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In group-living species, social stability is an important trait associated with
the evolution of complex behaviours such as cooperation. While the drivers
of stability in small groups are relatively well studied, little is known about
the potential impacts of unstable states on animal societies. Temporary
changes in group composition, such as a social group splitting and
recombining (i.e. a disturbance event), can result in individuals having to
re-establish their social relationships, thus taking time away from other
tasks such as foraging or vigilance. Here, we experimentally split socially
stable groups of captive zebra finches (Taeniopygia guttata), and quantified
the effects of repeated disturbance events on (1) group foraging efficiency,
and (2) co-feeding associations when subgroups were recombined. We
found that the efficiency of groups to deplete a rich, but ephemeral, resource
patch decreased after just a single short disturbance event. Automated track-
ing of individuals showed that repeated disturbances reduced efficiency by
causing social relationships to become more differentiated and weaker,
resulting in fewer individuals simultaneously accessing the patch. Our
experiment highlights how short-term disturbances can severely disrupt
social structure and group functionality, revealing potential costs associated
with group instability that can have consequences for the evolution of
animal societies.

1. Introduction

Social stability is an important facet of the social structure of animal popu-
lations [1] and plays a key role in the evolution of animal societies (e.g. [2,3]).
Characteristics such as cohesion and stable relationships are thought to have
underpinned the evolution of group-level traits such as cooperation [4] and
collective decision-making [5,6]. Recent evidence from group-living animals
has also highlighted the benefits of stable social relationships for reproduc-
tive success [7,8], offspring survival [9-11] and longevity [12-15] (reviewed
in [16]). Although groups naturally change over time (e.g. due to immigration
or mortality), transitory states of instability—when groups experience reversible
changes in size and composition—can be caused by extrinsic factors such as
human disturbance (e.g. [17]) or unsuccessful predator attacks that cause
group members to become temporarily separated. Studies on the effects of
permanent changes in group membership support the idea that social instabil-
ity may yield individual-level costs. For example, free-ranging mares that have
been transferred into a new group have higher stress levels [18] and vampire
bats that have been transferred to a new group receive fewer food donations
than those that stayed in their original groups [19]. However, little is known
about how temporary disturbances affect group dynamics in animal societies,
and whether these effects translate to changes in group functionality.

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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Coordination and synchronization can benefit members
of a social group [20,21]. Groups that coordinate their fora-
ging by matching activities such as spacing, vigilance bouts
or communication signals should be able to more efficiently
deplete ephemeral resources, and thus should have higher
average food intake rates than otherwise groups of identical
characteristics in which individuals are unable to coordinate
their actions. Thus, individuals in groups that perform most
efficiently—for example, through mechanisms such as coop-
erative foraging [22]—should have the highest average
fitness [23]. Competition between group members when fora-
ging at food patches could limit the number of individuals
that can forage simultaneously, which would reduce the
rate at which the group depletes resources [24]. If periods
of instability disrupt the consistency of social relationships
among individuals, then we expect a negative effect on
tasks in which group members benefit from social coordi-
nation: reduced tolerance among group members foraging
on a clumped resource patch would reduce the ability for
that group to efficiently extract resources from the environ-
ment. Should this be the case, then it would raise questions
about how resilient animal societies that feature stable
group membership are to increasing disturbances.

To determine whether social instability shapes group-level
performance, and therefore can act as an agent of selection on
behaviours that promote stable group-living, we experimen-
tally manipulated the stability of two replicated colonies of
zebra finches (Taeniopygia guttata). Zebra finches live in rela-
tively compact [25] and stable colonies [26], in which males
and females form lifelong pair bonds and maintain these
bonds even when they are not breeding. In the wild, zebra
finch colonies consisting of many male—female pairs can persist
for several years, despite experiencing annual changes in size
and composition related to breeding activity [27]. This makes
them a suitable biological system for quantifying the costs
associated with social instability.

Our colonies were kept in stable social environments for six
months prior to the start of the experiment. We then subjected
colonies to temporary disturbances by splitting them into three
subcolonies for 2 days. When the colonies were recombined,
we provided them with an ephemeral high-quality resource
to forage from. As outlined above, we predicted that disturb-
ance events would lead colonies to become less efficient
at depleting the food patch. Using fine-scale simultaneous
tracking of all colony members [28], we then quantified
changes in group-level social behaviours during foraging to
identify mechanisms that could be responsible for a reduction
in foraging efficiency. If social instability disrupts the social
relationships among individuals (i.e. outside of the male—
female pair bonds), then social instability should lead to a
reduction in social tolerance (here, the propensity for individ-
uals to forage with other group members in a competitive
setting). Specifically, we predicted that disturbance events
can cause a reduction in social tolerance among indivi-
duals that forage simultaneously, leading to smaller foraging
group sizes. We also predicted that disturbance could increase
the skew in access to resources, for example, if patches are
more often monopolized by dominant individuals (following
[29,30]). Finally, we predicted that disturbance might reduce
individuals” propensity to feed with less preferred group
members, which should be reflect in the structure of social
relationships, or more specifically the exclusivity of social
relationships in the social foraging network [31].

2. Methods

(a) Study system and experimental manipulations

This study was conducted at the Max Planck Institute for Orni-
thology in Radolfzell, Germany. Zebra finch colonies (17 = 28
individuals and 7, = 30 individuals) were housed in 2 X 2 X 2 m
indoor aviaries with a fixed day—night cycle for the course of the
experiment. Colonies were composed of an equal sex ratio and
had previously reproduced with the same colony composition.
We gave birds the opportunity to breed (by providing nesting
material) for one month, three months before the start of the exper-
iment, to allow us to identify and later control for male—female
pair bonds. Each bird in the study was individually identified
with a unique combination of colour leg bands, and a visual-
based recognition marker (two-dimensional tag; dimensions 1 x
1 cm; weight: approx. 0.2 g) that can be automatically recognized
in digital images [32,33]. Two-dimensional tags were attached
to birds using a small backpack (following [28]; electronic
supplementary material, figure S1).

The experiment consisted of four phases (figure 1a): (i) the
pre-treatment phase, the 14 days immediately prior to the first
disturbance event; (ii) the treatment phase, which includes three dis-
turbance events (splitting the colony in three subcolonies for 2 days
and recombining them for 3 days, three times over a period of 15
days); (iii) the post-treatment phase, 13 days after the last disturb-
ance event; and (iv) the recovery phase, a 5-day period three
weeks after the last disturbance event. In all phases of the exper-
iment, colonies were kept in, or returned to, their original state
(the pre-disturbance size and composition of the colony).

During the treatment phase, we split each colony into three
subcolonies as follows: we first removed all birds from the main
aviary, assigning half the birds to be placed back into it. We then
divided the other half into two subcolonies of six or eight birds
each, which we kept in separated aviaries (of smaller size com-
pared to the main aviary) with no visual contact and minimum
acoustic contact. We randomly picked different individuals to
allocate into each subcolony in each disturbance event, meaning
that subcolony membership, and which aviary each bird experi-
enced, varied from one disturbance event to another. However,
we always kept mated pairs together to avoid effects of our exper-
imental treatment on pair re-formation that would have been
caused by splitting established male—female pairs that had pre-
viously bred with each other (as shown in [34,35]). That is, our
focus was on studying the effects of instability at the colony
level, while maintaining stable male—female pairs.

(b) Foraging efficiency

To first determine whether disturbance events affect group per-
formance, we measured and compared the foraging efficiency of
the colony before any disturbance (pre-treatment phase) and
after each subsequent phase of the experiment by presenting colo-
nies with an ephemeral high-quality food patch. We conducted
feeding trials only when colonies were returned to their original
composition (figure 1a). This process involved fasting colonies
for one hour prior to the trial to ensure they were motivated to
feed, and then providing each colony with one slice of zucchini
(courgette), equating to one feeding trial. Feeding trials were run
once in the morning approximately 9.00 and once in the afternoon
approximately 14.30, and ran for 45 min. We measured foraging
efficiency as total weight of the zucchini slice eaten by each
colony during each trial by weighing the zucchini slice before
and after each trial (to 1/100th of a gram). We gave colonies a
piece of zucchini (similar to the ones used in the experimental
phase) every day for several weeks prior to the experiment to
avoid any novelty effects. We also controlled for water loss by
measuring the change in weight of an extra identical piece of zuc-
chini placed into the aviary room during each trial, and subtracted
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Figure 1. Reduced foraging efficiency and social tolerance during treatment
phases of the experiment. (a) Timeline of the experiment with coloured cir-
cles corresponding to phases, and numbers representing days since the start
of the experiment. Double lines correspond to days in which the colonies
were split to simulate a temporary disturbance event, with colonies being
in their normal state at all other times (solid lines). The solid arrows
show the periods during which the feeding trial data were collected.
There were no manipulations from day 30 onwards, but data were collected
on days 65—70. The embedded photo shows an individual feeding at the
zucchini, the number corresponding to its one-dimensional detected from
the two-dimensional tag on its back using automated tracking software.
(b) Foraging efficiency (amount of zucchini eaten in 45 min trial) reduced
significantly after the first treatment phase (between Pre and Dis 1; reference
level is Pre), remaining significantly lower during the following treatment
phases and the post-treatment phase (reference level is Pre). Model results
are in table 1. (¢) The number of individuals simultaneously foraging dropped
significantly during the second treatment phase (reference level is Pre). Fewer
individuals were simultaneously present at the resource during the last dis-
turbance phase and the post-treatment phase, but numbers increased slightly
during the recovery phase. Model results are in table 2. (b,c) The medians are
shown by the black line inside the box, with boxes showing the lower and
upper quartile, black vertical bars showing the full range of the data and dots
showing the raw data. Numbers inside the box indicate the number of trials.
Phases of the experiment correspond to: pre-treatment (Pre), disturbance
event 1 (Dis 1), disturbance event 2 (Dis 2), disturbance event 3 (Dis 3),
post-treatment (Post) and recovery (Rec).

the average amount of weight lost due to water evaporation from
the total amount of zucchini eaten each day.

() Co-feeding dynamics
To investigate the social factors that could explain a reduction in
foraging efficiency, we video recorded and tracked individuals at

and around the zucchini during each feeding trial using a GoPro
Hero 4 camera fitted 50 cm above the feeding area (electronic
supplementary material, figure S2). We used software [33] to
extract the position (coordinates) and orientation of each bird
by automatically detecting its two-dimensional tag, in each
frame of the video. We also marked the centre of the zucchini
with a two-dimensional tag, allowing us to identify which indi-
viduals were feeding at the zucchini in each frame, defined as
individuals detected within one body length (8cm) of the
centre of the zucchini and oriented to face the zucchini. Although
we recorded data from every trial, nine video recordings were
lost due to camera failure or file corruption, resulting in a total
of 133 (out of 142) trials with recordings.

(i) Foraging group size

To determine whether a reduction in foraging efficiency was
caused by a decrease in the number of individuals foraging
simultaneously, we extracted the median number of individuals
co-feeding in each video frame (when at least one individual was
feeding), which we defined as foraging group size. We used only
frames in the video that had at least one individual present at the
zucchini because our hypothesis is based on the dynamics
between individuals, to which frames with no individuals
would be uninformative. Finally, we summarized the foraging
group size data for a given trial as the median number of individ-
uals simultaneously present at the food in 3 min bins (15 per
45 min trial).

(i) Skewed access to food

To determine whether reduced foraging efficiency could be
explained by an increase in the skew in who accesses the
resource, we calculated the amount of time (number of video
frames) each individual spent (was detected) at the food patch
for each trial. Using these data, we calculated the binomial
skew index (B index) [36], defined as:

z 1\? 1
B= ——) —(1-=)/K 2.1
> (rx) (1) 21
where N is the total number of individuals that were colony
members, and p; is the proportion of the total group benefit
(K; measured as time spent at the zucchini) gained by the ith
individual. We also kept track of which subcolony each individ-
ual had been allocated to during each disturbance event in order
to test for any residence effects, where individuals might have
benefited from having remained in the main aviary.

(iii) Social dynamics

To test whether the disturbance events altered the social structure
of colonies, we calculated the propensity for each dyadic pair
of individuals to synchronize their feeding bouts. That is, we
generated a social network for each colony for each phase
of the experiment. We defined the edge weight (association
strength) connecting each dyadic pair of individuals as the prob-
ability of observing individuals i and j feeding together given
that either i or j was detected feeding (the simple ratio index,
SRI [31]). An SRI;; value of 1 represents two individuals always
observed feeding together, whereas an SRI; of 0 represents
birds always feeding separately. We then quantified changes in
the social structure by calculating the mean association strength
(mean SRI;; values) and the coefficient of variation of each indi-
viduals” SRI;, which we defined as the exclusivity of their
social bonds. To test for broader network-level changes in
social structure, we measured the correlation between the net-
work from the pre-treatment phase to the networks from all
the subsequent phases of the experiment.
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Table 1. Reduced foraging efficiency after disturbance events. The foraging efficiency model describes the effect of treatment phase on the amount of zucchini [}

consumed by colonies (in grams) per 45 min trial. The model estimates are relative to trial data from the pre-treatment phase, and the effect of time is relative

to morning trials.

estimate
intercept 2.420
disturbance event 1 0951
disturbance event 2 —0.761
bdistljrbénce‘ eventb3 - » “—1;2»06> ‘
post-treatment —1.161
>récove‘ry phase ‘ » ‘—0.664 ‘
time (afternoon trial) —0.390
nitial zucchini weight 0061
random effects variance
colony 0 ‘
zucchini slice size (normal/large) 0

3. Statistical analyses
(a) Foraging efficiency

We constructed a linear mixed model with amount of zucchini
eaten as the response variable, phase of the experiment
(i.e. pre-treatment, disturbance event 1-3, post-treatment,
recovery period) and time of the day (i.e. morning versus after-
noon trial) as fixed effects, and colony number (ID) as random
effects. Because for a few days we had a larger (wider diameter)
zucchini from which we cut our slices, we also included a
random effect of zucchini type (large or small). We used a
Gaussian model (identity link error structure) from the Ime4
package v. 1.1.12 [37] in R v. 3.3.1 [38].

(b) Co-feeding dynamics

(i) Foraging group size

To evaluate the effects of social instability on foraging group
size we constructed a linear mixed model with median
number of individuals as the response variable, phase of the
experiment, time of the day and zucchini type as fixed effects,

and colony number (ID) as random effects. We fitted a Gaussian
model in the Ime4 package v. 1.1.12 [37] in R v. 3.3.1 [38].

(ii) Skewed access to food

To determine if disturbance events resulted in an increase in
the skew, we calculated the B index for each trial, and then
calculated the difference in the mean B indices between the
pre-treatment phase and each subsequent phase. Because
skew data represent non-independent social data, we used
a simple randomisation test (see [39]) to confirm whether
there was a significant effect of experimental phase on the
skew in the access to the food resource. To do this, we permu-
tated the B-index values within each flock across trials and
phases, and recalculated the difference in mean B indices
for the current pair of phases. We calculated statistical signifi-
cance (Pyang) by comparing the observed mean to 9999
randomly generated differences in means.

We tested whether the birds that remained in the main
aviary (i.e. residents) outcompeted those that were moved
into external aviaries (i.e. non-residents) during the disturb-
ance event (residence effect). For each treatment phase, we

s.e. t-value p-value
0254 9.541 <0.0001
0180 591 <0.0001
0.186 —4.086 0.0002
0188 639 <0.0001
0124 —9375 <0.0001
0160 —4155 00001
0.095 — 409 0.0001
0024 2489 00109
s.d.

0

0

used the difference between the mean number of frames in
which residents were detected and the mean number of
frames that non-residents were detected as the test statistics.
We then implemented another simple randomization test to
recalculate this difference by randomly re-assigning the resi-
dent and non-resident category in the data from that phase.
We calculated statistical significance (P,anq) by repeating the
randomisation process 9999 times.

(iii) Social dynamics

To determine if disturbance events affected co-feeding associ-
ations, we calculated the mean strength of the co-feeding
associations and the coefficient of variation of the co-feeding
association strengths for each individual in each of the phases
of the experiment. We fitted these phase-level network
metrics to test for a quadratic effect using a linear mixed
model, with phase number (1-6) and its square as fixed
effects, and colony number as a random effect. Because
each network and subsequent metric was measured identi-
cally, we interpreted the model output directly. We fitted a
Gaussian model in the Ime4 package v. 1.1.12 [37] in R v.
3.3.1 [38]. As the mean strength data largely replicates the
mean foraging group size data, we report those results in
the electronic supplementary material.

To test whether the structure of the co-feeding networks
were stable over time, we used a Mantel test (vegan package
[40] in R [38]) to compare the network from the pre-disturbance
phase to the networks in each of the subsequent phases (pre-
treatment versus disturbance event 1, versus disturbance
event 2, versus disturbance event 3, versus post-treatment
and versus recovery). Statistical significance of the Mantel
test (Prana) Was calculated using 9999 node permutations.

4. Results

(a) Colonies foraged less efficiently after disturbance

events
We found that birds in both colonies foraged significantly less
efficiently on days following disturbance events (i.e. when
subgroups were recombined; 1 =142 trials; table 1). The
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Table 2. Reduced foraging group sizes after disturbance events. The foraging group size model describes the effect of treatment phase on the number of [
individuals foraging simultaneously (median per 3 min bin per trial). The estimates are relative to data collected in the pre-treatment phase. The effects of time

and zucchini type are relative to morning trials and normally sized zucchinis, respectively.

estimate
disturbance event 1 0.131
e ety 1w
disturbance event 3 —2.486
“poét—'tréé‘tr»nénf' S e
recovery phase —1.2413
 time (afteroon trial) v/
zucchini size (large) 1.197
e
colony 1.188

reduction in foraging efficiency continued through the post-
treatment and the recovery phases, indicating a slow recovery
period for group functionality (figure 1b).

(b) Foraging group size decreased after disturbance
events

Foraging group size decreased as the number of disturbance
events increased (n = 133 trials; table 2 and figure 1c). This
effect lasted until the recovery phase, although the number
of individuals feeding simultaneously did not fully return
to pre-treatment levels, suggesting a slow recovery of group
coordination.

(c) Foraging did not become more skewed after
disturbance events

The reduction in foraging group size was not caused by indi-
viduals becoming more competitive about accessing the
resource. Our data did not show any evidence for significant
changes in skewed access to the food (electronic supplemen-
tary material, table S1). We also found no residence effect
favouring birds that remained in the main aviary during dis-
turbances (phase 1: Prang = 0.592; phase 2: Ppang = 0.832;
phase 3: Pyang = 0.923).

(d) Social dynamics were affected by disturbance
events

The mean association strength cumulatively decreased (elec-
tronic supplementary material, figure S3). Our general linear
model suggested significant linear and quadratic terms,
suggesting a significant decrease during experimental phases
was followed by a slight recovery (electronic supplementary
material, table S2). Relationships also became more exclusive
(figure 2), with significant linear and quadratic terms in the
general linear model suggesting that the initial increase in the
coefficient of variation was followed by a recovery (table 3).
Thus, relationships among group members became weaker,
corroborating the data on reduction in the size of foraging
groups. Changes in co-feeding relationships among individ-
uals also had a global impact on social dynamics. The
correlation to the pre-treatment network decreased throughout

s.e. t-value p-value

0.471 0.278 0.781
s e R

0.701 —3.548 0.001
e e o001

0.439 —2.824 0.006
we  w 0300

0.474 2523 0.013
T

1.090

175 .

150

125

100

coefficient of variation (CV)

75

Pre Dis1 Dis2 Dis3  Post Rec
phase of the experiment

Figure 2. Increased social exclusivity during treatment phases of the exper-
iment. The co-feeding relationships among individuals in the colony became
more exclusive—that is, they increased coefficient of variation together with
reduced mean association strengths (electronic supplementary material, figure
S$3) suggest that weaker relationships became weaker—during the treatment
phases, and showed a tendency to stabilize during the post-treatment and
recovery phases. Model results are in table 3. Colours represent the phases
of the experiment. Abbreviations correspond to: pre-treatment (Pre), disturb-
ance event 1 (Dis 1), disturbance event 2 (Dis 2), disturbance event 3 (Dis 3),
post-treatment (Post) and recovery (Rec). Solid and dashed lines represent
colony 1 and 2, respectively. Thicker line shows the fit of the linear mixed
models.

Table 3. Nonlinear dynamics of network properties over the course of the
experiment. The models describe the effect of phase on the coefficient of
variation of the association strength of individuals in the colonies. The
estimates indicate the direction of the change in each of the network
metrics analysed.

coefficient of variation

estimate
intercept 43.068 26.880 1.602 0.143
phase 54513 1758 3100 0013
phase’ —7.009 2459 —2.806 0.020
random effeds variancbe> . s.d.b - B
co'Iony' - R 5
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the subsequent treatment phases (electronic supplemen-
tary material, table S3), indicating that the social structure of
foraging groups is not resilient to repeated disturbances.

5. Discussion

Our results support our hypothesis that temporary social
instability can affect the benefits gained through coordinated
actions, and thus reduced group performance. Previous studies
have shown that social instability can negatively affect coopera-
tive activities such as allo-parental care [41,42], group hunting
[43] and reciprocal food sharing [44]; however, most of these
studies focused on permanent changes in group membership.
Our study shows that temporary changes in group size and
composition, resulting from repeated short-term disturbance
events, can reduce the ability of groups to forage efficiently.
Further, by tracking in detail how groups foraged when
re-united, we have identified potential social mechanisms
underlying the effects of disturbances on foraging efficiency.
Disturbances can disrupt the social relationships among mem-
bers of the group, subsequently reducing the coordination and
synchronisation of foraging groups.

Benefits of social tolerance while co-feeding at mono-
polizable resources facilitate cooperation (e.g. bonobos
Pan paniscus [45]). In our system, social tolerance in a collec-
tive task was negatively affected by repeated disturbance
events, indicated by a decrease in foraging group size. This
effect could have arisen because of differences in competitive
abilities when accessing the food resource, resulting in domi-
nant individuals monopolising the resource. However, our
data provide little evidence for competitive dynamics
among colony members (no skewed access to the resource
nor any resident effects), which is consistent with zebra
finches having relatively shallow dominance hierarchies [46].

Coordinated actions are important for group living
species. To remain cohesive, groups must be able to collec-
tively decide when to move or where to forage [21]. Our
results suggest that social instability can affect coordination
and synchronisation in otherwise stable groups by reshaping
social relationships among individuals. These findings sup-
port previous evidence that social instability can drive
reconfiguration of social systems. For example, changes in
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