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HIGHLIGHTS
e We describe emergent spatial and social structures of rewilded C57BL/6J (C57) lab mice across
replicated trials in outdoor field enclosures and compare them to wild-derived outbred mice
e Both C57 and outbred males rapidly establish and maintain territories
e (57 females explore the field enclosures substantially more than any other group
e With the exception of C57 females, most mice spent the majority of their recorded time alone
e The resulting societies formed by C57 mice are less modular, more densely connected, and less
stable than those formed by wild-derived outbred mice
Keywords: Rewilding, laboratory mice, space use, social structure, territoriality

Abstract

As an essential biomedical model organism, house mice have been studied intensely under laboratory
conditions, yet they evolved to survive and reproduce in complex and dynamic environments. There
has been recent interest in the study of ‘rewilded’ mice reared in complex outdoor environments,
particularly for understanding the brain and behavior. Yet little work has examined lab mouse behavior
under free-living conditions. Here, we characterize the emergent spatial and social structure of
replicated populations of C57BL/6J (C57) mice over 10 days in large outdoor field enclosures and
compare them to populations of recently wild-derived outbred house mice under the same conditions.
We observed shared aspects of space use and social structure across all trials but found that C57
societies differed from those emerging from outbred mice across multiple dimensions. Males of both
genotypes rapidly established and then defended territories. Female C57 mice spent more time with
other individuals and explored more space relative to all other groups. These behavioral differences
resulted in C57 mice rapidly forming less stable, but more densely connected, social networks than
outbred wild-derived mice. These data suggest that laboratory domestication has had larger effects on
female mouse social organization than their male counterparts. Importantly, this work demonstrates
that C57 mice recapitulate many, but not all, aspects of social structures generated by wild mice in
outdoor conditions. Rewilding allows for tractable, replicable, and ecologically realistic approaches to
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studying mouse behavior and can facilitate the study of the biological basis of higher order social
organization.

INTRODUCTION

Laboratory house mice are the premier model organism in biomedical research due to their small size,
rapid breeding cycle, and the ready deployment of precise experimental manipulations using powerful
genetic and neurobiological tools™. Studying mice in the lab affords tremendous experimental control
allowing for the fine-scale dissection of proximate mechanisms across a range of biological fields
including genetics, physiology, and neuroscience?>®. While controlled conditions are necessary for
many experiments, there has been a growing recognition that indoor lab environments limit our ability
to understand many complex biological processes’=. This motivation is especially strong in
neuroscience, where a growing number of researchers have highlighted a need to study the brain and
behavior in enriched environments that can elicit an animal’s full repertoire of natural behaviors'0-16,
Constrained lab environments inherently limit the study of patterns of space use or social behavior
that require realistic natural spatial scales relevant to the organism. Even relatively large and enriched
lab settings’~1° fail to capture many of the relevant features of social interactions and social structures
inferred by studies of wild mouse populations to be important to mouse natural history, such as
territoriality and space use?%%4,

An immediate solution is to study the behavior of lab mice in large natural spaces. There is a
long history of studies utilizing large enclosures to study the population biology of mice under free-
living conditions?>=3°. These studies tend to use feral or wild-derived populations of outbred house
mice and find that male mice establish and aggressively defend territories occupied by several females
and their offspring. Fully adult males are most often associated with high quality territories, while
juveniles and subadults typically aggregate in lower quality spaces within the environment?63637_ Adult
females also aggressively defend territories against male and female intruders3®*1. However, multiple
lines of evidence demonstrate that lab mouse strains commonly used for behavioral research differ
from their wild counterparts in aspects of their behavior and physiology due to generations of
inbreeding, artificial selection for fecundity and docility, and rearing in chronically impoverished cage
environments>*74_ |t is not known if lab mice adopt similar social structures to wild mice under
natural conditions. Though a small number of studies have studied rewilded lab mice in outdoor
enclosures*’1, they have not detailed the social behavior or emergent social structure of these
animals. As a result, fundamental features of lab mouse behavior under free-living natural conditions
remains poorly understood.

Characterizing the behavior of individuals and emergent social structures of lab mice under
free-living conditions are critical first steps for ‘rewilding’ the field of neuroscience. The consistency of
social structures under similar conditions has been poorly explored in mice and other animals, yet
common garden studies of social organization have the potential to reveal which factors shape animal
societies. Realized social organizations in populations may be highly variable if they are determined by
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idiosyncratic individual behaviors and historical contingencies. Alternatively, populations with similar
initial ecological and demographic conditions may reliably generate similar social structures, suggesting
that the biological basis of social organization is amenable to study.

Here we report the space use and social behavior of replicated populations of the common
laboratory strain C57BL/6J (C57) in large outdoor field enclosures located in upstate New York, USA.
We also conducted identical, simultaneous trials using outbred wild-derived house mice. Thus, our
dataset both describes how lab mice freely behave in large outdoor spaces and allows for a direct
comparison of the similarities and differences in behavior between C57 and genetically outbred wild-
derived mice as well as their emergent social structures under the same conditions.

RESULTS

Rewilded mouse behavior and social structure in the field

Field studies of wild populations provide a powerful means to link aspects of organismal biology to
selection, but are typically hampered by a lack of replication®?3. Enclosure studies conducted over
short, but biologically relevant, periods provide an opportunity to observe replicate populations across
multiple trials. Over a three-month period (June 2020 - August 2020), we performed replicate trials to
examine the emergent social organization generated in enclosures stocked with 10 female and 10 male
house mice (Mus musculus domesticus) from the domesticated lab mouse strain C57 (n =4) and
outbred wild-derived house mice (n = 3). The mouse population density in our enclosure was ~0.034
mice per square meter, which falls within the range of typical population densities reported for wild
mice>*. Our outdoor field enclosures are approximately 9,000 times larger than the area of a standard
laboratory mouse cage (Fig. 1a; Fig. S1a-b). Each field enclosure contained eight weather protected
resource zones (made from 32-gallon rubber storage totes), which were equally distributed in a 2x4
grid. We supplied all resource zones with food and water accessible by the mice ad libitum.
Additionally, we monitored the zones continuously over the trial period via an infrared video camera
and a radio frequency identification (RFID) antenna placed beneath the sole entrance into the zone
(Fig. 1a; Fig S1c). To initiate each trial, we placed mice into one of the eight resource zones with their
same-sex cage mates in the evening shortly before sunset, meaning that all individuals started the
trials in a resource zone in a social context.

Over the course of 10 days, mice explored the enclosures and resource zones, formed
territories, and engaged in a variety of social interactions with conspecifics including courtship, mating,
co-nesting, and fighting (Fig. 1a; Video S1). As the goal here is to identify the patterns of space use and
social structure, we focus our analyses on the RFID dataset. We obtained high density sampling of
mouse RFID reads for all trials (1,198,377 + 102,782 RFID reads per trial; mean + SEM) and a mean of
6,205 + 236 RFID reads per mouse per day (Table S1). Mice were able to quickly traverse the distance
between the zones despite the ground vegetation (minimum inter-zone travel time = 10 seconds,
mean = 85.6 minutes, maximum = 16.4 hours; Fig. S1d). To convert instantaneous mouse RFID reads
into estimates of how long mice spent in or around the zones, we grouped RFID reads into state events
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with durations (Fig. S1e; see Methods for grouping procedure). The total number of visits to a zone
strongly predicted the total estimated duration of time spent in a zone (Spearman’s correlation, R >
0.84, P < 0.001 for all genotype and sex combinations; Fig. S1f). Using this approach, we estimated
individual mouse location for a total of 5833.3 mouse hours across all trials (mean =833.3 + 52.1 hours
per trial; Table S1). On average, we inferred that individual mice spent 4.28 + 0.1 hours per day in the
resource zones though we inferred a wide range of zone occupancy times from 12.2 seconds to 19.2
hours in a given day across all mouse days.
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Figure 1: Field site and study design. (a) Experimental design for replicate populations of C57 and outbred
mice in field enclosures. Photos demonstrate the layout of the field enclosures and the eight resource zones
arranged in a 2x4 grid pattern. Resource zones had a single entrance tube and food and water towers
provisioned ad libitum. A variety of behaviors were observed in the resource zones including co-feeding
between females, mating and courtship, social investigation, and male-directed aggression towards
intruders. Mouse schematics were created with BioRender. (b) Schematic of the resource zone locations
(colored boxes) within the field enclosures (2x4 grids) showing typical patterns of zone visitation for four
typical animals (rows) representing each sex and genotype across 10 days of activity (columns). White boxes
show resource zones that mouse did not visit on that day of the trial.
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Spatial structure of rewilded C57 and outbred mice

We first examined how mice utilized the space within the enclosures over the course of the 10-day
trials. C57 females showed strikingly different space and movement patterns across several measures,
as compared to C57 males, outbred males, and outbred females (Fig. 1b).

We estimated the minimum distance traveled per day for each mouse based on the distance
and number of transitions made between distinct resource zones. Across sexes and genotypes, mice
increased their daily distance travelled within the enclosure as a trial progressed (Fz,139.69 = 54.25, P <
0.0001; Fig. 2a), but overall C57 females travelled much further than all the other groups over the
course of the entire trial (P < 0.01 for all comparisons; Fig. S2a). C57 females resembled other groups
for the first few days, but then dramatically increased and maintained their greater minimum
estimated travel distance relative to other groups starting on the fourth day of the trials (P < 0.05 for
daily LMM model contrast estimates for Day 4 — 10; Fig. 2a).

C57 female travel was not limited to a few resource zones, but instead was widespread across
the enclosure space. Across sexes and genotypes, mice visited an average of 2.34 + 0.05 resource zones
per day over the course of the trial, though patterns of zone visits varied over time and among
individuals. The number of unique resource zones visited per individual per day was significantly
influenced by time in the trial (F1,133.29 = 30.65, P < 0.001), but this increase was driven entirely by the
behavior of C57 females (P = 0.31 for non-C57 females; Fig. 2b). Although all mice explored an
equivalently low number of resource zones during the first several days in the enclosure, by the fourth
day C57 females had significantly increased exploration of the available zones compared to all other
groups (P < 0.05 for daily LMM contrast estimates for Day 4 — 10), which did not differ in their extent of
space use.

In addition to visiting more unique zones on average per day, C57 females visited a greater
proportion of all possible zones over the course of the trial (Fig. 2c). By the final day of the trial C57
females had visited 6.27 + 0.43 of the available zones, which is more than C57 males (4.29 + 0.42; t125.11
=-5.43, P<0.0001), outbred females (4.1 + 0.49; t756 = -3.33, P =0.011), and outbred males (3.46 *
0.49; t125.11 = 2.40, P = 0.017). Substantially more C57 females (44%, 17/38) visited all 8 resource zones
compared to C57 males (7.69%, 3/39), outbred females (3.44%, 1/29), and outbred males (3.57%,
1/28) (generalized LMM: P < 0.05 for all comparisons).

These differences in the number of zones visited each day and cumulatively across the trial
were not the result of C57 females spending more time in resource zones (P > 0.15 for sex and
genotype main effects; Fig. S2b). Rather, C57 females displayed reduced fidelity to their most visited
resource zone compared to other groups. Most individuals tended to favor a single resource zone, but
C57 females show a much weaker bias towards spending time in their most occupied zone relative to
males and outbred females (P < 0.05 for all comparisons; Fig. 2d).

Given that mice tended to prefer one zone, we next examined how mice established and
maintained priority access to resource zones. We calculated a daily resource zone Priority Access Score
(PAS) per mouse based on the duration of time a mouse spent in a zone relative to all other same-sex
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individuals and examined how this score changed over time (Fig. S2c-d). Briefly, mice gained 1 point for
each resource zone they fully monopolized or a fraction of a point for partial monopoly. Mice that
failed to monopolize any zone (< 50%) were give a -1 penalty (see Methods for full description). Thus,
for the 10-day trials reported here, strongly positive scores (near +10) indicate an individual
consistently excluded others of the same sex from a single resource zone while strongly negative
scores (near -10) indicate an individual was consistently excluded from most spaces. Very high scores
(>>10) indicate individuals monopolized more than 1 zone. Scores closer to zero indicate individuals
that share spaces to some extent with others of the same sex. Overall, females vary widely in the
extent to which they establish and maintain priority access over resource zones such that the
distribution of female PAS values were unimodal and centered near zero for both genotypes by the
final day of the trial (Fig. 2e). Males, in contrast, settled into a largely bimodal population of males with
high and low PAS values, demonstrating the presence of territorial males and males who failed to
establish a territory within the population (Fig. 2f). Thus, for both genotypes our trial design reliably
generates territorial behavior consistent with studies of wild house mice at similar densities.
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Figure 2: Spatial structure of rewilded C57 and outbred lab mice. C57 female mice differed from C57 males and
outbred males and females on several metrics including (a) the estimated minimum distance travelled per day, (b) the
number of resource zones visited per day, and (c) the cumulative number of novel zones visited over the entire trial
period. (d) Proportion of the total time a mouse was observed across all zones spent in a mouse’s top occupied zone
(resource zones rank ordered by mouse occupancy time). (e-f) Distributions of cumulative Priority Access Scores after
10 days for female (e) and male (f) mice. Higher scores indicate the extent to which a mouse maintained majority
access over one or more resource zones relative to same-sex conspecific competitors (see Methods).
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Genotypes and sexes differ in the extent and nature of social interactions

We next examined how mice overlapped in space and time to determine to what extent individuals
interact socially as well as the range of group compositions that arose. For each trial we estimated the
time spent in each of the 120 possible combinations of the 10 males and 10 females in the experiment
(Fig. 3a). We inferred individuals were simultaneously present in a resource zone whenever estimated
visitation bout durations directly overlapped with other mice.

Most of the time that mice spent in resource zones was spent alone (range 56-87% solitary
mouse time per trial; Fig. 3a), but the proportion of time that individuals spent alone was strongly
predicted by sex and genotype. On average, males spent a greater proportion of recorded time in
resource zones alone than females (F1,126 = 56.5, P < 0.0001; Fig. 3b). Indeed, we frequently observed
males sitting in the resource zones oriented toward the entrance seemingly waiting for other mice to
visit (Video S1). Outbred mice were more likely to be alone in the zones than C57 mice (F1,5=48.51, P =
0.0009; Fig. 3b). Overall, outbred males were especially likely to spend time alone compared to other
individuals; all of them (29/29) spent more than 50% of their total recorded time alone. In comparison
77% of outbred females (23/30), 75% of C57 males (30/40), and only 18% of C57 females (7/40) spent
the majority of their recorded time alone. Given the interest in the biology of social isolation in mice>>~
> it is notable that when given the opportunity to freely interact, many mice opted instead to spend a
significant portion of their time alone over the course of their trial.

Though individuals spend a large portion of their time in the resource zones by themselves, we
estimated more than 1500 mouse hours of social interactions across the seven trials, defined as time
with two or more mice in the zone. Dyadic interactions accounted for the majority of estimated social
interaction time in both genotypes (75.3% in C57, 87.1% in outbred), though larger aggregations of
mice were also detected in all trials (Fig. 3a). On average, females spent a greater portion of their
recorded time in social groups than males, both in terms of mixed-sex (F1,126.05 = 31.84, P < 0.0001; Fig.
$3a) and same-sex groups (F1,126.18 = 25.85, P < 0.0001; Fig. S3b). Compared to outbred mice, C57 mice
were more likely to be engaged in both mixed-sex (F1,4.99=33.27, P = 0.002; Fig. S3a) or same-sex
groups (F1,5.14=15.19, P = 0.011; Fig. S3b). Most mice (75.6%, n = 102/135) spent >50% of their
recorded social time in mixed sex groups. The relative proportion of social time in same-sex versus
mixed-sex groups did not differ between sexes or genotypes (P > 0.67; Fig. 3c).

Compared to females, males showed a notably wider range of relative time spent in mixed sex
groups (Fig. 3c). The proportion of social time in mixed versus same-sex social interactions among
males is inversely correlated with their resource zone Priority Access Score rank within their trial (F,
s56.77=46.72, P < 0.0001; Fig. 3d). That is, males that monopolize resource zones spend relatively more
of their social time with females compared to males that failed to gain priority access to resource
zones, consistent with hypothesized benefits of territoriality®®°2. The slope of the relationship differed
significantly between genotypes, with outbred males showing a steeper relationship between Priority
Access Score rank and time spent with females (F1,s6.8=7.23, P = 0.0094; Fig. 3d), suggesting that the
benefits of territoriality are especially strong among outbred mice.
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We next investigated how long individuals tended to interact with each other in social grouping
events across the course of the trial. Most interactions tended to be relatively brief and became
shorter in duration over the course of the trials (Fig. 3e and Fig. S3c-d). The length of mixed-sex
interactions was shorter and decreased more strongly over time in outbred mice (genotype: F1,7.1=
15.343, P = 0.006; genotype:time interaction: F1, 19722 = 24.19, P < 0.0001; Fig. S3c). The length of same-
sex interactions also decreased over time for both female-female (F1,9152 = 124.26, P < 0.0001; Fig. S3d)
and male-male (F1, 1862 = 43.9, P < 0.0001; Fig. 3e) interactions. This decline was especially stark for
males, who rarely interacted after territories were established during the first few days (Fig. 3e).
Overall, male-male interactions were briefer in outbred compared to C57 males (F1,21.65=6.42, P =
0.019). Half of all time spent in male-male interactions by outbred males had elapsed within the first
~30 minutes of the trials, showing the remarkably quick deterioration of social relationships among
cage mates once they were placed outside. The frequency of detected interactions also varied over the
course of the trials, with male-male interactions becoming especially sparse after the first few days of
the trials after territories had been established (Fig. 3e). The increasingly sparse and very brief
interaction among males reflect the territoriality dynamics of males in these trials, which readily chase
other males away from their monopolized zones (Video S1).
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Figure 3: Social interactions and group compositions of rewilded mice. (a) Contour plot of average duration
of trial time spent in different male and female group compositions. Only realized group compositions are
shown across the two trials. (b) Proportion of observed time spent alone. The horizontal line represents the
arcsine transformed 50% level. (c) Proportion of social time spent in groups with at least one member of the
opposite sex. The horizontal line represents the arcsine transformed 50% level. (d) Relationship between the
proportion of social time males spent in mixed sex groups and his ranked Priority Access Score on Day 10
(cumulative sum of all daily PAS values) for C57s (R = -0.41) and outbred (R = -0.81) males. (e) Male-male
social grouping events were shorter and less frequent in outbred mice compared to C57 mice. For
visualization purposes, the y-axis is cut off at 40 min (a small number of long interactions are inferred very
early in the trial after mice are initially placed into resource bins, n = 1,865 events shown out of 1,872 total
events).

236


https://doi.org/10.1101/2022.04.19.488643
http://creativecommons.org/licenses/by-nc-nd/4.0/

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.19.488643; this version posted April 19, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Distinct social networks emerge between C57 and outbred mice

To investigate the emergent group structure of both genotypes, we analyzed the total and daily
networks formed for each trial. Overall, C57 mice formed more connected networks than outbred
mice, a difference which was largely driven by high levels of C57 female sociability (Fig. 4a-b). Outbred
networks increased in the number of graph components — the portions of the network disconnected
from each other — over time (genotype:log(day), F1,61 = 17.02, P < 0.001; Fig. S4a), reflecting the demic
structure reported for many wild mouse populations?3636* Qver time, the network edge density —a
measure of the proportion of edges actually observed out of all possible edges in the network —
increased in C57 social networks, but not in outbred networks (genotype:log(day), F1,61, P < 0.0001; Fig.
S4b).

Females of both genotypes had high degree centrality measures compared to their respective
males, indicating females form key connections within mouse social networks. There was a significant
three-way interaction between sex, genotype, and time, such that C57 females rapidly increased their
network centrality measures compared to all other sex and genotype combinations
(genotype:sex:log(day), F1,133.83 = 6.66, P = 0.011; Fig. 4c). Thus, many of the differences we see in
social networks between the genotypes is driven by the propensity of C57 females to engage socially
with many distinct individuals.

Social networks as a whole can be more or less centralized as a function of the individual node-
level centrality measures, with more centralized networks having shorter distances on average
between individuals. We examined the graph-level eigenvector centrality between C57 and outbred
networks and found a significant interaction between genotype and time in the trial (F161 =17.02, P =
0.0001; Fig. S4c). In other words, C57 networks gradually rose in their level of centralization over time
while outbred networks stayed relatively constant. By the final day of the trial, C57 mice met many
more of the available social partners present in the enclosures as compared to outbred mice
(genotype: F1,5=12.16, P=0.017; Fig. 4d), who failed, on average, to ever meet more than 50% of the
potential social partners. Intriguingly, females of both genotypes showed high levels of vertex page
rank scores, indicating that information flow through the network is more likely to move through
females than males (sex:genotype:log(day): F1,132.01 = 5.33, P = 0.023; Fig. 4e).

Finally, we analyzed the extent to which social networks for each day of the trial predicted the
social network structure on the final day of the trial. We found that outbred social networks were
much more stable over time compared to C57 networks. For every outbred trial, the social network on
the first day of the trial — and every day thereafter — was strongly predictive of the final realized social
structure on Day 10 (MRQAP test, P < 0.0001, Bonferroni correction; Fig. 4f). In contrast, no C57 trial
social network on Day 1 was strongly associated with the final network structure, and three out of four
trials did not significantly predict the final social network until Day 5 of the trial.
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Figure 4: Social network structure of rewilded lab mice. (a-b) Daily social networks from an example C57 trial
(a) demonstrates a typical pattern of persistently high female interconnectivity while an example outbred trial
(b) demonstrates increasing network modularity over time. The size of connections between nodes represents
the edge weight. Node sizes reflect the node edge strength, or the sum of all edge weights for a single node. (c)
Node degree centrality over time show significant strain and sex interaction effects, with females of both strains
having higher network centrality scores than males. (d) C57 mice met a majority of the available novel social
partners by the final day of the trial, while outbred mice did not. (e) Both C57 and outbred females exhibited
high page rank scores relative to males of either genotype, indicating that females serve as major conduits of
information flow through the networks. (f) Outbred networks on each day of every trial are highly predictive of
the final network structure on Day 10. C57 social networks are slower to stabilize.
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DISCUSSION

Our replicated field experiments demonstrate that C57 lab mice broadly recapitulate the behaviors of
wild-derived mice in free living conditions but have different emergent social structure largely due to
females being more exploratory. The organization of mammal societies is influenced by ecological®>?7,
demographic®® 71, and phylogenetic factors’>~74, Our experiment controlled resource distribution and
demographic composition of mice across trials. Thus, these data show that genotype can have a strong
effect on social structures in mammals’>7®, These data also highlight the flexibility of mouse social
behaviors across diverse ecological and demographic conditions. For example, in contrast to lab studies
at high density, which identify dominance hierarchies among males'®*®77 the males in our lower
density populations consistently formed and defended territories (Fig. 2). While our experiment only
examined one set of ecological and demographic conditions, it demonstrates an approach in which
variables including food resources, defensibility of spaces, and demographic compositions are all easily
tunable.

What drives the difference that we saw in female space use across our trials (Fig. 2)? Space use
in female mammals is often predicted by intra-sexual competition for food resources and nest sites’8,
but resource availability and population density were identical across trials in our study. This suggests
either that there is an innate difference in behavior between C57 and wild-derived females and/or that
they respond differently to the social conditions present in our trials. In feral house mice, infanticide
risk from both male and female conspecifics is thought to be a major driver of social behavior in
females”®8%, As a result, wild female house mice will aggressively defend space from other females3®-
4182 57 mice have been domesticated to live in cages at high densities, especially among females,
and this is associated with lower female aggression compared to wild mouse genotypes*. Differences
in relative tolerance of other females may be a key driver of the observed differences in social
organization between C57 and outbred females in this study. An additional explanation for the
behavior in C57 females may stem from the interactions of males and females in the trials. In the trials
reported here, C57 females interact with C57 males while outbred females interacted with outbred
males. Thus, male genotype could conceivably drive differences in patterns of female behavior. As one
example, consider how genetic diversity among males in a trial may influence behavior. Whereas
individuals in the outbred trials are genetically heterogenous and distinct, all the C57 mice are
(essentially) genetically identical. Female mice respond to variation in perceived relatedness between
themselves and males3383284 and could potentially attend to how they perceive males to be related to
each other. Understanding how innate behavioral differences among genotypes versus emergent
properties generated by social interactions work together to shape mammalian societies is an exciting
future direction that can be addressed with rewilded mouse studies.

Male space use in rodents and other mammals is frequently linked to patterns of female space
use’®8l, Yet despite differing patterns of female space use between genotypes, the male spatial and
social structures were very similar, highlighting that some aspects of social organization are relatively
less sensitive to other features of a population’s socioecology. Perhaps one of the most striking
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features of our study is the speed in which male-male social interactions deteriorate and decrease in
frequency, especially among outbred males (Fig. 3e). Previous studies of wild mouse behavior have
reported males will defend territories and attempt to monopolize spaces and exclude other males?>%°.
Though in low complexity environments or at high densities males may form dominance
hierarchies!®?. The formation and consequences of dominance hierarchies among male mice have
been the subject of recent study in the lab*®778>, though our results suggest that when given ample
and defensible spaces male mice will tend to avoid interacting with others and form individual
territories rather than a dominance hierarchy. The flexibility of house mouse social structure under
different conditions has undoubtedly been important for their ecological success across diverse
commensal and natural environments?0,23,86,87,

We identified not only consistent average differences in the behavior of individuals between
genotypes but also differences in the higher-level social organizations of C57 lab mice and their wild-
derived outbred counterparts (Fig. 4). Studies of social structures tend to come from idiosyncratic
populations living in the wild, meaning that studies of social behavior in natural conditions are rarely
replicated®>%82%, Studies of free-living populations are critically important, but this non-replicability
makes understanding the specific genetic, neurobiological, ecological, and demographic factors
influencing complex behavior challenging. The repeatability of social organization demonstrated here
suggests that future work manipulating aspects of physiology or neural function in rewilded mice will
offer a unique opportunity to study not just differences in individual behavior, but also how those
behaviors reliably influence society.
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Data Availability
All data, statistical outputs, and R code for recreating figures and analyses are available on Zenodo
(https://doi.org/10.5281/zenodo.6425497).

METHODS

Ethical statement

All procedures conformed to guidelines established by the U.S. National Institutes of Health and have
been approved by the Cornell University Institutional Animal Care and Use committee (IACUC: Protocol
#2015-0060).

Animals

We examined two genotypes of M. m. domesticus, C57BL/6J (C57) and wild-derived outbred mice. C57
mice were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA). Outbred mice were
derived from strains generated through distinct initial pairings of wild mice from Saratoga Springs, NY,
USA, trapped by M.J.S in 2013. These mice are genetically related to The Jackson Laboratory wild-
derived mouse strains SarA/Nach)J (#035346), SarB/NachJ (#035347), and SarC/NachJ (#035348) mice
which are descended from the same wild caught group of mice.

Study design and field site description

All field work was conducted at Cornell University’s Liddell Laboratory Field Station in Dryden, New
York, USA from May 2020 to August 2020. Male (n = 10 per trial) and female (n = 10 per trial) mice
were released into 0.056 hectare (38.1 m x 15.24 m) enclosures for 10-day observation periods before
they were recovered using live-trapping methods (C57 trials: n = 4; outbred trials: n = 3). The walls of
the enclosures were made from sheet metal and stood approximately 4 feet tall and extended 4 feet
into the ground to prevent the mice from tunneling and moving between the enclosures. Each
enclosure was covered with netting to prevent aerial predation, and loose gravel was spread along the
interior perimeter of each enclosure to discourage digging near the walls. Three days prior to releasing
mice into the enclosures, we trapped in and around the enclosures to capture and remove any small
mammals or snakes from the enclosure. The enclosures contained a mixture of local perennial grasses
and plant communities which were mowed to a height of ~5 cm prior at the start of each trial.

Each enclosure contained eight identical resource zones constructed of PVC and 32-gallon
storage totes (Rubbermaid, USA) arranged in a two by four grid pattern. Resource zones were covered
with waterproof corrugated roofing material attached to a polyvinyl chloride (PVC) frame. Resource
zones had a single PVC entrance tube (50mm diameter) through which the mice could freely enter or
exit the tub. Each resource zone contained feeder towers containing food and water in excess (~50
grams of sunflower seed and 2 liters of water). Several pieces of plastic lumber were added to provide
environmental complexity and vantage points for the mice. The interior of each resource zone was
monitored by a single motion-activated infrared camera with a 180-degree field of view (HD-Q3, CCTV
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Camera Pros, Lantana, FL, USA) connected to a central DVR unit for file storage and data offloading.
Additionally, each resource zone was equipped with a 15 cm RFID antenna connected to a centralized
data acquisition unit (Biomark, Small Scale System, Boise, ID, USA). Antennas were placed directly
beneath the floor adjacent to the PVC zone entrance tubes to increase the likelihood of capturing
mouse entrances and exits from the resource zone. Scanning for RFID tags within the antenna range
occurred at approximately 2-3 Hz continuously for 10 days. At least 24 hours prior to release in the
enclosures, all subjects were placed into a stereotaxic frame (Kopf Instruments, Tuhunga, CA, USA) and
briefly anesthetized with isoflurane (3-5%). Mice were subcutaneously implanted with dual RFID tags
(BioMark, Boise, ID, USA) in the dorsal flank and periscapular region.

At the conclusion of the 10-day observation period, the resource zone entrance tubes were
blocked and >50 live-catch traps (H.B. Sherman, Tallahassee, FL, USA) baited with sunflower seeds and
a moistened cotton ball were placed in a grid pattern in the enclosures in the evening (20:00-22:00
hours) and were checked for occupancy the following morning (07:00-09:00 hours). Trapping
continued until all the mice were recovered or identified as deceased or missing (a conclusion reached
if there were no RFID reads in the enclosure for a 24-hour period after 3 days of trapping). The trap
locations were recorded, and the individual identities of the mice were confirmed using a handheld
RFID reader (BioMark, HPR Lite).

RFID data analysis and zone visit estimation

We examined the time elapsed between consecutive RFID detection events for each mouse within
each resource zone (the RFID inter-read interval). We found that the distribution of all RFID inter-read
intervals was heavily skewed (min = 1s, median = 1s, mean = 16.4s, max = 32,683s). We grouped RFID
reads into zone visitation bouts using a 153 second (the cut-off for capturing 99% of all the mouse
inter-read interval values) sliding window method. Based on visual observations of the resource zones
and on RFID data, we omitted a subset of animals from a subset of days for all spatial and social
analyses (see Table S1 for details).

Priority Access Score calculation

Priority access scores were calculated separately for male and female mice within a trial. First, we
calculated the time a given mouse (M) occupied a resource zone (Z) as a percentage of the total time
that zone was occupied by same-sex conspecifics on a given day (D).

timey p 7

Occupancyupz = <o
m=1timen, p 7

Next, we calculated a daily Capture Score by summing the Occupancy values for all available zones.
Mice that did not have an occupancy value of greater than 0.5 (in other words, a majority share of the
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time spent in any particular zone), were penalized by subtracting 1 from the final Capture Score. The
penalty indicates that on a given day, a mouse failed to capture any of the zones that mouse visited.

8
( Z Occupancyyp,—1 if3 Occupancyyp,<05vz=1,..,8

Capture Score y p = z=1

8
z 0ccupancyM,D,Z otherwise
z=1

To see how access to zones changed over time, we took the cumulative sum of an individual’s Capture
Score ordinally across each day of the trial to derive a final Priority Access Score.

D

Priority Access Scorey p = z Capture Scorey 4
d=1

As an example, if one male (Male A) occupied a single resource zone every day of the trial for 4 hours a
day, while another male (Male B) accessed only that same zone for 1 hour per day, and the zone was
visited by no other mice, each mouse would yield the following values. Male A’s daily Capture Score
would equal 0.8, (because he controlled 4 out of 5 hours), while Male B’s daily Capture score would
equal -0.8 (because he controlled 1 out of 5 hours and received a one-point penalty for not controlling
any zones). If this pattern of visitation remained unchanged for all 10 days, then Male A’s final PAS
would equal 8, while Male B’s PAS would equal -8. Thus, a mouse that is the sole, uncontested
occupant of 3 independent zones (for any length of time) repeatedly over the course of 10 days would
have a daily Capture Score of 3, and a final PAS value of 30. The PAS value thus provides a temporally
evolving measure that captures the dynamics of territory formation, maintenance, and collapse (Fig.
S2c-d).

Social Networks

Weighted networks were derived from a Simple Ratio Index calculation based on binary participation in
spatially and temporally overlapping mouse grouping events in the resource zones using the asnipe®®
package in R 4.1.2 (R Development Core Team). As individuals’ social networks may be affected by the
size of the social group, we omitted a subset of individuals who had limited data due to death or loss of
RFID chips®°? (see Table S1).

Statistical Analyses

We built mixed effects models using R 4.1.2 (R Development Core Team) and the R packages Ime4°3,
ImerTest®*, and emmeans®> to examine relationships between predictor and response variables. We
included relevant random intercepts and random slopes in our models as appropriate. When main
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456 effects or interaction effects achieved statistical significance (P < 0.05, two-tailed), we performed post-
457 hoc univariate ANOVAs. We only report significant main and interaction effects that are critical for data
458 interpretation from our multifactorial ANOVAs in the Results section. We include the full statistical test
459 and model outputs in the Supplementary Material. Data cleaning, shaping and summaries were

460 performed in R. Graphing was performed in R using the package ggplot2°® and in GraphPad Prism 9.3
461 (www.graphpad.com). We report all means + standard error measure (SEM), unless otherwise stated,

462 and consider all values statistically significant when P < 0.05.
463


http://www.graphpad.com/
https://doi.org/10.1101/2022.04.19.488643
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.19.488643; this version posted April 19, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

464 SUPPLEMENTARY FIGURES

Strain
Enclosure
Trial Dates

Total RFID Reads
Average RFID
reads per mouse
per night

Total estimated
mouse hours
spent in resource
zones

Mice Collected /
Released

Triage Details

C = collected

ND = not detected
NC = not collected
PD = presumed
dead

465
466
467

C57 Trials (10 days per trial)

Trial 1 Trial 2 Trial 3

C57 C57 C57

Bravo Alpha Bravo

6/19/2020- 7/3/2020 - 7/3/2020 -

6/29/2020 7/13/2020 7/13/2020

1,387,206 1,435,575 903,013

6936 7178 5017

F: 406.9 F:328.9 F:328.9

M: 503.7 M:521.9 M:521.9

20/20 20/20 20/20

NA NA - Anubis
(male) dead
onDay5, C
- Rae (female)
C,ND Day 2 -
10
- Rose
(female) ND
on Day 10,
trapped
without RFID
tags

Table S1: Summary of trial details.

Trial 6
C57

Alpha
8/13/2020 -
8/23/2020
1,052,007
5260

F:530.0
M:524.4

20/20

NA

Outbred Trials (10 days per trial)

Trial 4 Trial 5 Trial 7
Outbred Outbred Outbred
Alpha Bravo Bravo
7/17/2020 - 7/17/2020 - 8/13/2020 -
7/27/2020 7/27/2020 8/23/2020
1,140,586 1,579,413 890,836
6631 7897 4454
F:494.4 F:284.2 F:360.1
M: 380.6 M: 526.0 M: 290.3
18 /20 20/20 20/20

- Hare (male) NA NA

ND Day 2 - 10,

NC, PD

- Isis (female)

ND Day 3 - 10,

NC, PD

- George (male)
crosses from
Trial 4 to Trial 5
paddock on
Day 3, C.
Triaged from all
analyses.

Total

8,388,636

5833.3
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Figure S1: Field site setup and RFID duration bout window selection. (a) Satellite image of the field
enclosures showing the position of the data sheds housing the security camera system and computer for
downloading RFID data from the central RFID sheds. (b) Schematic of the Alpha and Bravo enclosures
indicating the resource zone layouts. (c) RFID monitoring of the resource zones. Two storage totes were
nested with a RFID antenna placed between and beneath the entrance tunnel to prevent mice from
directly contacting the antenna and wire. (d) Histogram of the daily inter-zone travel times for all mice
for all days. (e) Histogram of the within zone inter- RFID read intervals and the 153 second threshold
capturing 99% of all inter-RFID read intervals which was used to group RFID reads into resource zone
visitation bouts (see Methods). (f) Correlation of estimated duration spent in each zone and the number
of visits to that zone for all sex and strain categories.



https://doi.org/10.1101/2022.04.19.488643
http://creativecommons.org/licenses/by-nc-nd/4.0/

469
470
471
472
473

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.19.488643; this version posted April 19, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

o

**P = 0.002 b
T **P = 0.007
£ ] wp < 00001 =@ C57 Female
g 2000 — =2 —e— C57 Male LMM
2 — 3000 Outbred Female NS
= £ =8~— Outbred Male
& 15007 E
2 g 2000
T 1000 5
2 2
- k|
£ 5001 £ 10001
3 ]
= (&)
]
el T T - ——
C57 C57 Outbred Outbred 1.2 3 4 5 6 7 8 9 10
Female  Male Female  Male Day
c d
Females Males
20+ 207
151 157

-
o
1

Cumulative zone
Priority Access Score
Cumulative zone
Priority Access Score
(9}

i

0-
-5
410
1 2 3 45 6 7 8 9 10 12 3 45 6 7 8 9 10
Day Day

Figure S2: Estimated time in resource zones and priority access score development. (a) Total
estimated distance travelled across the trial period for all sex and genotype categories. (b) Cumulative
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scores over 10 days of observation for females (c) and males (d) of both genotypes (See Methods for
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Figure S3: Sex and genotype social grouping compositions. (a) Proportion of mouse time spent in
mixed sex groups. (b) Proportion of time spent in same sex groups. (c) Female-male social grouping
bout durations over time. For visualization purposes, the y-axis is cut off at 40 (n = 19,736 events shown
out of 19,738 total events). (d) Female-female social grouping bout durations over time. For

visualization purposes, the y-axis is cut off at 40 (n = 9,160 events shown out of 9,161 total events).
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Figure S4: C57 and outbred social network-level properties over time. (a) Number of network components
increases over time in outbred, but not C57, social networks over time. (b) Network edge density increases
over time in C57, but not outbred, social networks over time. (c) Network eigenvector centrality significantly
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