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Abstract

An individual’s ability to respond to and align with the behavior of others is a fundamental
component of social behavior. Zebra finches form life-long monogamous pair bonds; however,
zebra finches are also gregarious and can form strong social bonds with same-sex conspecifics.
Here, we quantified behavior during brief 10-minute reunions for males and females in five types
of social conditions: monogamously bonded opposite-sex partners, familiar same-sex, familiar
opposite-sex, novel same-sex, and novel opposite-sex dyads. We analyzed these interactions in
three ways. First, we quantified overall activity levels (call and movement rates) for each
individual. Second, we measured how coordinated calls and movements were by calculating (1)
the percent difference in activity rates as an estimate of how similar calling and movement activity
were between individuals within a dyad, and (2) the sliding correlation coefficients for time-
stamped calls and movements for each dyad. Finally, we described multi-modal behavioral profiles
of coordination using principal components analyses. Overall, females were more active than
males. For both females and males, activity levels as well as the coordination of calls and
movements were significantly affected by social condition. In general, the pattern was that
monogamous partners, female familiar same-sex dyads and familiar opposite-sex dyads were more
coordinated. This effect of familiarity shows that moment-to-moment behavioral coordination can
be influenced by prior social experiences. Quantifying patterns of coordination or social
synchrony may prove valuable for understanding the effects of social experience on brain and
behavior.
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Introduction

Social behavior can be broadly defined as the behaviors of an individual that are affected by
others (Whishaw & Kolb, 2006). An individual’s ability to respond to and align with the
behaviors of others is a fundamental component of social behavior (Insel & Fernald, 2004).
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Across species, the temporal alignment of vocal and physical behaviors is a critical
component of courtship and pair-bonding. Duetting, courtship displays and biparental care
are highly specialized examples of behavioral coordination, which are by definition
associated with breeding and monogamous partnerships. Behavioral coordination is also
fundamental to other affiliative relationships and social behaviors in various contexts. Most
social species engage in highly coordinated activities with conspecifics other than their pair-
bonded partners, such as is seen with schooling/flocking (Boinski & Garber, 2000;
Greenberg, 2001) and hunting (Bailey et al., 2013; Handegard et al., 2012). More broadly,
the coordination of activities is associated with group living (Conradt & Roper, 2005;
Focardi & Pecchioli, 2005), an increase in social cohesion (King & Cowlishaw, 2009; Pays
etal., 2007), and an increase in affiliative behaviors (Sakai et al., 2010). Coordination
between two individuals also promotes prosocial behavior (Ashton—James et al., 2007;
Gueguen et al., 2009; Van Baaren et al., 2004) (reviewed in (Duranton & Gaunet, 2016)).
Whereas it is clear that behavioral coordination is an essential component of social behavior
across a wide range of species, it is unclear how behavioral coordination varies with social
and environmental context.

In monogamous bird species, the importance of coordination is seen with temporal
alignment and turn-taking in vocal duetting (Elie et al., 2010; Hall, 2009; Odom & Omland,
2017), courtship (Ota et al., 2015), and territorial displays (Hall & Magrath, 2007; Rek &
Wong, 2017). Additionally, behavioral coordination, including turn-taking and division of
labor, is necessary for the sharing of parental duties in biparental species. Not only is
behavioral coordination important for biparental care, but such division of labor can require
active negotiation by both partners. In several avian species, intra-pair calling during nesting
is tightly coordinated and can directly reflect the division of labor (Boucaud et al., 2016;
Boucaud et al., 2017; Elie et al., 2010; Villain et al., 2016; Villain et al., 2017). Furthermore,
this coordination has been positively related to the reproductive fitness of a pair in biparental
bird species (Bebbington & Hatchwell, 2015; Fortune et al., 2011; Koenig & Walters, 2016;
Mariette & Griffith, 2012, 2015; van Rooij & Griffith, 2013; Wojczulanis-Jakubas et al.,
2018)

It is estimated that 90% of bird species form some type of monogamous bond and engage in
biparental care (Black & Hulme, 1996; Silver et al., 1985). Furthermore, many bird species
are also highly gregarious and socially tolerant, living in large flocks and maintaining
numerous social relationships. Individuals can form multiple strong relationships, which can
even be behaviorally indistinguishable from monogamous partnerships (Alger et al., 2011;
Elie et al., 2011). Such relationships emphasize the importance of social experiences outside
of pair-bonded partnerships. However, further research is needed to determine the role of
behavioral coordination in social relationships outside of monogamous partnerships.

In our current experiment, we studied zebra finches ( 7aeniopygia guttata). Amongst small
songbirds, zebra finches are unusual in the apparent strength of their monogamous bonds:
they form selective life-long pair bonds (Zann, 1996), maintain these bonds during both
breeding and non-breeding periods (Prior & Soma, 2015), and have low levels of extra-pair
paternity (Birkhead et al., 1990; Griffith et al., 2010). However, zebra finches are also
extremely gregarious and exhibit a high degree of social tolerance (Zann, 1996). In the
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absence of an opposite-sex partner they will form equally strong social bonds with same-sex
conspecifics, and they can also maintain multiple social bonds (Alger et al., 2011; Elie et al.,
2011; Tomaszycki & Zatirka, 2014).

In order to investigate the role of behavioral coordination across relationships, it is important
use a social context that is comparable across different social dyads. Thus, we quantified
moment-to-moment behavioral coordination during brief 10-minute reunions (similar to a
greeting). As a gregarious species, reunion/greeting behavior is likely to be ethologically
relevant between monogamously partnered individuals as well as non-pair-bonded
individuals (Zann, 1996). Importantly, while greeting behavior is considered to be prosocial,
the significance of behavioral variation during greetings is unclear. Here, we recorded calls
and movements during greeting interactions from males and females in five different social
conditions: monogamous partners, familiar opposite sex conspecifics, familiar same sex
conspecifics, novel opposite sex conspecifics, and novel same sex conspecifics. We analyzed
these interactions in three different ways. First, we described the amount of activity (calling
and movement) for each individual. Second, we measured the coordination of calls and
movements in two ways: (1) calculating the percent difference in activity rates as an estimate
of how similar calls and movements are between individuals within a dyad, and (2)
calculating the sliding correlation coefficients for time-stamped calls and movements for
each dyad. Finally, in order to describe multimodal behavioral profiles for males and females
within different social conditions, we conducted separate principal components analyses
(PCA) for females and males using four dependent variables (call rate, movement rate,
sliding correlation coefficient of time-stamped calls and sliding correlation coefficient of
time-stamped movements).

Materials and Methods

Subjects

Zebra finches, 10 males and 10 females (7 to 8 months old), were used as focal birds for this
study. Additionally, 2 males and 2 females were used as novel stimulus birds. All birds were
paired for the first time during this study. All zebra finches were housed with ad /ibitum
seed, water and grit on a 12L.:12D light cycle.

Monogamous partners—Zebra finches were initially housed in same-sex flocks, then
transitioned to mixed-sex flocks for 72 hours and given the opportunity to freely form
monogamous pairs. Mixed-sex flocks were composed of 2—3 males and 2-3 females and had
either a male or female-biased sex ratio, which we find facilitates pair bonding. Pair bonding
was assessed visually twice a day (am and pm) by quantifying selective affiliation
(clumping, allopreening, and coordinated preening) between individuals during 10 min
behavioral observations. Four males and 4 females freely formed clear pair bonds, and the
remaining 6 pairs were formed by randomly assigning males to females. Thus, we
established 10 zebra finch pairs.

Prior to the start of the experiment, pairs were housed together for over 2 months, and during
this time all pairs were observed engaging in pair-directed affiliative behaviors (e.g.
clumping and allopreening). After this experiment, all pairs attempted to breed (nest
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building and/or egg laying) and 8 out of 10 pairs successfully fledged chicks. Therefore, we
considered all 10 of these pairs to be strongly bonded (Zann, 1996).

Familiar dyads—The same two monogamous pairs were housed adjacent to one another,
separated by an opaque partition, for the entire period post-pairing (2 months). During this
period, neighbors were in acoustic but not visual or physical contact. Two weeks prior to
behavioral testing the opaque partition was replaced with a wire partition leaving the pairs in
both visual and acoustic contact (but not physical contact). These neighboring pairs were
used to form same- and opposite-sex familiar dyads. Note that these birds also had varying
degrees of prior acoustic visual and physical contact based on the initial 2 months of
habituation in same-sex flocks and 3 days of mixed-sex housing during courtship.

Novel stimulus birds—Novel dyads were set up by pairing a focal zebra finch with a bird
that had been housed in a separate colony room. These novel stimulus birds had no prior
contact of any kind with the focal birds.

Brief reunion behavioral paradigm

In order to define behavioral coordination in a manner that could be compared across social
relationships, we chose to focus on interactions during brief reunions, the 10 minutes
following a brief separation or disruption (similar to greeting behavior). Our behavioral set
up is illustrated in Figure 1. This behavioral assay is based on partner separation and reunion
paradigms used previously (Prior et al., 2018; Prior et al., 2014). However, in this paradigm
we focus on the finer, moment-to-moment details of behavior. More specifically, in addition
to video and audio recordings, movement data were recorded from a piezo sensor attached to
the perch of a smaller cage along with audio recordings using a single multi-channel Zoom
recorder (F8). Thus, the audio and movement recordings were temporally synchronized.

Habituation to behavioral paradigm

The brief reunion test was conducted in a sound-attenuated room, separate from the colony
room. Birds were caught in their home cage and individually transported in a small covered
cage to the testing room, which took 2—-3 min for each bird (4—6 minutes for both birds). In
the testing room, birds were not handled and were allowed to enter the testing cage/exit the
transport cage on their own. This procedure minimized the stress of handling during and
prior to behavioral testing. To further minimize stress of handling, all focal birds were
habituated to the testing and transport procedure. Habituation began two months prior to the
start of the experiment, before initial pairing. Habituation included 10 consecutive days of
transport to the testing room (transport only = 4 days; alone = 3 days; and same-sex flock
mate = 3 days). Additionally, over the 2 months of pairing, birds were regularly transported
and tested with their monogamous partner. Thus, each focal bird had experienced this testing
and transport procedure at least 20 times over 2 months. Novel stimulus birds also received
10 consecutive days of habituation prior to the experiment.

On the one hand, our goal was to minimize stress on birds, in order to get full behavioral
responses from each individual. However, in order to elicit a behavioral interaction, we also
needed to provide a disruption. Thus, the goal was to elicit a significant behavioral response,
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while keeping the period of disruption (i.e. separation and transport) as short as possible.
Based on previous experiments using other behavioral assays and our pilot experiments
using the current reunion paradigm, we decided the 4—6 min separation caused by the time
to transport birds was sufficient to elicit greeting behavior. Previous research has shown that
brief disruptions of even 30 seconds are sufficient to alter the behavior of paired zebra
finches (Prior et al., 2016). Additionally, we tested different separation periods (between 5
min and 24 hours) using our current paradigm and longer separations did not necessarily
lead to more robust behavioral responses for paired birds (data not shown).

Testing was conducted on 5 consecutive days. Each bird was recorded once in each type of
dyad (social condition). Across pairs, the order of social conditions was counterbalanced and
distributed throughout each day. Additional precautions were taken to minimize
confounding factors: (1) The two partners from a pair were not tested back-to-back, (2)
neighbors were not tested back-to-back, (3) novel stimuli were used for only 2 tests per day,
and (4) novel stimulus partners were not tested back-to-back.

Quantifying behavioral coordination

For each individual, we recorded movement data with a piezo sensor attached to the perch of
a smaller cage. We verified piezo sensor detection of bird movements in two ways: (1)
manually tapping the perch 10 times and confirming that our Matlab classification and
analysis program identified 10 discrete movements, and (2) attaching the piezo sensor to an
oscilloscope while a live bird was in the cage to identify which bird movements were
detectable. From these tests we confirmed that the piezo sensor was sensitive to enough to
record both small movements such as head tilts and wing fluffs, as well as larger movements
such as perch hops. For the purposes of this experiment we did not distinguish between
types of movements. We also video recorded each test using a GoOPRO camera. Every video
was watched in order to verify that birds were spending a significant portion of the test on
the perch. During the first 5 minutes females spent on average 87+9 % and males spent
78+13 % of their time on the perch or hopping between the perch and cage walls (mean +
SEM).

Using a MATLAB program (written by E.S.) we automatically identified time-stamped
movements for each bird within a dyad. Calls were semi-automatically classified. After an
initial automatic classification of events (noise and vocalizations) on each audio channel,
one researcher (N.H.P.) manually classified these auditory events as calls or non-
vocalizations. Additionally, each call was assigned to either the right or left channel by
visual assessment of the time waveform. In this way, time-stamped calls were identified for
each bird within a dyad. Previous experiments using similar partner separation-reunion
paradigms have found that this primarily elicits stack-like short calls and some distance
calls, and very few tet-like short calls or male songs (Gill et al., 2015; Prior et al., 2018).
Although we did not score call types in the current study, the vast majority of vocalisations
we heard on the recordings were stack-like calls. From these calls and movements, we
quantified activity (number of calls and movements per minute) as well as the sliding
correlation coefficient for coordination the time-stamped calls and movements within a
dyad.
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The sliding correlation coefficient was calculated between the vocalizations and movements
separately using MATLAB “corrcoef” function which is based on Pearson correlations. The
step size for the sliding correlations was chosen based on the temporal dynamics of the
movement and vocal signals. A 1 ms sliding correlation timestep was used for vocal
analyses whereas 40 ms was used for movement analyses. This was based on our
preliminary observations of the impulse response of the piezo sensor (on the order of 40 ms).
Inputs to the sliding correlation computations were two vectors of ones and zeros. The
vectors were constructed using the chosen step sizes of (1 or 40 ms). The sensor signal
power in each time step was computed. Ones were used in the vectors to represent above-
threshold values (a movement or vocalization), and zeros were used to represent below-
threshold values. For statistical analyses, here we report the maximum Pearson’s correlation
coefficient value (“corrcoef”) based on all possible temporal offsets.

Statistical analysis

All statistical analyses were carried out in R (v.3.2.3, R Foundation for Statistical
Computing). We used linear-mixed models (function Imer from the Ime4 Package). For each
model, prior to interpretation, we transformed data as necessary based on the distribution of
the residuals. All graphically presented data are non-transformed. Follow up tests were
conducted using pairwise t-tests with Benjamini & Hochberg (1995) corrections for multiple
comparisons or function “difflsmeans” (library ‘ImerTest’) or Tukey’s HSD.

To determine how long the natural greeting behavior lasted, our first statistical models
assessed the effect of Time (minute 1 through minute 10) as well as Social Condition
(monogamous partners, familiar opposite-sex, female familiar same-sex, male familiar
same-sex, female novel same-sex, male novel same-sex, female novel opposite-sex, male
novel opposite-sex) and Sex of focal individuals. Note that novel opposite sex dyads are
divided into female and male social conditions because our focal subjects were in dyads with
novel stimulus birds in these conditions. Behavior was not directly assessed for the novel
stimulus birds. Behavior was scored at either the individual or pair level, and thus either
individuals or pair identity was included as a random factor in each of the models as
appropriate.

The first 5 minutes of the behavioral test included the majority of the greeting behavior.
Thus, we assessed the effect of Sex and Social Condition (separately) on level of activity,
coordination of activity and profiles of behavioral coordination. In order to describe the
patterns of behavioral coordination across social conditions, we conducted two PCAs, one
for the females and one for males (function ‘prcomp’) (Table 1). For both analyses, we
included four dependent variables: call rate, movement rate, sliding correlation of time-
stamped calls, sliding correlation of time-stamped movements). Note that only raw
behavioral measures (non-transformed) were loaded into the PCA.
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Activity is highest at the beginning of the reunion

Activity levels changed over the course of the 10-minute reunion. Therefore, we first
considered Time as a factor in our statistical models. Both call rate and movement rate were
highest at the beginning and decreased over the course of the 10 min reunion (Time (min)
for Call Rate x (1) = 299.82, P < 0.001 (Figure 2A-B); Time (min) for Movement Rate x (1)
=301.43, P < 0.001 (Figure 2C-D)). The rate of this decrease was affected by both Sex and
Social Condition (Sex x Time x Social Condition for Call Rate  (5) = 15.55, P = 0.001; Sex
x Time x Social Condition for Movement Rate x (4) = 12.73, P = 0.005). Despite recording
behavior for 10 minutes, there was very little activity in the second 5 minutes. Therefore, the
rest of the results are calculated based on behavior during the first 5 min of the reunion.

Females were more active than males

Overall, females called more than males (Sex x (1) = 13.84, P < 0.001) (Figure 3A). For
females, Social Condition did not affect Call Rate ( (4) = 4.28, P = 0.370); however, for
males Social Condition did significantly affect Call Rate (y(4) = 11.45, P = 0.022). More
specifically, there was a trend for males to call more in familiar opposite sex dyads (Pairwise
comparison: Familiar Opposite Sex — Male Familiar Same Sex, P = 0.054; Familiar Opposite
Sex — Novel Opposite Sex P = 0.054).

Movement rate was significantly affected by both sex and social condition (Sex (1) = 8.43,
P = 0.004) (Figure 3B). Again, the effect of social condition was stronger in males than
females (Females, x (4) = 8.07, P = 0.089; Males, x(4) = 10.45, P = 0.033). Although the
effect of social condition on the pattern of activity rate was similar for movement and call
rate, follow-up pairwise comparisons suggested that there were no significant differences
between groups.

Familiarity influences moment-to-moment behavioral coordination of calling and

movement

We assessed moment-to-moment coordination of calls and movements in two ways: first by
quantifying the sliding correlation coefficient of time-stamped calls and movements (Figure
4; Figure 5A-B) and second by quantifying how similar activity levels were between the two
individuals within the dyad (percent difference) (Figure 5C-D). Social condition
significantly affected behavioral coordination both of calls (seen in both dependent
measures) and movements (seen in the percent difference in movement rate) (Sliding
Correlation of Calls x (7) = 16.63, P = 0.020; Percent Difference in Call Rate x (7) = 45.57 P
< 0.001; Sliding Correlation of Movements x (7) = 11.79, P = 0.110; Percent Difference in
Movement Rate x (7) = 17.67, P = 0.014) (Figure 5).

Qualitatively, call rate was more similar in familiar dyads (including partners, familiar
opposite sex and familiar same sex dyads) and likewise calling behavior was more
coordinated in these dyads. Post Hoc analyses (Tukey’s HSD) point to Familiar Opposite
Sex dyads and Female familiar same sex dyads as particularly coordinated (Sliding
Correlation of Calling Familiar Opposite Sex — Female Novel Same Sex P = 0.026; Percent
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Difference in Call Rate: Familiar Opposite Sex — Female Novel Opposite Sex P = 0.002;
Familiar Opposite Sex — Female Novel Same Sex P < 0.001; Familiar Opposite Sex — Male
Familiar Same Sex P < 0.001; Familiar Opposite Sex — Male Novel Opposite Sex P < 0.001;
Familiar Opposite Sex — Male Novel Same Sex P < 0.001). Social Condition affected the
coordination of movements similarly to coordination of calling (Percent Difference in
Movement Opposite Sex — Female Novel Opposite Sex P = 0.027; Familiar Opposite Sex —
Female Novel Same Sex P = 0.029, Familiar Opposite Sex — Male Novel Opposite Sex P =
0.032).

Multimodal profiles of behavioral coordination

To capture the relation between activity levels and the coordination of activity (call rate,
movement rate, sliding correlations of time-stamped calls and movements between the two
individuals in a dyad), and to assess the effect of social condition on the pattern of these
behavioral profiles, we conducted PCAs for female and male behavior separately.

Overall, the behavioral profiles (PCs) describing variation in female and male behavior were
similar. For both males and females, the predominant behavioral profile (PC 1) described
elevated coordinated activity: all four dependent variables were positively correlated, with
call rate being a particularly strong explanatory variable in both males and females (loadings
> 0.50) (Table 1). This first component explained 44% of the variation for females and 56%
of the variation for males.

For both females and males, PC 2 disentangled activity levels (call rate and movement rate)
from coordination of activities (sliding correlations of calling and movement) (Table 1;
Figure 6). Thus, PC 2 described low, but coordinated levels of activity. For both females and
males, this effect is driven by the strong negative relationship between movement rate and
the correlation of calling activity (loadings > 0.50). PC 2 explains 28% of variation for
females and 21% for males. Together, we consider PC 1 and PC 2 as multi-modal profiles of
behavioral coordination.

Familiarity influences profiles of behavioral coordination

Social condition significantly affected profiles of behavioral coordination for both female
and male focal subjects (Female PC 1 x (4) = 18.05, P = 0.001; Female PC 2 ¢ (4) = 17.50, P
=0.002; Male PC 1 ¢ (4) = 16.99, P = 0.002; Male PC 2  (4) = 3.32, P = 0.505) (Figure 7).
Again, the pattern was for familiar dyads to be more coordinated (Female PC 1 Pairwise
comparisons Familiar Opposite Sex — Novel Same Sex P = 0.013; PC 2 Partner — Novel
Same Sex P=0.018) (Male PC 1 pairwise comparison Familiar Opposite Sex — Familiar
Same Sex P = 0.38, Familiar Opposite Sex — Novel Opposite Sex P = 0.011) (Figure 7).

Discussion

Initially, we did not have a specific prediction for how greeting behavior and behavioral
coordination would be modulated by social condition. At the one extreme, zebra finches are
highly gregarious; therefore, we could have expected that greeting behavior would have been
non-discriminatory and similar across social groups. On the other hand, zebra finches are
strongly monogamous; therefore, we could have expected that monogamous partners would
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have been more coordinated. We found that greeting behavior differed across dyads and that
familiarity, particularly with females, resulted in more robust and more coordinated greeting
behavior. More specifically, monogamous partners, familiar opposite sex dyads, and female
familiar same sex dyads were more coordinated in both calling and movement (as evidenced
by the raw coordination measures and the PCA analysis). This effect of familiarity is
evidence that prior social experiences modulate moment-to-moment coordination. The fact
that male familiar same sex dyads did not have robust behavioral responses suggests that
either male-male relationships are less important or, that in this context, female behavior is
driving these social interactions. Consistent with the latter is the fact that we report several
sex differences in behaviors, including that females call and move almost twice as much as
males. Importantly, while the PCAs show that multi-modal behavioral profiles of
coordination were similar for females and males (all four dependent variables were
positively correlated), the coordination in this paradigm is linked to activity. It is inherently
challenging to disentangle the contribution of each individual within a dyad to pair-level
metrics such as the sliding correlation coefficient. Thus, our results raise many questions
about the significance of this sex difference for behavioral coordination as well as the
ultimate significance of behavioral coordination across social contexts.

Moment-to-moment behavioral coordination and affiliative bonds

Given that behavioral coordination is associated with social bonding, it is natural to try to
interpret the results of our current experiment within the framework of how strong different
social relationships may be. If behavioral coordination during greeting interactions had been
elevated in monogamous partners compared to other social conditions, this would provide
evidence that monogamous partnerships are indeed the strongest relationship for zebra
finches. Thus, the fact that female familiar same sex dyads and familiar opposite sex dyads
were similarly coordinated, raises questions about the nature of these other familiar
relationships both for the birds in our current study as well as for zebra finches more
generally. We discuss these points below; however, it is also important to recognize that
there is no clear evidence that behavioral coordination in our paradigm is related to the
strength of social bonds.

In our current experiment social relationship type (dyad) is very likely confounded with the
strength of affiliative bonds. The only opposite sex conspecific that individuals were housed
with was their pair bonded partner, with the exception of the brief period during courtship.
Neighboring pairs were kept physically and visually separated by an opaque barrier to
minimize social interactions. Thus, based on social exposure alone we would predict that the
monogamous partners would be the most strongly bonded of the social dyad. Furthermore,
for monogamous partners, it was our goal was to ensure monogamous partnerships were
strong. First birds were given the opportunity to freely form pair bonds in mixed sex flocks
and 5 of the 10 pairs formed selective bonds (note that no clear same-sex bonds were formed
during this time). Second after pairing, all the partners used in our experiment were observed
engaging in affiliative behaviors and following the completion of this experiment all pairs
went on to breed (8 out of the 10 pairs successfully fledged chicks). Whereas we took
precautions to ensure that the social conditions (experience with partners and extent of
familiarity) were similar across all birds; we did not assess the relationship between familiar
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neighbors outside of the greeting paradigm used here. The effect of social condition,
previous social experience and the degree of selective affiliation on moment-to-moment
behavioral coordination could be disentangled, in future studies, by studying flock-housed
zebra finches with known social networks.

The robust behavioral responses and elevated coordination within female familiar same sex
and familiar opposite sex dyads, could be interpreted as evidence that affiliative bonds with
females are particularly important. Across species, considerably less is known about
relationships outside of offspring-parent bonds and monogamous partnerships (Beery et al.,
2008; Goodson et al., 2006; Tang-Martinez, 2003). In many species of primates, female
affiliative bonds are essential for group function and have even been found to increase social
integration and individual fitness (Henzi & Barrett, 1999; Palombit et al., 1997; Silk et al.,
2009; Sterck et al., 1997). In zebra finches, however, previous research suggests that male-
male bonds are stronger (Alger et al., 2011), and that males may have a greater proclivity to
maintain social bonds (Madison et al., 2018; Prior et al., 2014). Furthermore, from research
on wild flocks, there is no known function of female-female affiliative bonds, rather group
movement seems to be organized around monogamous partnerships (McCowan et al., 2015;
Zann, 1996).

Sex differences in behavioral coordination

The differences we report in behavioral coordination are largely driven by variation in
activity level. There was a robust sex difference in the overall activity (females > males) as
well as a difference in the number of calls that familiar females receive. This is not the first
report that females have higher call rates than males in similar behavioral paradigms (Prior
et al., 2018; Prior et al., 2014). Interestingly, more comprehensive studies, which examine
thousands of calls produced in a naturalistic group context, do not find that females call
more than males; however, they do suggest that in certain contexts (e.g. early in the nesting
phase) females may produce more of the stack-like short calls than males (the main call type
produced during our partner separation and reunion paradigms) (Gill et al., 2015; Ter Maat
et al., 2014). Importantly, our current results show this elevated level of female activity is not
just in the vocal domain, but also true of overall movement rate, suggesting the sex
difference in activity is general across modalities. Although there is a precedent for elevated
calling activity in females, previous work has shown that preferential calling is highest
between monogamous partners (Fernandez et al., 2017; Gill et al., 2015; Stowell et al.,
2016). However, when the monogamous partner is not present, then calling synchrony
between non-partners increases (Fernandez et al., 2017). Thus, the question remains why, in
the absence of their pair-bonded partners, females elicit and engage in elevated behavioral
coordination with familiar conspecifics.

Whereas there is not clear evidence that female-female affiliative bonds are particularly
important for zebra finches, there is evidence that females may be the more flexible “social
caller”, displaying a greater ability to adjust the timing of their calls and responses
(Benichov et al., 2015). Combined with the fact that females call more than males in similar
paradigms (Prior et al., 2018), these findings would be consistent with the notion that
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females are driving behavior and communication in this context. For now, the potential
function of this sex difference in social proclivity requires further study.

Moment-to-moment behavioral coordination and behavioral synchrony

Altogether, while it is difficult to interpret our results in terms of the importance of specific
types of social relationships, our results clearly suggest that prior social experiences enhance
moment-to-moment coordination. More specifically, our results support the hypothesis that
patterns of prior experience, not simply the overall amount of experience, influences
behavioral coordination. If amount of experience alone was the most important factor, then
monogamous partners would have been the most coordinated social dyad. However, it is
notable that the only prior experience familiar neighbors had was while visually separated,
which is very similar to the behavioral assay. This raises the question of whether behavioral
coordination would have been highest amongst monogamous partners if we had quantified
behavior while the dyads were fully co-housed (able to interact physically). Another
interesting question is whether zebra finches are particularly good at coordinating with
conspecifics as a result of being so gregarious. The question remains what the function of
such moment-to-moment behavioral coordination is. At a proximate level, the significance
of variation in behavioral coordination across timescales and contexts is not well understood.
The majority of research that aims to understand moment-to-moment behavioral
coordination has focused on synchrony in human interactions.

Behavioral or social synchrony (i.e. broadly encompassing the temporal and/or spatial
coordination of behaviors, internal biological states and/or social interactions) has been used
to discuss affiliative bonds across a range of social species: including insects, birds, and
mammals (Bernieri & Rosenthal, 1991; Feldman, 2012). In humans social synchrony has
been defined as the non-verbal coordination of behaviors during interpersonal exchanges
(Feldman, 2007); whereas interactional synchrony refers to both vocal and physical
behaviors that are temporally aligned (non-random) (Bernieri & Rosenthal, 1991).

In humans, there is evidence that social or interactional synchrony on acute timescales (on
the order of minutes) promotes the formation and reinforcement of affiliative bonds
(Feldman & Eidelman, 2007; Feldman et al., 2011), reflects the relationship of the social
partners (Kinreich et al., 2017), and may even galvanize individuals to respond to group
threats (Mu et al., 2017). Human social synchrony is also assumed to communicate interest
and positive affect (Bernieri & Rosenthal, 1991). During periods of increased gaze and
social affect, neural synchrony is higher in romantic partners compared to strangers
(Kinreich et al., 2017). However, such brain-to-brain coupling in humans does not require a
strong social bond, and it can be achieved via shared memory or response to narratives
(Chen et al., 2017; Hasson, 2016; Liu et al., 2017; Mu et al., 2017).

Duetting in birds is arguably one of the best examples of interactional synchrony studied in
non-human animals. Intriguingly, research on duetting in the monogamously bonded plain-
tailed wrens suggests there is similar brain-to-brain coupling during behavioral interactional
synchrony in birds as described in humans. Neural recordings have demonstrated that the
partners’ synchronized vocal duet is associated with tight correlation in the partners’ neural
responses (Fortune et al., 2011). It is particularly remarkable that the synchrony of neural
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firing between mates occurs in response to the entire duet (both female and male
components) but not to each individual component alone (Fortune et al., 2011).

Taken together, these lines of research raise the question of whether moment-to-moment
interactional synchrony provides the basis of larger-scale behavioral alignment as evidenced
by the impact of behavioral synchrony on brain-to-brain coupling. Indeed, this shared
biological foundation of social alignment may provide an entry point to conduct rich
comparative studies investigating the function of behavioral coordination across timescales,
species and contexts. Conceptualizing social behavior within the framework of interactional
synchrony may be useful for describing the nuances of how social interactions impact the
brain and behavior.

The vast majority of research has focused on describing the behavioral and physiological
mechanisms that support the formation of ‘extreme’ types of social bonds, such as parental
and monogamous bonds; however, a deeper understanding of social systems requires the
study of many types of social relationships. There are many challenges when it comes to
extending our understanding of sociality beyond those more extreme bonds. In many
instances social behaviors are not obviously linked to life history timepoints that would
guide our understanding of etiology and function of those behaviors. Furthermore, there
have been no clear metrics for assessing the quality of a range of social bonds. Here we
provide evidence that moment-to-moment behavioral coordination during brief social
reunions varies depending on sex, social condition and potentially social experience.
Studying mechanisms underlying brief moment-to-moment synchrony could provide
insights into the effects of social experiences on brain and behavior.
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Figure 1:
Schematic illustration of the reunion (greet) paradigm. Behavior is recorded using four

channels of a Zoom recorder (F8): movement is recorded from a piezo sensor attached to the
perch of a smaller cage (indicated via oscilloscope), and acoustic behavior is recorded using
tie clip microphones (indicated via spectrogram). Using MATLAB, we quantified (1) the
number of calls (2) the number of movements (3) the temporal correlation of calling (sliding
correlation of calling between the two birds), and (4) the temporal correlation of movement
(sliding correlation of movement between the two birds).
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Effect of Time (min) on Activity Levels
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Figure 2:
Activity over time: call rate (A and B) and movement rate (C and D) for females (A and C)

and males (B and D). Mean + 95% confidence interval. Open shapes = same-sex dyads,
closed shapes = opposite-sex dyads, blue = familiar dyads, gray = novel dyads, and purple =
monogamous partners.

J Comp Psychol. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Prior et al.

Page 18

Activity Levels are Higher in Females
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Figure 3:
Activity rates calculated during the 5 minute of the reunion (A) Calls and (B) Movements.

Mean + 95% confidence interval.
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Calling Behavior for Two Familiar Opposite Sex Dyads
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Figure 4:
Calling exchanges over the course of 1 minute are illustrated for two different Familiar

Opposite-Sex Dyads. The corresponding sliding correlation coefficient is given. The top
panel displays calling activity for a dyad with a relatively high sliding correlation
coefficient, and bottom panel shows calling activity for a dyad with a lower sliding
correlation coefficient. For each panel, the blue tick marks represent the onset of calls on
channel 1 and the green tick marks represent the onset of calls on channel 2. These two
example recordings were chosen because both individuals from each dyad called a lot. Thus,
it is easier to visualize how the sliding correlation coefficient relates to variation in the
pattern of calling behavior. Of particular note, the dyad represented in the top panel had
organized calling bursts together and had longer periods of silence.
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Coordination of Activites is Influenced by Social Condition
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Figure5:

Effect of social condition type on behavioral coordination. A and B the similarity in call rate
within a dyad calculated as percent difference in the number of calls individuals. C and D
sliding cross correlation coefficient of time-stamped calls. Coordination of calls is presented
in A and C, and coordination of movements B and D. Mean * 95% confidence interval.
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Figure6:

Multi-modal behavior coordination profiles for females (A) and males (B) across
relationship types. Open shapes = same-sex dyads, closed shapes = opposite-sex dyads, blue
= familiar dyads, gray = novel dyads, and purple = monogamous partners. PC 1 describes
elevated coordinated activity whereas PC 2 describes coordination, but low activity.
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Multi-Modal Profiles of Behavioral Coordination
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Figure 7:
Effect of social condition on female (A and C) and male (B and D) multi-modal behavior

coordination profiles. PC 1 (A) describes elevated coordinated activity whereas PC 2 (B)
describes coordination, but low activity. Mean + 95% confidence interval
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PC loadings from the PCA analyses for females and males separately. We considered parameters that loaded
on their respective components > 0.30 to be descriptor parameters (bolded), and > 0.50 to be strong descriptors

Table 1:

().
Female Male

PC1 | PC2 | PC1 | PC2
Cumulative Varfance 44% 72% 56% 77%
Call Rate 0.58* | -0.28 | 0.58* | —0.26
Movement Rate 032 | -0.78 | 051 | -0.61
Calling Correlation Coefficient 0.56* 0.39 0.44 | 0.62*
Movement Correlation Coefficient | 0.48 0.40 0.46 0.41

Note: Here the loadings are multiplied by -1, making more positive values more coordinated for both PC 1 and PC 2 (for females and males).
Likewise, all the PCs in subsequent figures are multiplied by —1 to facilitate interpretation of the results.
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