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Abstract

Pair-bonding allows for division of labor across behavioral tasks such as protecting a terri-
tory, caring for pups or foraging for food. However, how these labor divisions are deter-
mined, whether they are simply intrinsic differences in the individual’s behavior or a
coordinated behavioral response by the pair, remains unknown. We used the monogamous,
biparental and territorial California mouse (Peromyscus californicus) to study how behav-
ioral approach to an aggressive vocal stimulus in a novel environment was affected by pair-
bonding. Using a three-chambered vocal playback paradigm, we first measured the amount
of time individuals spent in close proximity to aggressive bark vocalizations. We found that
animals could be categorized as either approachers or avoiders. We then paired individuals
based on their initial approach behavior to an opposite sex individual who displayed either
similar or different approach behaviors. These pairs were then retested for approach behav-
ior as a dyad 10—11 days post-pairing. This test found that pairs showed convergence in
their behavioral responses, such that pairs who were mismatched in their approach behav-
iors became more similar, and pairs that were matched remained so. Finally, we analyzed
the ultrasonic vocalizations (USV) produced and found that pairs produced significantly
more USVs than individuals. Importantly, increased USV production correlated with increas-
ing behavioral convergence of pairs. Taken together, this study shows that pair-bonded ani-
mals alter their approach behaviors to coordinate their response with their partner and that
vocal communication may play a role in coordinating these behavioral responses. Overall,
our findings indicate that pair-bonding generates an emergent property in pairs, adjusting
their combined approach behavior towards a new aggressive stimulus representing a poten-
tial challenge to the bonded pair. Such findings may be broadly important for social bonding
in other social systems.
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Introduction

Within pair-bonding species, reproductive success is influenced by partners’ behavioral com-
patibility [1]. This compatibility can be due to either behavioral plasticity or assortative mating
and, as such, studying how individual behavioral responses change after pair-bonding can give
us important insights into how social context alters the behavior and coordination of animals
[2-4]. Tt is vital for pairs to coordinate their behavior in a way that maximizes their likelihood
to protect their territory and raise their offspring in the most efficient manner possible [5].
However, whether these roles are determined by intrinsic behavioral traits of the individual
pair members, or is determined through coordination within the pair and alterations of indi-
vidual behavior is not well understood [6-9]. As such, it is of great interest to know whether
animals maintain their individual behavioral responses to stimuli after pairing or if being a
part of a pair leads to changes in these behaviors to better coordinate responses, such as joint
avoidance or approach to an aversive, aggressive stimulus. Such coordination in behavior may
also be relevant for species with social bonds beyond that of male-female pairings and beyond
that of territorial defense.

One major advantage to pair-bonding is the ability to divide labor within tasks to maximize
efficiency and increase success in breeding and survival. Across taxa, group living animals
divide labor in a number of ways [10-15]. In pair-bonding species this is often done in a sex
specific manner, for example, with females remaining close to the nest and caring for offspring,
while males patrol the edges of a territory to defend against threats and forage for food [16-
18]. However, in some species these roles are more fluid, with both males and females capable
of completing all tasks required of the pair including territorial defense [19-23]. How this is
achieved though remains unknown and is likely, to some extent, species specific.

In order to better understand the role of pair-bonding in division of labor and approach
behavior we studied the monogamous, biparental and territorial California mouse (Peromyscus
californicus). California mice are an interesting species in which to understand coordination of
pair behavior because both males and females are capable of doing all necessary tasks, includ-
ing defending territories and caring for pups [19, 20, 24, 25]. Individuals move from their
natal territory, with females dispersing farther from the natal territory than males. Males typi-
cally set up a territory first, with the female joining a male to jointly defend an exclusive terri-
tory [26]. DNA fingerprinting indicates that this is a strictly monogamous species and both
sexes are highly aggressive and both contribute significantly to the raising of offspring; males
are, in fact, essential for maximizing weight and survival of offspring [27]. How these tasks are
completed, particularly investigating intruders and defending territories varies depending on
the pair. Specifically, California mice show differing strategies across pairs to investigate
intruders together [19], while other pairs will have only one member (either male or female)
investigate while the other remains close to the nest [13, 16]. Importantly, it is unknown
whether these roles are determined solely by intrinsic traits of the individuals [28] or if there is
behavioral coordination, constituting an emergent property of the pair that occurs within the
pair to determine roles. Moreover, California mice produce a suite of ultrasonic vocalizations
that appear to be important in signaling behavioral intent and pair communication [29-33]. In
particular, California mice produce sustained vocalizations (SV) that can signal aggression
towards outsiders in its shorter form [25] and affiliation within a pair bond in its longer form
[32, 34, 35]. As such we were interested in testing how California mouse approach behavior
and SV production when exposed to a simulated intrusion via playbacks would be altered by
the formation of a pair bond and the presence of their mate.

In this study we hypothesized that individual, nonbonded California mice would show vari-
ation in their approach behavior towards an aversive stimulus and that pair-bonding would
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alter these responses. Further, we hypothesized that SV production would be consistent with
the need to coordinate behaviors between pair members. To test this, we conducted a playback
study in which individual mice were exposed to aggressive conspecific ‘bark’ calls [25, 30],
short, high-amplitude calls that begin and end in the broadband range, that are used in defen-
sive aggression; we then measured how much time the focal mouse spent investigating the call
as defined by being in the chamber closest to the playback in a three chambered cage. Follow-
ing individual testing we paired individuals in a 2 (high vs low approach) x 2 (male versus
female) factorial design with an opposite sex partner that either shared (matched) or differed
(mismatched) in their approach pattern and retested the pair after pair bonding in order to
glean further insight into how pair-bonding affects individual and group behavior.

Methods
Animals

31 male and 31 female sexually naive California mice (age 3-6 months, housed with 1-2 same-
sex conspecifics) were tested for responses to unfamiliar conspecific bark playbacks. Mice were
then selectively paired with an opposite sex partner 3-7 days following the initial (i.e., pre-pair-
ing) playback test and housed together in a standard cage (48 x 27 x 16 cm). All animal housing
cages were lined with aspen bedding, contained a nestlet and had Purina 5015™ mouse chow
and water available ad libitum. All tests occurred between 1-3 hrs after the onset of the dark
cycle in dim red light in housing maintained at 20-23° C on a 14:10 h light: dark cycle (lights
on at 16:00 central standard time).

Ethical statement

All animals were maintained according to the National Institute of Health Guide for the care
and use of laboratory animals. All procedures were approved by the University of Wisconsin—
Madison College of Letters and Sciences Institutional Animal Care and Use Committee (Pro-
tocol L005447). No animals were injured by any of the behavioral manipulations or assays.

Apparatus

Testing occurred in Plexiglas cages (90 x 30 x 30 cm) lined with aspen bedding equally divided
into three chambers (each 30 x 30 x 30 cm) with centrally located openings (11.5x 11.5 cm)
between chambers to allow for free movement. A speaker (Vifa Dynamic Ultrasound, 1-120
kHz range, Avisoft Bioacoustics, Berlin, Germany) was placed at each end of the three-cham-
bered apparatus 45 cm from the center. Speakers were positioned outside of the apparatus
against a closed mesh gate.

Playback tracks

In a separate cohort of mice, barks were recorded from males and females housed under the
same conditions as experimental mice to produce eight unique tracks (see below), that were
assigned randomly to individuals. To avoid habituation and maintain consistency, no individ-
ual heard the same track more than once [35]. To induce calling to create playback tracks, indi-
vidual male and female mice were placed in a single-chambered plexiglass apparatus (50 x 30 x
30) lined with aspen bedding, a nestlet, and food and water ad libitum for 24 hrs, a length of
time demonstrated to be sufficient for the formation of residency behavior, and in which the
arena becomes the individual’s territory [36-38]. Following this 24-hr period, residents were
introduced to a same-sex intruder for an 8-min aggressive encounter period similar to previ-
ous studies [36, 39-41]. Intruders were only used for a single encounter, and otherwise had no
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previous aggression testing experience with unfamiliar individuals. During the encounter,
defensive-aggressive barks were recorded using a single Emkay/Knowles FG series micro-
phone (detection range: 10-120 kHz), with a 250 kHz sampling rate and 16-bit resolution,
placed 30cm above the bottom of the chamber. Spectrograms were produced using a 512 fast
Fourier transform in Avisoft SASlab pro (Avisoft Bioacoustics, Berlin, Germany) in order to
identify barks, which appear as short, high-amplitude calls with an upside down U shape that
begins and ends in the audible range for humans (Fig 2A) [25, 34]. Playback tracks were cre-
ated using these spectrograms by manually extracting male and female bark calls that were
confirmed by multiple observers, while removing all other USV call types. Calls could not be
distinguished between the resident and the intruder during the encounter, thus both resident
and intruder barks were used to construct playback tracks. Playback tracks included both male
and female bark calls. Male and female bark calls are similar in structure and appear to have
no contextual differences [25, 42] Playback tracks were 2 mins in duration and contained

120 + 5 bark calls and followed the natural time pattern of what would be expected from an
encounter, about one call per second. The output gain/volume was maintained across playback
tracks. The ambient noise track control was 2 mins in duration and composed of a recording
of the testing room with all lights off and no mice present using the same microphone
described above. The ambient noise tracks were volume matched to the bark tracks during
playback. We used eight unique tracks and assigned tracks to individuals randomly with each
track used between 15-17 times, ensuring that no individual heard the same track more than
once over the course of the two tests (to avoid habituation and maintain consistency). Playback
amplitude was matched to the original bark amplitude produced by placing an Emkay/
Knowles FG series microphone 30 cm away from the playback speaker and adjusting the out-
put gain/volume to match the original recording [35].

Pre-pairing playback test

Mice were first tested for response to bark playbacks as nonbonded, sexually naive individuals.
Mice were placed in the testing apparatus for 5-10 mins to habituate and enter all three cham-
bers. Testing started with the mouse in the center chamber. 2-min playback preference tests
were used with speakers at opposite ends of the apparatus behind wire mesh with one speaker
playing a bark track and the other an ambient noise track concurrently. The side on which
ambient noise versus the bark tracks were randomized to prevent habituation or bias due to
side preference. Video and audio recordings were made of their behavior. We recorded time
spent in the chamber closest to the bark speaker (“bark chamber”) as an approach score.

Behavioral type and creation of ‘matched’ and ‘mismatched’ pairs

Following individual testing, mice were categorized as approachers or avoiders from a distri-
bution of all individual responses to bark playbacks based on time spent in the bark chamber
(Fig 1). Categories were defined using a median split (median = 30 s), where all male and
female individual approach scores were pooled prior to calculation with mice above the
median deemed approachers and mice below the median deemed avoiders. Mice (n = 62)
were selectively paired following the pre-pairing test and allowed to cohabitate for 10-11 days
prior to paired testing into one of four groups: 1) male approacher with female avoider (n = 7),
2) female approacher with male avoider (n = 11), 3) male approacher with female approacher
(n =5) and 4) male avoider with female avoider (n = 8). These groups were then collapsed into
‘mismatched’ (groups 1 and 2) and matched (groups 3 and 4) pair subtypes for analysis (see
Results).
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Fig 1. Overview of experimental design. A. Male and female mice were first tested individually for their response to bark playbacks. Based on their
response they were paired using a 2 x 2 factorial design using level of approach and sex as factors. After 10-11 days post pairing, the pairs were tested
again for their response as a dyad. Spectrograms showing the acoustic characteristics of B) Barks, C) Sweeps and D) Sustained vocalizations.

https://doi.org/10.1371/journal.pone.0255295.g001

Post-pairing playback tests

All mice underwent a second playback test to determine if pairing alters responses to bark
calls. Pairs were retested 10-11 days after pairing (13-18 days after pre-pairing test). This time
frame was used because at 7 days post-pairing, pairs display hallmarks of pair-bonding, specifi-
cally side by side contact and grooming and increased affiliative and decreased aggressive call-
ing [35, 43] indicating that 10-11 days is sufficient for pair-bond formation. The playback
procedure was the same as in the pre-pairing test except that paired mice were tested together
as a pair. Both mice were placed into the central chamber and required to enter all three
chambers prior to testing. Time spent in each chamber was scored for each mouse. Pairs were
also scored for time spent together (both mice in the same chamber) and separate (different
chambers).

USV recording and analysis

Microphones were placed 30 cm from the apparatus floor with one microphone placed in the
bark chamber and one microphone placed in the ambient noise chamber. Microphone chan-
nels were calibrated to equal gain (-60 dB noise floor) and WAV files were produced using
RECORDER software (Avisoft Bioacoustics, Berlin, Germany). Recordings were made using a
250 kHz sampling rate with 16-bit resolution and spectrograms were produced with a 512 fast
Fourier transform made using Avisoft SASLab Pro (Avisoft bioacoustics). SVs are low-band-
width calls with low modulation, a peak frequency of 20 kHz and a duration of 100 to 500 ms
for each individual syllable. Sweep calls are relatively short upward or downward frequency-
modulated calls that can be either simple, lacking inflection, or complex, including inflections
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[25]. Both the total number of USV calls produced and the proportion of each USV individual
call type produced relative to all call type production were analyzed within this dataset.

Statistics

All statistics were analyzed using SPSS v 22 (IBM Corp, Armonk, NY, USA). We analyzed
changes between the pre-pairing and post-pairing tests using a mixed ANOVA with group,
sex, and pre-pairing similarity of pairs as factors. We analyzed USV call production by pairs
using pair group (mismatched or matched) and similarity of pairs as factors. Tukey post hoc
tests were used to determine differences between groups. We used correlations to test if behav-
ior predicted USV call production and call type proportion. Pairs were used as a covariate in
all appropriate analyses. All P-values were Holm-Bonferroni corrected for multiple compari-
sons where appropriate, including all correlations and post hoc tests.

Results
Individual response to bark playbacks and pair formation

During the pre-pairing test, mice showed a wide range of responses to bark playbacks. The
range of time in the bark chamber was 0-115 out of 120 s (Fig 2A). Overall, as a group, mice
did not show a preference for either the bark or the ambient noise chamber (ambient noise
chamber: 36.42 + 2.926 s, bark chamber: 36.19 + 3.21, t(71) = 0.041, p = 0.967). Time spent
in the bark chamber did not differ by sex, although there was a nonsignificant trend for
females to spend more time in the bark chamber (males: 29.71 + 4.28 s; females: 39.76 + 3.87
s, ANOVA, F(1,80) = 3.032, p = 0.085). Similarly, the range of time spent in the ambient
noise chamber ranged from 0-115 s and the average time in the ambient noise chamber did
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Fig 2. Individual responses to bark call playback. A. Histogram of pre-pair approach behaviors for males (yellow) and females (blue). B. Mean
approach behaviors for each of the four paired. Significant differences were seen in approach behavior of mismatched but not matched pairs (* =
p < 0.05). Bar graphs represent Mean +/- SEM.

https://doi.org/10.1371/journal.pone.0255295.g002
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not differ by sex (males: 35.55 + 3.994 s; females: 37.07 + 4.196 s, ANOVA, F(1,72) = 0.066,
p =0.798; Fig 2A).

Based on initial response to the playback tracks individuals were paired in a 2 (high vs low)
x 2 (male vs female) design to create matched and mismatched pairs of 4 types: male approa-
cher/female avoider, male avoider/female approacher, both approach, both avoid. As expected
based on assigned groups, there was a significant group by sex interaction in approach scores
(ANOVA, F(3,54) = 24.013, p < 0.001, Fig 2B) with significant approach score differences
between males and females in male approacher/female avoider, such that males had a higher
approach score (male: 71.29 + 8.67 s, female 20.14 + 2.68 s, Students t-test, t(12) = 5.64,
p < 0.001), whereas in male avoider/female approacher females had a higher approach score
(male: 11.91 + 3.17 s, female: 55.45 + 7.41 s, t(20) = 5.40, p < 0.001). In contrast, there were
no sex differences in both approach (male: 51.6 s + 8.58, female: 57.40 + 5.73 s, t(8) = 0.56,
p = 0.59) or both avoid (male: 11.00 + 2.70 s, female: 16.38 + 3.68 s, t(14) = 1.17, p = 0.26).
These groups were subsequently categorized by the difference in approach score within pairs:
again, based on assigned groups, this difference was significantly higher in mismatched pairs
than in matched pairs (male approacher/female avoider: 51.14 + 8.02 s, male avoider/female
approacher: 43.64 + 7.98, both approach: 9.07 + 4.06, both avoid: 5.88 + 1.70: ANOVA, F(3,54)
=15.155, p < 0.001), reflecting our “approacher” and “avoider” classifications. Moreover, this
analysis demonstrated that our four groups could be split into two homogenous subsets with
male approacher/female avoider and male avoider/female approacher making up one subset
of pairs (the “mismatched” subset) and both approach and both avoid making up the second
homogenous subset (the “matched” subset). Thus, the groups were collapsed into these two
overarching subsets for all subsequent analyses.

Post-pairing response to playbacks

Approach and avoidance. Following pairing, a significant interaction was found
between sex and group on approach score such that mismatched males and females altered
approach behavior to be more similar to their partners. ‘Approachers’ decreased while
‘avoiders’ increased approach behavior, indicating that both behaviors can be altered
(ANOVA, F(3,54) = 4.362, p = 0.008, Fig 3A). Using the overarching subsets of ‘mismatched’
and ‘matched’ we found a significant two-way interaction between group and pairing status
on approach score, such that mice that were mismatched in their approach scores became
more similar, and mice that were matched remained similar (F(1, 29) = 7.368, p = 0.011, Fig
3B). Whether individual changes in approach score were random or reflective of their initial
approach score relative to their partner was tested via Chi-square. We found that individuals
in mismatched pairs were more likely to increase or decrease their approach to match that of
their partner than individuals who were in matched pairs (X*, = 13.817, p < 0.0001, Fig 3D).
As in the pre-pairing test, no preference was found for either the bark (26.71 + 2.89 s) or
ambient (39 + 3.089s) noise chamber for individual mice during the second test (t(61) =
0.443, p = 0.66). There was also no difference in preference score based on pair group
(F(3,54) = 0.281, p = 0.839).

Ultrasonic vocalizations. During the post-pairing test, total USV call production did not
differ between mismatched (87.0 + 16.37 USVs) and matched (66.08 + 26.30 USVs) pairs dur-
ing bark playbacks (ANOVA, F(1,29) = 0.404, p < 0.53). Specifically, sweep production was
similar between mismatched (80 + 15.73) and matched (66.08 + 25.81) pairs (ANOVA, F(1,
29) =0.239, p = 0.629, Fig 4A). However, the total production of SV calls was greater in mis-
matched pairs (7 + 2.38) compared to matched pairs (2.23 + 1.06; ANOVA F(1, 29) = 4.966,

p = 0.0338, Fig 4B). As relative proportions of USV types have been associated with pair
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https://doi.org/10.1371/journal.pone.0255295.9003

affiliation [44], including proportion of SVs to total USVs [32], we also calculated a ratio of
pair SVs to total pair USVs. Mismatched pairs (9.25 + 0.28%) produced a greater proportion of
SVs as a function of total USVs compared to matched pairs (2.57 £ 1.27%; ANOVA, F(1,29) =
6.03, p = 0.02, Fig 4C).
Total USVs and proportion of SV correlated with several behavioral measures. Impor-
tantly, increased similarity in approach score by pairs correlated with more total SVs produced
as a dyad (t(29) = 2.071, Pearson’s r = 0.359, p = 0.047 Fig 4D) and a greater proportion of SVs
compared to all USVs (t(29) = 2.056, Pearson’s r = 0.357, p = 0.049, Fig 4E).
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https://doi.org/10.1371/journal.pone.0255295.9004

Discussion

Behavioral responses can be altered by changing an individual’s social environment [45], such
as when a pair-bond develops. Here we describe for the first time in the monogamous Califor-
nia mouse evidence of approach behavior towards an aversive stimulus that is altered in an
emergent, context-dependent fashion by social-bonding leading to a possible ‘pair personality’
[46], whereby pairs with mismatched behavioral types become more similar following pairing,
while matched pairs maintain their similarity. We further show that behavioral convergence is
correlated with increased SVs as a proportion of total USVs, indicating a potential role of
USVs in behavioral coordination. With this study, we provide a novel monogamous mamma-
lian model of behavioral plasticity due to pair-bonding that provides insights into how and
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why individuals become more similar in their behavior due to social change. This model will
allow for future studies to determine the longevity of these changes, and the neural mecha-
nisms that underlie this behavioral convergence.

Behavioral convergence following pair-bonding

California mouse pairs display variation in their approach during a territorial defense para-
digm [19]. However, how pair bonding alters these behavioral responses remains unknown.
This is a question of great interest, because to maximize survivability and reproduction within
a pair bond, pairs need to coordinate their behavior [5]; whether pair bonding mammals, and
California mice in particular, change their individual responses to stimuli in the presence of a
partner that has a different response to a challenging stimulus or whether individuals simply
maintain their responses (and potentially mate with others who have complimentary
responses) has not been tested. To test this, we focused on approach response to aggressive
bark playbacks of intruding conspecifics during the time when bonding was initiated but prior
to pup birth. We found that mismatched pairs changed their approach to bark playbacks to
become more similar after pair-bonding, while matched pairs remained similar, regardless of
the individuals’ initial type. Because we measured behavioral responses prior to and following
pair-bond formation, we provide evidence that similarity can occur independently of assorta-
tive mating. The behavioral convergence may relate to the ongoing formation of a pair bond,
however, pair bonds have typically been formed by the time that the playback challenge was
conducted [32, 35].

We did not test individuals with a non-bonded partner such as a cage mate, however,
because in the wild California mice would not inhabit a territory with a partner with whom
they did not share a pair-bond and defend a territory and thus this would lack ecological rele-
vance [47, 48]. Our findings are consistent with evidence that newly paired convict cichlids
make post-pairing adjustments to become more similar along a proactive-reactive axis encom-
passing boldness, that is associated with increased fitness [49]. However, extending these find-
ings to include species that form social bonds beyond pair bonding would be an exciting
future direction.

This finding differs slightly from previous results in our lab. Notably, in response to a live
intruder in the lab, established California mouse pairs show different behavioral responses,
namely a divided or joint investigation of the pair [19]. However, in this study, we found a
move towards synchronicity across the board, where partners tended to stick together in
response to playbacks. This is likely because pairs in the current paradigm were not in a home
territory, causing them to remain closer together throughout the test. This also makes sense
because this was a neutral arena (no residency effect formed) with no nesting material or igloo
to defend and because the pairs did not have pups (a significant driver towards pairs acting
separately in previous tests) there is no reason for one individual to remain behind and protect
resources in response to a potential challenge [50]. This could also be due to the use of bark
calls as the stimulus. Bark calls generally occur during aggression [25] and may signal slightly
different information than SV, such as an ongoing conflict or alarm call in the area that needs
to be investigated. This is an intriguing future direction as it begins to tease apart the function
of calls and how they are used to drive decision making by pairs. As such, this study suggests
that pairs show behavioral convergence, particularly in a neutral arena, but leaves open the
idea that context (home or away), as well as degree of pair bonding are important drivers of
pair behavior.

An emerging question regarding monogamous, biparental species is how they are capable
of both maintaining bonds and coordinating labor after offspring are born. Pair-bonded
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California mice face many challenges including foraging, pup care, mate attendance, and terri-
torial defense, and coordination may promote task efficiency and/or pair-bonding [51, 52].
Increased similarity may afford greater cooperation within the pair-bond to complete tasks
related to territorial defense. This would align with data in voles [5] and California mice [19]
showing that bonded males and females can participate in the same tasks. Alternatively,
coordination may strengthen the pair-bond as indicated by increased contact time including
huddling and grooming [48]. Long term maintenance of the pair-bond may explain pair coor-
dination since pair duration can be associated with reproductive success [53], and while Cali-
fornia mouse pairs display hallmarks of pair-bonding including side by side contact, reduced
aggression, increased affiliation and increased affiliative USV calls by 7 days following pairing
[35, 43], we expect that pair-bond maintenance is an ongoing process. We speculate that the
optimal coordination strategy depends on the intensity and type of challenge. Future research
will determine if increased similarity is due to increased pair coordination by exposing pairs to
a challenge in which a different coordinated strategy becomes advantageous.

Ultrasonic vocalizations

Are pairs communicating with each other and could this influence development of potential
emergent “pair personalities”? In this experiment, pairs produced more USVs than individu-
als, suggesting that two possible reasons that USV's are expressed are 1) an internal state change
occurs when near their partner that does not alter their partner’s behavior, or 2) an attempt to
influence changes in the partner’s behavior to achieve an efficient unit for raising young and
defending a territory. While other explanations for these calls may exist, we have also previ-
ously seen that increased pair calling in a first encounter drives behavioral convergence in
subsequent encounters of the same kind [19]). These data taken together, particularly that mis-
matched pairs produce the most calls and that this correlates with behavioral convergence,
would suggest that USV production by pairs helps to coordinate pair behavior, and helps drive
those behaviors towards synchronicity. Additionally, since the proportion of SVs to total USVs
correlated with increasing similarity in approach behaviors between pairs, USVs may mediate
behavioral coordination within an aggressive context. Importantly, these calls were not pro-
duced as animals were huddling together and no huddling behavior occurred during this para-
digm indicating that these calls likely are not due to simple affiliation but instead are helping
to drive coordination. Across species, communication is important for coordinating social
behaviors, such as responses to threats [54], territorial defense [55-57], and information shar-
ing [58-61]. As such, communication may play an important role in coordinating behavioral
similarities within pairs.

Conclusion

In collective behaviors, individuals often follow simple rules resulting in group-level character-
istics difficult to predict based on individual-level behaviors. We provide evidence in monoga-
mous rodents that formation of a pair bond can lead to conformity in social behavior. Overall,
we found that nonparental, pair-bonded California mice showed changes in responses to aver-
sive stimuli leading to greater similarity in behavior that we speculate could be adaptive when
jointly defending a territory. Furthermore, this increased behavioral similarity corresponded
with increased communication in the form of SVs, indicating, for the first time in a monoga-
mous rodent, the potential importance of vocal communication for coordinating behavior
between mates in order to increase behavioral similarity. Our research adds to a growing body
of literature underscoring the importance of accounting for individual-level variation and its
role in producing emergent variation at the level of the pair.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255295  August 12, 2021 11/15


https://doi.org/10.1371/journal.pone.0255295

PLOS ONE

Pair-bonding alters approach to aversive stimuli

Acknowledgments

Research was conducted at the UW-Madison, which occupies the ancestral Ho-Chunk land
known as Teejop. Following an 1832 treaty forcing the Ho-Chunk nation to cede this territory,
federal and state governments perpetrated ethnic cleansing to unsuccessfully remove the Ho-
Chunk from Wisconsin. We challenge ourselves and others to reflect on perpetuation of the
colonialist roots of western scientific progress. A. Auger, L. Riters, C. Guoynes, and C. Malone
provided manuscript feedback. We also thank the UW-Madison animal research technicians.

Author Contributions

Conceptualization: Nathaniel S. Rieger, Patrick K. Monari, Catherine A. Marler.

Data curation: Nathaniel S. Rieger, Patrick K. Monari, Catherine A. Marler.

Formal analysis: Nathaniel S. Rieger, Patrick K. Monari, Catherine A. Marler.

Funding acquisition: Catherine A. Marler.

Investigation: Nathaniel S. Rieger, Patrick K. Monari, Kamryn Hartfield, Juliette Schefelker.
Methodology: Nathaniel S. Rieger, Patrick K. Monari, Catherine A. Marler.

Writing - original draft: Nathaniel S. Rieger, Patrick K. Monari, Catherine A. Marler.
Writing - review & editing: Nathaniel S. Rieger, Patrick K. Monari, Catherine A. Marler.

References

1. Gabriel PO, Black JM. Behavioural Syndromes, Partner Compatibility and Reproductive Performance
in Steller’s Jays. Ethology. 2012; 118: 76-86. https://doi.org/10.1111/j.1439-0310.2011.01990.x

2. Munson AA, Jones C, Schraft H, Sih A. You're Just My Type: Mate Choice and Behavioral Types.
Trends in Ecology and Evolution. Elsevier Ltd; 2020. pp. 823-833. https://doi.org/10.1016/j.tree.2020.
04.010 PMID: 32451175

3. Johnson ZV, Young LJ. Neurobiological mechanisms of social attachment and pair bonding. Current
Opinion in Behavioral Sciences. Elsevier Ltd; 2015. pp. 38—44. https://doi.org/10.1016/j.cobeha.2015.
01.009 PMID: 26146650

4. Lieberwirth C, Wang Z. The neurobiology of pair bond formation, bond disruption, and social buffering.
Curr Opin Neurobiol. 2016; 40. https://doi.org/10.1016/j.conb.2016.05.006 PMID: 27290660

5. Ahern TH, Hammock EAD, Young LJ. Parental division of labor, coordination, and the effects of family
structure on parenting in monogamous prairie voles (Microtus ochrogaster). Dev Psychobiol. 2011; 53:
118-31. https://doi.org/10.1002/dev.20498 PMID: 20945408

6. Noe R. Cooperation Experiments: coordination through communication versus acting apart together.
Anim Behav. 2006; 71: 1-18. https://doi.org/10.1016/j.anbehav.2005.03.037

7. Conradt L, Roper TJ. Conflicts of interest and the evolution of decision sharing. Philos Trans R Soc
Lond B Biol Sci. 2009; 364: 807—19. https://doi.org/10.1098/rstb.2008.0257 PMID: 19073479

8. King AJ, Williams LJ, Mettke-Hofmann C. The effects of social conformity on Gouldian finch personality.
Anim Behav. 2015; 99: 25-31. https://doi.org/10.1016/j.anbehav.2014.10.016

9. King AJ, Cowlishaw G. All together now: behavioural synchrony in baboons. Anim Behav. 2009; 78:
1381-1387. https://doi.org/10.1016/J. ANBEHAV.2009.09.009

10. Jeanne RL. Division of labor is not a process or a misleading concept. Behav Ecol Sociobiol. 2016; 70:
1109-1112. https://doi.org/10.1007/s00265-016-2146-7

11.  Robson SKA, Traniello JFA. Division of labor in complex societies: a new age of conceptual expansion
and integrative analysis. Behav Ecol Sociobiol. 2016; 70: 995-998. https://doi.org/10.1007/s00265-
016-2147-6

12. Goldsby HJ, Dornhaus A, Kerr B, Ofria C. Task-switching costs promote the evolution of division of
labor and shifts in individuality. Proc Natl Acad Sci. 2012; 109: 13686—13691. https://doi.org/10.1073/
pnas.1202233109 PMID: 22872867

13. Rogers W. Parental Investment and Division of Labor in the Midas Cichlid (Cichlasoma citrinellum).
Ethology. 2010; 79: 126—-142. https://doi.org/10.1111/j.1439-0310.1988.tb00706.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0255295  August 12, 2021 12/15


https://doi.org/10.1111/j.1439-0310.2011.01990.x
https://doi.org/10.1016/j.tree.2020.04.010
https://doi.org/10.1016/j.tree.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32451175
https://doi.org/10.1016/j.cobeha.2015.01.009
https://doi.org/10.1016/j.cobeha.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26146650
https://doi.org/10.1016/j.conb.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27290660
https://doi.org/10.1002/dev.20498
http://www.ncbi.nlm.nih.gov/pubmed/20945408
https://doi.org/10.1016/j.anbehav.2005.03.037
https://doi.org/10.1098/rstb.2008.0257
http://www.ncbi.nlm.nih.gov/pubmed/19073479
https://doi.org/10.1016/j.anbehav.2014.10.016
https://doi.org/10.1016/J.ANBEHAV.2009.09.009
https://doi.org/10.1007/s00265-016-2146-7
https://doi.org/10.1007/s00265-016-2147-6
https://doi.org/10.1007/s00265-016-2147-6
https://doi.org/10.1073/pnas.1202233109
https://doi.org/10.1073/pnas.1202233109
http://www.ncbi.nlm.nih.gov/pubmed/22872867
https://doi.org/10.1111/j.1439-0310.1988.tb00706.x
https://doi.org/10.1371/journal.pone.0255295

PLOS ONE

Pair-bonding alters approach to aversive stimuli

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Schuppe ER, Sanin GD, Fuxjager MJ. The social context of a territorial dispute differentially influences
the way individuals in breeding pairs coordinate their aggressive tactics. Behav Ecol Sociobiol. 2016;
70: 673-682. https://doi.org/10.1007/s00265-016-2088-0

Ahern TH, Ophir A, Burn D. Evaluating the stability of individual variation in social and nonsocial beha-
vioural types using prairie voles (Microtus ochrogaster). Behav Processes. 2019; 169: 103961. https:/
doi.org/10.1016/j.beproc.2019.103961 PMID: 31520675

Mathews LM. Territorial cooperation and social monogamy: factors affecting intersexual behaviours in
pair-living snapping shrimp. Anim Behav. 2002; 63: 767-777. https://doi.org/10.1006/anbe.2001.1976

Mitani JC. The behavioral regulation of monogamy in gibbons (Hylobates muelleri). Behav Ecol Socio-
biol. 1984; 15: 225-229. https://doi.org/10.1007/BF00292979

Yang C, Zhang Y, Cai Y, Stokke BG, Liang W. Female Crowing and Differential Responses to Simu-
lated Conspecific Intrusion in Male and Female Hainan Partridge (Arborophila ardens). Zoolog Sci.
2011; 28: 249-253. PMID: 21466341

Rieger NS, Stanton EH, Marler CA. Division of labour in territorial defence and pup retrieval by pair-
bonded California mice, Peromyscus californicus. Anim Behav. 2019; 156: 67—78. https://doi.org/10.
1016/j.anbehav.2019.05.023

Bester-Meredith J, Conley M, Mammarella G. Peromyscus as a Model System for Understanding the
Regulation of Maternal Behavior. Semin Cell Dev Biol. 2016. https://doi.org/10.1016/j.semcdb.2016.07.
001 PMID: 27381343

Bester-Meredith JK, Marler CA. Vasopressin and Aggression in Cross-Fostered California Mice (Pero-
myscus californicus) and White-Footed Mice (Peromyscus leucopus). Horm Behav. 2001; 40: 51-64.
https://doi.org/10.1006/hbeh.2001.1666 PMID: 11467884

Bendesky A, Kwon Y-M, Lassance J-M, Lewarch CL, Yao S, Peterson BK, et al. The genetic basis of
parental care evolution in monogamous mice. Nature. 2017. https://doi.org/10.1038/nature22074
PMID: 28424518

Marler CA, Bester-Meredith JK, Trainor BC. Paternal Behavior and Aggression: Endocrine Mechanisms
and Nongenomic Transmission of Behavior. Adv Study Behav. 2003; 32: 263-323. https://doi.org/10.
1016/S0065-3454(03)01006-4

Trainor BC, Marler CA. Testosterone, Paternal Behavior, and Aggression in the Monogamous California
Mouse (Peromyscus californicus). Horm Behav. 2001; 40: 32—42. https://doi.org/10.1006/hbeh.2001.
1652 PMID: 11467882

Rieger N, Marler C. The function of ultrasonic vocalizations during territorial defence by pair-bonded
male and female California mice. Anim Behav. 2018; 135: 97—108. https://doi.org/10.1016/j.anbehav.
2017.11.008

Ribble DO. Dispersal in a Monogamous Rodent, Peromyscus Californicus. Ecology. 1992; 73: 859—
866. https://doi.org/10.2307/1940163

Ribble DO. The monogamous mating system of Peromyscus californicus as revealed by DNA finger-
printing. Behav Ecol Sociobiol. 1991; 29: 161-166. https://doi.org/10.1007/BF00166397

Underhill V, Pandelis GG, Papuga J, Sabol AC, Rife A, Rubi T, et al. Personality and behavioral syn-
dromes in two Peromyscus species: presence, lack of state dependence, and lack of association with
home range size. Behav Ecol Sociobiol. 2021; 75: 9. https://doi.org/10.1007/s00265-020-02951-9

Kalcounis-Rueppell MC, Metheny JD, Vonhof MJ. Production of ultrasonic vocalizations by Peromys-
cus mice in the wild. Front Zool. 2006; 3: 1-12.

Kalcounis-Rueppell MC, Pultorak JD, Marler CA. Ultrasonic Vocalizations of Mice in the Genus Peromys-
cus. Handb Behav Neurosci. 2018; 25: 227-235. https://doi.org/10.1016/B978-0-12-809600-0.00022-6

Kalcounis-Rueppell MC, Petric R, Marler CA. The Bold, Silent Type: Predictors of Ultrasonic Vocaliza-
tions in the Genus Peromyscus. Front Ecol Evol. 2018; 6: 198. https://doi.org/10.3389/fevo.2018.00198

Pultorak JD, Fuxjager MJ, Kalcounis-Rueppell MC, Marler CA. Male fidelity expressed through rapid
testosterone suppression of ultrasonic vocalizations to novel females in the monogamous California
mouse. Horm Behav. 2015; 70: 47-56. https://doi.org/10.1016/j.yhbeh.2015.02.003 PMID: 25725427

Timonin ME, Kalcounis-Rueppell MC, Marler CA. Testosterone pulses at the nest site modify ultrasonic
vocalization types in a monogamous and territorial mouse, Ethology. 2018; 124: 804—815. https://doi.
org/10.1111/eth.12812

Kalcounis-Rueppell MC, Petric R, Briggs JR, Carney C, Marshall MM, Willse JT, et al. Differences in
ultrasonic vocalizations between wild and laboratory California mice (Peromyscus californicus). PloS
One. 2010; 5: €9705. https://doi.org/10.1371/journal.pone.0009705 PMID: 20368980

Pultorak JD, Matusinec KR, Miller ZK, Marler CA. Ultrasonic vocalization production and playback pre-
dicts intrapair and extrapair social behaviour in a monogamous mouse. Anim Behav. 2017; 125: 13-23.
https://doi.org/10.1016/j.anbehav.2016.12.023

PLOS ONE | https://doi.org/10.1371/journal.pone.0255295  August 12, 2021 13/15


https://doi.org/10.1007/s00265-016-2088-0
https://doi.org/10.1016/j.beproc.2019.103961
https://doi.org/10.1016/j.beproc.2019.103961
http://www.ncbi.nlm.nih.gov/pubmed/31520675
https://doi.org/10.1006/anbe.2001.1976
https://doi.org/10.1007/BF00292979
http://www.ncbi.nlm.nih.gov/pubmed/21466341
https://doi.org/10.1016/j.anbehav.2019.05.023
https://doi.org/10.1016/j.anbehav.2019.05.023
https://doi.org/10.1016/j.semcdb.2016.07.001
https://doi.org/10.1016/j.semcdb.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27381343
https://doi.org/10.1006/hbeh.2001.1666
http://www.ncbi.nlm.nih.gov/pubmed/11467884
https://doi.org/10.1038/nature22074
http://www.ncbi.nlm.nih.gov/pubmed/28424518
https://doi.org/10.1016/S0065-3454%2803%2901006-4
https://doi.org/10.1016/S0065-3454%2803%2901006-4
https://doi.org/10.1006/hbeh.2001.1652
https://doi.org/10.1006/hbeh.2001.1652
http://www.ncbi.nlm.nih.gov/pubmed/11467882
https://doi.org/10.1016/j.anbehav.2017.11.008
https://doi.org/10.1016/j.anbehav.2017.11.008
https://doi.org/10.2307/1940163
https://doi.org/10.1007/BF00166397
https://doi.org/10.1007/s00265-020-02951-9
https://doi.org/10.1016/B978-0-12-809600-0.00022-6
https://doi.org/10.3389/fevo.2018.00198
https://doi.org/10.1016/j.yhbeh.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25725427
https://doi.org/10.1111/eth.12812
https://doi.org/10.1111/eth.12812
https://doi.org/10.1371/journal.pone.0009705
http://www.ncbi.nlm.nih.gov/pubmed/20368980
https://doi.org/10.1016/j.anbehav.2016.12.023
https://doi.org/10.1371/journal.pone.0255295

PLOS ONE

Pair-bonding alters approach to aversive stimuli

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Fuxjager MJ, Mast G, Becker EA, Marler CA. The ‘home advantage’ is necessary for a full winner effect
and changes in post-encounter testosterone. Horm Behav. 2009; 56: 214—219. https://doi.org/10.1016/
j.yhbeh.2009.04.009 PMID: 19426733

Fuxjager MJ, Marler CA. How and why the winner effect forms: influences of contest environment and
species differences. Behav Ecol. 2009; 21: 37-45. https://doi.org/10.1093/beheco/arp148

Fuxjager MJ, Zhao X, Rieger NS, Marler CA. Why animals fight: uncovering the function and mecha-
nisms of territorial aggression. American Psychological Association Handbook of Comparative
Psychology.

Davis ES, Marler CA. The progesterone challenge: steroid hormone changes following a simulated terri-
torial intrusion in female Peromyscus californicus. Horm Behav. 2003; 44: 185—-198. https://doi.org/10.
1016/s0018-506x(03)00128-4 PMID: 14609541

Oyegbile TO, Marler CA. Weak winner effect in a less aggressive mammal: Correlations with corticoste-
rone but not testosterone. Physiol Behav. 2006; 89: 171-179. https://doi.org/10.1016/j.physbeh.2006.
05.044 PMID: 16859719

Bester-Meredith JK, Young LJ, Marler CA. Species Differences in Paternal Behavior and Aggression in
Peromyscus and Their Associations with Vasopressin Immunoreactivity and Receptors. Horm Behav.
1999; 36: 25-38. https://doi.org/10.1006/hbeh.1999.1522 PMID: 10433884

Briggs JR, Kalcounis-Rueppell MC. Similar acoustic structure and behavioural context of vocalizations
produced by male and female California mice in the wild. Anim Behav. 2011; 82: 1263—1273. https:/doi.
org/10.1016/j.anbehav.2011.09.003

Becker EA, Castelli FR, Yohn CN, Spencer L, Marler CA. Species differences in urine scent-marking
and counter-marking in Peromyscus. Behav Processes. 2018; 146: 1-9. https://doi.org/10.1016/j.
beproc.2017.10.011 PMID: 29100968

Musolf K, Hoffmann F, Penn DJ. Ultrasonic courtship vocalizations in wild house mice, Mus musculus
musculus. Anim Behav. 2010; 79: 757—764. https://doi.org/10.1016/j.anbehav.2009.12.034

Webster MM, Ward AJW. Personality and social context. Biol Rev. 2011; 86: 759-773. hitps://doi.org/
10.1111/j.1469-185X.2010.00169.x PMID: 21091603

Ruuskanen S, Groothuis TGG, Baugh AT, Schaper SV, de Vries B, van Oers K. Maternal egg hor-
mones in the mating context: The effect of pair personality. Funct Ecol. 2018; 32: 439-449. https://doi.
org/10.1111/1365-2435.12987

Gubernick DJ. Reproduction in the California Mouse, Peromyscus californicus. J Mammal. 1988; 69:
857-860. https://doi.org/10.2307/1381649

Gubernick DJ, Alberts JR. The Biparental Care System of the California Mouse, Peromyscus californi-
cus. J Comp Psychol 1987. 101: 169-177. PMID: 3608423

Laubu C, Dechaume-Moncharmont F-XX, Motreuil S, Schweitzer C. Mismatched partners that achieve
postpairing behavioral similarity improve their reproductive success. Sci Adv. 2016; 2: e1501013.
https://doi.org/10.1126/sciadv.1501013 PMID: 26973869

Fuxjager MJ, Montgomery JL, Becker EA, Marler CA. Deciding to win: interactive effects of residency,
resources and ‘boldness’ on contest outcome in white-footed mice. Anim Behav. 2010; 80: 921-927.
https://doi.org/10.1016/j.anbehav.2010.08.018

Gubernick DJ, Teferi T. Adaptive significance of male parental care in a monogamous mammal. Proc
Biol Sci. 2000; 267: 147-50. https://doi.org/10.1098/rspb.2000.0979 PMID: 10687819

Gubernick DJ, Wright SL, Brown RE. The significance of father’s presence for offspring survival in the
monogamous California mouse, Peromyscus californicus. Anim Behav. 1993; 46: 539-546. https://doi.
org/10.1006/ANBE.1993.1221

Kvarnemo C. Why do some animals mate with one partner rather than many? A review of causes and
consequences of monogamy. Biol Rev. 2018; 93: 1795-1812. https://doi.org/10.1111/brv.12421 PMID:
29687607

Townsend SW, Manser MB, Fitch WT, Neubauer J, Herzel H, Herzel H, et al. The function of nonlinear
phenomena in meerkat alarm calls. Biol Lett. 2011; 7: 47-9. https://doi.org/10.1098/rsbl.2010.0537
PMID: 20659926

Wiewandt TA. Vocalization, Aggressive Behavior, and Territoriality in the Bullfrog, Rana catesbeiana.
Copeia. 1969; 1969: 276. https://doi.org/10.2307/1442074

Koloff J, Mennill D. Aggressive responses to playback of solos and duets in a Neotropical antbird. Anim
Behav. 2011; 82: 587-593. https://doi.org/10.1016/j.anbehav.2011.06.021

Hall ML. The function of duetting in magpie-larks: conflict, cooperation, or commitment? Anim Behav.
2000; 60: 667—677. https://doi.org/10.1006/anbe.2000.1517 PMID: 11082237

PLOS ONE | https://doi.org/10.1371/journal.pone.0255295  August 12, 2021 14/15


https://doi.org/10.1016/j.yhbeh.2009.04.009
https://doi.org/10.1016/j.yhbeh.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19426733
https://doi.org/10.1093/beheco/arp148
https://doi.org/10.1016/s0018-506x%2803%2900128-4
https://doi.org/10.1016/s0018-506x%2803%2900128-4
http://www.ncbi.nlm.nih.gov/pubmed/14609541
https://doi.org/10.1016/j.physbeh.2006.05.044
https://doi.org/10.1016/j.physbeh.2006.05.044
http://www.ncbi.nlm.nih.gov/pubmed/16859719
https://doi.org/10.1006/hbeh.1999.1522
http://www.ncbi.nlm.nih.gov/pubmed/10433884
https://doi.org/10.1016/j.anbehav.2011.09.003
https://doi.org/10.1016/j.anbehav.2011.09.003
https://doi.org/10.1016/j.beproc.2017.10.011
https://doi.org/10.1016/j.beproc.2017.10.011
http://www.ncbi.nlm.nih.gov/pubmed/29100968
https://doi.org/10.1016/j.anbehav.2009.12.034
https://doi.org/10.1111/j.1469-185X.2010.00169.x
https://doi.org/10.1111/j.1469-185X.2010.00169.x
http://www.ncbi.nlm.nih.gov/pubmed/21091603
https://doi.org/10.1111/1365-2435.12987
https://doi.org/10.1111/1365-2435.12987
https://doi.org/10.2307/1381649
http://www.ncbi.nlm.nih.gov/pubmed/3608423
https://doi.org/10.1126/sciadv.1501013
http://www.ncbi.nlm.nih.gov/pubmed/26973869
https://doi.org/10.1016/j.anbehav.2010.08.018
https://doi.org/10.1098/rspb.2000.0979
http://www.ncbi.nlm.nih.gov/pubmed/10687819
https://doi.org/10.1006/ANBE.1993.1221
https://doi.org/10.1006/ANBE.1993.1221
https://doi.org/10.1111/brv.12421
http://www.ncbi.nlm.nih.gov/pubmed/29687607
https://doi.org/10.1098/rsbl.2010.0537
http://www.ncbi.nlm.nih.gov/pubmed/20659926
https://doi.org/10.2307/1442074
https://doi.org/10.1016/j.anbehav.2011.06.021
https://doi.org/10.1006/anbe.2000.1517
http://www.ncbi.nlm.nih.gov/pubmed/11082237
https://doi.org/10.1371/journal.pone.0255295

PLOS ONE Pair-bonding alters approach to aversive stimuli

58. Brudzynski SM. Ethotransmission: communication of emotional states through ultrasonic vocalization
in rats. Curr Opin Neurobiol. 2013; 23: 310-317. https://doi.org/10.1016/j.conb.2013.01.014 PMID:
23375168

59. Robinson JG. Vocal regulation of inter- and intragroup spacing during boundary encounters in the titi
monkey, Callicebus moloch. Primates. 1981; 22: 161-172. https://doi.org/10.1007/BF02382607

60. Seyfarth RM, Cheney DL. Signalers and Receivers in Animal Communication. http://dx.doi.org/101146/
annurev.psych54101601145121. 2003.

61. Seyfarth RM, Cheney DL, Marler P. Vervet monkey alarm calls: Semantic communication in a free-
ranging primate. Anim Behav. 1980; 28: 1070-1094. https://doi.org/10.1016/S0003-3472(80)80097-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0255295  August 12, 2021 15/15


https://doi.org/10.1016/j.conb.2013.01.014
http://www.ncbi.nlm.nih.gov/pubmed/23375168
https://doi.org/10.1007/BF02382607
http://dx.doi.org/101146/annurev.psych54101601145121
http://dx.doi.org/101146/annurev.psych54101601145121
https://doi.org/10.1016/S0003-3472%2880%2980097-2
https://doi.org/10.1371/journal.pone.0255295

