose one partner over another was
not significantly influenced by absolute difference in lit-
ter size.

Discussion

Free-living female house mice were ‘choosy’ in their
decision to nurse communally, as they did not always
communally nurse when they had the opportunity. Adult
females shared nest boxes and regularly met with on
average only 8-9 females (including non-breeding
tagged females) in their overlapping home area, and thus
seemed to establish fairly closed social groups. Within
such groups, pregnant females had on average 3-4 op-
tions to join another litter for communal nursing, but
more often chose to nurse their litters solitarily, a deci-
sion that was more likely than random expectation. They
did so even when there were up to thirteen potential
communal nursing partners available in their home area.
Adult population density did not affect a female’s prob-
ability to choose communal nursing. Hence, these obser-
vations do not support the hypothesis that communal
nursing was a by-product of sharing the same nesting
sites. On the contrary, they reinforce results observed by
Weidt et al. [20], who studied the same population
5 years earlier when the population size was much lower
(maximal density: 0.94 adults / m?), and comprised only
36% of the maximum population density analysed in this
study (minimum: 0.72 adults / m?% maximum: 2.61
adults / m?).

The probability that a focal female chose communal
nursing increased with the number of potential partners,
suggesting that the probability of a preferred communal
nursing partner being available increased when more
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options were accessible. However, this was not a side ef-
fect of more nesting sites being occupied as our nest
availability analysis determined that females chose com-
munal nursing less often than random expectation. This
supports our initial expectation that social partner
choice is an important aspect of female cooperation.
Most interestingly, choice was exhibited in a social
environment that was composed of genetically similar
individuals (a female’s home area on average consisted of
relatives), and within such social groups females chose
partners that were familiar through previous association
and had recently given birth.

Social partner choice - Relatedness versus familiarity
According to kin selection theory relatedness is required
for the evolution of costly cooperation [35, 36, 60-62],
and is invoked to explain cooperative behaviour not only
in vertebrates (birds: [6]; mammals: [3]), but also in
social insects [63, 64], and bacteria [65]. We found no
effect of pairwise relatedness on the decision to nurse
with one partner over another, as we had expected.
Females may have been less inclined to fine-tune their
discrimination [35, 36, 66, 67] given that the females in
their home area were on average genetically similar to
them. This would mean that investment into another
female’s offspring during communal nursing could be
compensated by the indirect fitness benefits gained.
Exploitation costs are also more often tolerated when
cooperating with a relative [24, 25], which is supported
by our observation that focal females chose to commu-
nally nurse more often when the general pairwise re-
latedness of their options was higher. Alternatively, it is
possible that mice assess relatedness at specific loci in-
stead of genome wide, particularly at the MHC and
MUP genes [27, 28, 68]. Therefore, in our study popula-
tion it is possible that overall genetic relatedness is a less
important cue than MHC or MUP similarity; future
studies could investigate such differences and their influ-
ence on communal nursing decisions.

Juvenile familiarity, arising from females having been
raised together in the same nest, was shown to have major
importance in laboratory studies with wild-bred house
mice [29]. Females had increased offspring survival with a
familiar unrelated partner they grew up with over an un-
familiar sibling. In our study, we observed that females
very rarely had the opportunity to communally nurse with
a litter sibling. Such lack of opportunities can be explained
by the low average life expectancies in house mice [69],
high pup mortality [22], reproductive skew [31], or the
possibility of dispersal within and from the study popula-
tion. Even if a female shared a home area with a litter sib-
ling, we predict that the chance of both females having
litters within such a short period of time is likely to be
low. Here, we can rule out juvenile familiarity as a decisive
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factor, since only 12.6% of females had a familiar partner
available in her choice set and only 6% of focal females
chose a sister from her birth litter. We further found that
females did not discriminate by age of the option female.
If juvenile familiarity were important we would have
expected a female to prefer those that were similar in age
to her.

Females chose a partner with whom they had asso-
ciated most often during the month before giving
birth, when controlling for age differences between
litters, which is a measure of birth synchrony. We
suggest that association time in nest boxes reflects
individual preferences among females prior to
reproduction, resulting in familiarity with the partner.
In support of our suggestion, Weidt et al. [20], al-
though using a different measure for association,
demonstrated that individual associations established
during the non-reproductive period predicted choice
of a nursing partner. Females chose a communal
nursing partner with whom they had a higher dyadic
association when both had been non-breeding,
suggesting that females establish preferences prior to
reproduction.

Choice of a communal nursing partner may also have
occurred under a hierarchy of cues [70]. In a mate
choice study, female mice demonstrated complexity in
their decision-making, whereby their choice was affected
by the variance in different characteristics of males [68].
MHC dissimilarity predicted mate choice only when the
variability in male scent marking rates (high scent
marking indicates a higher dominance rank) was low
[68]. Females in the context of communal nursing deci-
sions may also adopt such a strategy by using alternative
cues to choose a partner from a group of females when
the variance in pairwise relatedness is low. An additional
hypothesis could be that relatedness facilitates establish-
ing associations among females that allow for communal
nursing, and therefore the absence of a kinship effect
could be explained by the existing social associations be-
tween females. This may also suggest that when females
live among unrelated females they do not have these as-
sociations, leading to a reduced propensity to cooperate
via communal nursing.

Social partner choice - Influence of litter size

Contrary to our prediction, litter size did not play a sig-
nificant role in explaining choice of a communal nursing
partner. An experimental study showed that females
avoid communal nursing when litter sizes at birth are
unequal [12], however, in the free-living environment lit-
ter size does not appear to play a role in communal
nursing decisions. One explanation may be that our
measure of litter size at the time of discovery of the pups
differs from litter size at birth. Pregnant females are
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known to manipulate a partner’s litter by killing one or
several of her pups before giving birth themselves,
resulting in communally nursed litters being smaller (by
1-2 pups) than those nursed solitarily [12, 14, 23, 29,
52]. Such infanticide would result in a reduction of litter
size prior to litters being found, which could potentially
have hidden an effect.

Why do females prefer young pups for communal care?
Focal females preferred to join another female when her
partner’s pups were young, with 82% of these being less
than or equal to five days old. This finding compliments
those of Weidt et al. [9], who found females were more
likely to choose nests for communal care with pups
younger than the average of the other available litters.
Females may have chosen a younger litter to prolong the
period of time that the partner female was unable to
discriminate between offspring, and increase the chance
both litters would be nursed equally. Some studies have
shown that females are more likely to discriminate
between offspring in a communal nest when the age dis-
parity between them is larger [9, 10, 71, 72]. In house
mice, however, it is believed that females cannot dis-
criminate between own and other offspring when mixed
in one nest before the onset of weaning [9, 12, 17, 51],
or at least have a limited ability to do so [73]. Effective
nest defence is likely highest in the days following birth,
and postpartum aggression in females during this time is
highest during the first 3 days, in particular towards
unfamiliar intruders [74]. Therefore, joining a familiar
female with young pups could ensure high nest defence,
reducing the chance of infanticide by intruders. Further-
more, although inter-litter competition has only been a
topic of speculation in house mice [10, 75], competition
between pups should be less costly when the age be-
tween the two litters is smaller [10]. Females may have
been attempting to avoid inter-litter competition, and
therefore promoted own offspring survival by choosing
young litters. To better understand the reasons behind
choice of a litter with young pups, and disentangle other
factors such as familiarity or relatedness among social
partners, a different data set or use of empirical studies
is required where factors can be controlled and experi-
mentally modified, or where fitness consequences can be
assessed.

Conclusions

Taken together, our findings show that communal
nursing is not a by-product of sharing the same nesting
sites, and that female house mice have the capacity to
choose a communal nursing partner from a social group
of genetically similar females, and in doing so preferred
those that are familiar and have young pups. We suggest
that such social partner choice evolved because of the
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risk of exploitation during communal nursing and allows
females to cooperate in the presence of conflict.

Additional file

Additional file 1: Supplementary materials. Included are a
supplementary table (Table S1) and two supplementary figures
(Figures S1-52). (DOCX 2196 kb)

Acknowledgements

The authors thank Jari Garbely who performed the genetic analysis, Corinne
Ackerman for the parentage analysis, and Gabi Stichel who transpondered
the mice. Thanks also go to Lorenz Gygax and Jamie Samson for statistical
advice, and we are grateful to all the people that contributed towards data
collection in the barn.

Funding

We are thankful for funding from the Swiss National Science Foundation
(Grant number: 120444), the University of Zurich for NH salary, and the
Wolfermann-Nageli-Stiftung for AD salary. The study was further supported
by funding from: Stiftung fur wissenschaftliche Forschung an der Universitat
Zurich; Claraz Stiftung; Promotor Stiftung; and Julius-Klaus Stiftung.

Availability of data and materials
The datasets analysed during the current study are available in the figshare
repository, https://figshare.com/s/7c071361f571a2e06e26.

Authors’ contributions

NH and BK conceived the study. NH analysed the data and drafted the
manuscript. AM conducted the nest availability analysis. AL and OH
conducted the genetic relatedness analyses. AD wrote the code to extract
data collected by the antenna device. NH, BK and AL wrote the manuscript.
All authors read the manuscript and gave final approval for publication.

Ethics approval and consent to participate
The field study and data collection has been approved by the Veterinary
Office Zurich, Switzerland (no. 215/2006).

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Evolutionary Biology and Environmental Studies, University
of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland. 2Institute of
Integrative Biology, University of Liverpool, Liverpool, UK.

Received: 24 October 2017 Accepted: 29 January 2018
Published online: 20 February 2018

References

1. Jennions MD, Macdonald DW. Cooperative breeding in mammals. Trends in
Ecology and Evolution. 1994;9:89-93.

2. Konig B. Cooperative care of young in mammals. Naturwissenschaften.
1997,84:95-104.

3. Clutton-Brock T. Breeding together: kin selection and mutualism in
cooperative vertebrates. Science. 2002;296:69-72.

4. Silk JB. Social Components of fitness in primate groups. Science. American
association for the Advancement of Science. 2007;317:1347-51.

5. Choe JC, Crespi BJ. The evolution of social behaviour in insects and
arachnids. Cambridge, UK: Cambridge University Press; 1997.


https://doi.org/10.1186/s12983-018-0251-3
https://figshare.com/s/7c071361f571a2e06e26

Harrison et al. Frontiers in Zoology (2018) 15:4

13.
14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

Cockburn A. Evolution Of helping behavior in cooperatively breeding birds.
Annu Rev Ecol Syst. 2003;29:141-77.

Clutton-Brock TH. Cooperative breeding in mammals. In: Kappeler P, van
Schaik C, editors. Cooperation in Primates and Humans Mechanisms and
Evolution. Berlin Heidelberg: Springer; 2006. p. 173-90.

Packer C, Lewis S, Pusey A. A comparative analysis of non-offspring nursing.
Anim Behav. 1992:43:265-81.

Manning CJ, Dewsbury DA, Wakeland EK, Potts WK. Communal nesting and
communal nursing in house mice, Mus musculus domesticus. Anim Behav.
1995,50:741-51.

Hayes L. To nest communally or not to nest communally: a review of
rodent communal nesting and nursing. Anim Behav. 2000,59:677-88.

Konig B. Non-offspring nursing in mammals: general implications from a
case study on house mice. In: Kappeler P, van Schaik C, editors. Cooperation
in Primates and Humans Mechanisms and Evolution. Berlin, Heidelberg:
Springer; 2006. p. 191-205.

Ferrari M, Lindholm AK, K&nig BA. Reduced propensity to cooperate under
enhanced exploitation risk in a social mammal. Proceedings of the Royal
Society B: biological sciences. The Royal Society. 2016;283:20160068.

Konig B, Markl H. Maternal care in house mice. Behav Ecol Sociobiol. 1987,20:1-9.
Konig B. Components of lifetime reproductive success in communally and
solitarily nursing house mice - a laboratory study. Behav Ecol Sociobiol.
1994;34:275-83.

Ferrari M, Lindholm AK, Kénig B. The risk of exploitation during
communal nursing in house mice, Mus musculus domesticus. Anim
Behav. 2015;110:133-43.

Ferrari M, Kénig B. No evidence for punishment in communally nursing
female house mice (Mus musculus domesticus). PLoS One. 2017;12:¢0179683.
Chantrey DF, Jenkins BAB. Sensory processes in the discrimination of pups
by female mice (Mus musculus). Anim Behav. 1982;30:881-5.

Konig B. Behavioural ecology of kin recognition in house mice. Ethology
Ecology & Evolution. 1989;1:99-110.

Wolff JO. Reproductive success of solitarily and communally nesting white-
footed mice and deer mice. Behav Ecol. 1994;5:206-9.

Weidt A, Lindholm AK, Kénig B. Communal nursing in wild house mice is
not a by-product of group living: females choose. Naturwissenschaften.
2014;101:73-6.

Weidt A, Hofmann SE, Konig B. Not only mate choice matters: fitness
consequences of social partner choice in female house mice. Anim Behav.
2008;75:801-8.

Auclair Y, Kénig B, Lindholm AK. Socially mediated polyandry: a new benefit
of communal nesting in mammals. Behav Ecol. 2014;25:1467-73.

Auclair Y, Kénig B, Ferrari M, Perony N, Lindholm AK. Nest attendance of
lactating females in a wild house mouse population: benefits associated
with communal nesting. Anim Behav. 2014;92:143-9.

West SA, Pen |, Griffin AS. Cooperation and competition between relatives.
Science. 2002;296:72-5.

Mathot KJ, Giraldeau LA. Within-group relatedness can lead to higher levels
of exploitation: a model and empirical test. Behav Ecol. 2010;21:843-50.
Wilkinson GS, Baker A. Communal nesting among genetically similar house
mice. Ethology. 1988;77:103-14.

Manning CJ, Wakeland EK, Potts WK. Communal nesting patterns in mice
implicate MHC genes in kin recognition. Nature. 1992;360:581-3.

Green JP, Holmes AM, Davidson AJ, Paterson S, Stockley P, Beynon RJ, et al.
The genetic basis of kin recognition in a cooperatively breeding mammal.
Curr Biol. 2015;25:2631-41.

Konig B. Fitness effects of communal rearing in house mice: the role of
relatedness versus familiarity. Anim Behav. 1994;48:1449-57.

Dobson FS, Jacquot C, Baudoin C. An experimental test of kin association in
the house mouse. Can J Zool. 2000;78:1806-12.

Konig B, Lindholm AK. The complex social environment of female house
mice (Mus domesticus). In: Macholan M, SJE B, Munclinger P, Pialek J, editors.
Evolution of the House Mouse. Cambridge: Cambridge University Press.
2012. p. 114-34.

West-Eberhard MJ. Sexual selection, social competition, and evolution. Proc
Am Philos Soc. 1979;123:222-34.

West-Eberhard MJ. Sexual selection, social competition, and speciation. Q
Rev Biol. 1983;58:155-83.

Wolf JB, Brodie E, Moore Al. Interacting phenotypes and the
evolutionary process. Il. Selection resulting from social interactions. Am
Nat. 1999;153:254.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 12 of 13

Hamilton WD. The genetical evolution of social behaviour. I. J Theor Biol.
1964;7:1-16.

Hamilton WD. The genetical evolution of social behaviour. II. J Theor Biol.
1964;7:17-52.

Platt TG, Bever JD. Kin competition and the evolution of cooperation.
Trends in Ecology and Evolution. 2009,24(7):370.

Dobay A, Pilo P, Lindholm AK, Origgi F, Bagheri HC, Kénig B. Dynamics of a
tularemia outbreak in a closely monitored free-roaming population of wild
house mice. PLoS One. 2015;10:¢0141103.

Origgi FC, Konig B, Lindholm AK, Mayor D, Pilo P. Tularemia among free-
ranging mice without infection of exposed humans, Switzerland, 2012.
Emerging infectious diseases. 2015;21:133-5.

Konig B, Lindholm AK, Lopes PC, Dobay A, Steinert S, Buschmann FJ-U. A
system for automatic recording of social behavior in a free-living wild house
mouse population. Animal Biotelemetry. 2015,3:39.

Marshall TC, Slate J, Kruuk LE, Pemberton JM. Statistical confidence for
likelihood-based paternity inference in natural populations. Mol Ecol.
1998;7:639-55.

Rollins LA, Browning LE, Holleley CE, Savage JL, Russell AF, Griffith SC.
Building genetic networks using relatedness information: a novel approach
for the estimation of dispersal and characterization of group structure in
social animals. Mol Ecol. 2012;21:1727-40.

Queller DC, Goodnight KF. Estimating relatedness using genetic markers.
Evolution. 1989:43:258-75.

Li CC, Weeks DE, Chakravarti A. Similarity of DNA fingerprints due to chance
and relatedness. Hum Hered. 1993:43:45-52.

Ritland K. Estimators for pairwise relatedness and individual inbreeding
coefficients. Genetics Research. 1996;67:175-85.

Lynch M, Ritland K. Estimation of pairwise relatedness with molecular
markers. Genetics. 1999;152:1753-66.

Wang JL. An estimator for pairwise relatedness using molecular markers.
Genetics. 2002;160:1203-15.

Wang J. COANCESTRY: a program for simulating, estimating and analysing
relatedness and inbreeding coefficients. Mol Ecol Resour.

2011;11:141-5.

Peakall R, Smouse P. GenAlEx 6. Genetics analysis in excel. Population
genetic software for teaching and research: an update. Bioinformatics. 2012;
28:2537-9.

Konig B. The behaviour of the house mouse. In: Hedrich HJ, editor. The
laboratory mouse. 2nd ed. Oxford; 2012. p. 367-81.

Konig B. Kin recognition and maternal care under restricted feeding in
house mice (Mus domesticus). Ethology. 1989,82:328-43.

McCarthy MM, Bare JE, Vom Saal FS. Infanticide and parental behavior in wild
female house mice: effects of ovariectomy, adrenalectomy and administration
of oxytocin and prostaglandin F2 alpha. Physiol Behav. 1986;36:17-23.

R core team. R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2015. Available
from: http://www.R-project.org/.

Bates DM, Maechler M, Bolker B. Ime4: Linear mixed effects models using
Eigen and S4. 2014. Available from: http://CRAN.R-project.org/package=Ime4
Zuur AF, leno EN, Walker NJ, Saveliev AA, Smith GM. Mixed effects
models and extensions in ecology with R. In: Gail M, Krickeberg K,
Samet JM, Tsiatis A, Wong W, editors. Statistics for Biology and Health.
New York: Springer; 2009.

Schielzeth H. Simple means to improve the interpretability of regression
coefficients. Methods in Ecology and Evolution Blackwell Publishing Ltd.
2010;1:103-13.

Barton K. MuMIn: Multi-model inference. R Package version 1.9.13. Version1:
18.2015. Available from: http://CRAN.R-project.org/package=MuMIin
Crawley MJ. The R Book. Chichester, UK: John Wiley & Sons, Ltd; 2007.
Forstmeier W, Schielzeth H. Cryptic multiple hypotheses testing in linear
models: overestimated effect sizes and the winner's curse. Behav Ecol
Sociobiol. 2011;65:47-55.

Taylor PD. Altruism in viscous populations—an inclusive fitness model. Evol
Ecol. 1992,6:352-6.

West SA, Murray MG, Machado CA, Griffin AS. Testing Hamilton's rule with
competition between relatives. Nature. 2001,409:510-3.

Queller DC. Expanded social fitness and Hamilton's rule for kin, kith, and
kind. Proc Natl Acad Sci. 2011;108:10792-9.

Bourke A, Franks NR. Social evolution in ants. Princeton: University of
Princeton; 1995.


http://www.r-project.org
http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=MuMIn

Harrison et al. Frontiers in Zoology (2018) 15:4

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Queller DC, Strassmann JE. Kin selection and social insects provide the most
surprising predictions and satisfying tests of kin selection. Bioscience. 1998;
48:165-75.

West SA, Diggle SP, Buckling A, Gardner A, Griffin AS. The social lives of
microbes. Annual Reviews. 2007;38:53-77.

Mitteldorf J, Wilson DS. Population viscosity and the evolution of altruism. J
Theor Biol. 2000,204:481-96.

Perrin N, Lehmann L. Is sociality driven by the costs of dispersal or the
benefits of philopatry? A role for kin-discrimination mechanisms. Am Nat.
2015;158:471-83.

Roberts SC, Gosling LM. Genetic similarity and quality interact in mate
choice decisions by female mice. Nat Genet. 2003;35:103-6.

Manser A, Lindholm AK, Kénig B, Bagheri HC. Polyandry and the decrease of
a selfish genetic element in a wild house mouse population. Evolution.
2011,65:2435-47.

Mays HL Jr, Hill GE. Choosing mates: good genes versus genes that are a
good fit. Trends in Ecology and Evolution. 2004;19:554-9.

Schmidt J, Kosztoldnyi A, Tokélyi J, Hugyecz B, lllés |, Kirdly R, et al.
Reproductive asynchrony and infanticide in house mice breeding
communally. Anim Behav. 2015;101:201-11.

Tuckové V, Sumbera R, Cizkova B. Alloparental behaviour in Sinai spiny mice
Acomys dimidiatus: a case of misdirected parental care? 2016;70:437-447.
Hager R, Johnstone RA. Differential growth of own and alien pups in mixed
litters of mice: a role for genomic imprinting? Ethology. 2005;111:705-14.
Svare B, Gandelman R. Postpartum aggression in mice: experiential and
environmental factors. Horm Behav. 1973;4:323-34.

Hager R, Johnstone RA. Maternal and offspring effects influence
provisioning to mixed litters of own and alien young in mice. Anim Behav.
2007;74:1039-45.

Page 13 of 13

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Outline placeholder
	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Study population
	Reproduction
	Parentage analysis
	Pairwise relatedness measures and spatial genetic structure
	Female nest box use and meetings
	Communal nursing and potential nursing partners
	Is communal nursing a by-product of nest availability?
	Communal nursing decision
	Social partner choice
	Statistical analysis

	Results
	Is communal nursing a by-product of nest availability?
	Communal nursing decision
	Social partner choice

	Discussion
	Social partner choice – Relatedness versus familiarity
	Social partner choice – Influence of litter size
	Why do females prefer young pups for communal care?

	Conclusions
	Additional file
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

