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Abstract

Individual level response to natural and anthropogenic disturbance represents an increas-

ingly important, but as yet little understood, component of animal behavior. Disturbance

events often alter habitat, which in turn can modify behaviors of individuals in affected

areas, including changes in habitat use and associated changes in social structure. To bet-

ter understand these relationships, we investigated aspects of habitat selection and social

connectivity of a small passerine bird, the red-backed fairywren (Malurus melanocephalus),

before vs. after naturally occurring fire disturbance in Northern Territory, Australia. We uti-

lized a social network framework to evaluate changes in social dynamics pre- vs. post-fire.

Our study covered the non-breeding season in two consecutive years in which fires

occurred, and individuals whose habitat was affected and those that were not affected by

fire. Individuals in habitat affected by fires had stronger social ties (i.e. higher weighted

degree) after fires, while those that were in areas that were not affected by fire actually had

lower weighted degree. We suggest that this change in social connections may be linked to

habitat. Before fires, fairywrens used habitat that had similar grass cover to available habitat

plots randomly generated within our study site. Fire caused a reduction in grass cover, and

fairywrens responded by selecting habitat with higher grass cover relative to random plots.

This study demonstrates how changes in habitat and/or resource availability caused by dis-

turbance can lead to substantive changes in the social environment that individuals

experience.

Introduction

Social structure shapes processes ranging from disease and parasite transmission [1,2], to

information transfer [3,4], to differential access to resources such as food and mates [5]. For

this reason, non-random associations between individuals are key drivers of many ecological

and evolutionary processes [6,7]. The underlying factors that promote non-random associa-

tions, and changes among these associations, are not well understood. Although theoretical

studies have provided important insights into the general relationships between environmental

variables and social organization (e.g., [8]), our knowledge of the specific factors that shape

variation in sociality across and within systems remains incomplete [9]. One potential
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influence on variation in social structure is the ecological environment, for example habitat

structure or complexity, which has been examined extensively in laboratory settings (e.g. [10]),

and less commonly in natural environments [11,12]. As such, a more thorough understanding

of how environmental variation impacts social structure is a clear goal in behavioral ecology

[9,13,14].

Social organization can vary in different ecological environments, as measured along a gra-

dient or in discrete habitats (e.g., [15,16]). Relatively open habitats are often associated with a

higher frequency of interactions because of increased predation risk [17] or because structural

complexity itself may restrict social contact [18]. Alternatively, higher structural complexity

may increase social connectivity by reducing potential pathways or restricting individuals to

certain areas [12] such that individuals in those areas interact more. A third alternative is that

social structure may be consistent across different habitats[16]. These and other studies char-

acterizing the relationships between habitat structure and sociality represent important

advances in our understanding of social behavior, but do not account for the fact that animals

often inhabit dynamic environments, in which habitat parameters change over time, some-

times abruptly. Changes in available habitat or the distribution of resources may result in indi-

viduals shifting resource use, which can either increase [11]or decrease [19] social interactions.

Dynamic environments may also be associated with fission-fusion sociality, with different pat-

terns of sociality depending on changing habitat [20,21] or predation risk [22]. Changes in

social interactions as a result of a dynamic environment are important because of the potential

to influence fitness. Increases in social interactions can increase competition, aggressive inter-

actions, and/or parasite transmission [11] or can change the potential for sexual selection [23].

Most studies focus on comparisons between populations in different habitats or in control

vs. experimental groups after a modification of habitat complexity or environmental resources,

rather than direct before and after comparisons of the same population. For example, studies

have investigated social organization in lizard populations that have experienced different fire

regimes [24], or compared lizard populations with and without experimentally-added habitat

complexity [12]. However, both of these studies compare populations in different environ-

ments to assess the influence on social structure, but do not investigate the change within these

populations across multiple time points. Studying the same population before and after a

change or disturbance event offers a more direct measure of how habitat disturbance influ-

ences social structure, and thus is expected to increase our understanding of the drivers of soci-

ality. Much as social structure can vary across different types of habitat or resource availability,

we might similarly expect changes in habitat or resource availability to impact social structure

among resident species that remain in an area before, during and after environmental change.

In one such example, bottlenose dolphins (Tursiops aduncus) living in the same area altered

their social organization in response to changes in food availability caused by the presence vs.

absence of prawn trawlers [25,26]. However, few studies have directly addressed how social

structure varies before vs. after naturally occurring habitat disturbances, as mediated by alter-

ation in habitat structure and resource availability. It is reasonable to expect that individual

behavior and resultant social organization would be similar in populations facing environmen-

tal disturbances to those in discrete habitats following disturbance or variation. However,

there is little information to support this idea, in part because of the difficulty of using targeted

experimental approaches to compare population social structure before vs. after disturbances.

In this study, we examined the social associations of red-backed fairywrens (Malurus mela-
nocephalus) in northern Australia, in the context of bush fires that produced rapid changes to

their environment. Red-backed fairywrens are small insectivorous passerine birds that are resi-

dents of fire-prone tropical savannas [27]. Red-backed fairywrens are a fitting species in which

to study how habitat disturbance mediates social density because they depend on grass to
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forage and for protection from predators, and are often absent from recently burned areas for

weeks or months [28–31]. Also, red-backed fairywrens form loose flocks of varying size and

demographic composition during the non-breeding season, when the current study was con-

ducted [27]. We used a social network framework to quantify how bush fires influence red-

backed fairywren social associations, and investigated changes in habitat as a potential mecha-

nism that could influence sociality. We predictedthat individuals directly impacted by fire

would have increased social connectivity following fires because they would congregate in

higher densities in areas with remaining vegetation. Alternatively, we might expect fragmenta-

tion of grass habitat caused by fire to limit social interactions, for example by limiting move-

ment between isolated patches of suitable habitat. By comparing individual habitat preferences

and social connections both before and after fires, we were able to directly assess the impact of

habitat disturbance in social density in this system.

Methods

Ethics statement

This study was carried out in accordance with the recommendations of the Animal Ethics

Committee at Charles Darwin University and the Institutional Animal Care and Use Commit-

tee at Tulane University. The protocol was approved by both the Animal Ethics Committee at

Charles Darwin University, Darwin, Australia (Permit Number: A12032), and by the Institu-

tional Animal Care and Use Committee at Tulane University (Permit Number: 0395). This

study was carried out on private property with permission from the land owner.

Study system and fire history

We studied a color-banded population of red-backed fairywrens on Coomalie Farm (13˚02’ S,

131˚02’ E), located approximately 87 km south of Darwin in Northern Territory, Australia,

from May-Aug 2013 and 2014. During each field season, we captured or re-captured adult

red-backed fairywrens marked them with individually specific colored leg bands and an Aus-

tralian Bird and Bat and Banding Scheme (ABBBS) numbered aluminum band, as part of a

larger ongoing study of sociality and signal acquisition in this species(see [32]). Population

monitoring began in 2012 with consistent banding across years, meaning that the majority of

birds in the population were colorbanded. Our study period coincided with the nonbreeding

season for red-backed fairywrens and the dry season in the Northern Territory. The habitat at

the study site consists of a mosaic of savanna and open woodland habitats, and climate is char-

acterized by alternating wet and dry seasons, with periods of high rain and flooding from

October to April, and little rain and many bush fires from May to September. Although the

property owner at Coomalie frequently performs small controlled burns (several hectares) that

serve as fire breaks, large uncontrolled fires occurred in late July in both years of the study. In

2013, a large fire burned 30% of the approximately 700 ha study site and in 2014 multiple fires

burned approximately 80% of the study site (Fig 1). In 2014, a small fire burned the northern

portion of the field site in late June, and a larger fire burned the majority of the site in mid-

July. Fires in both years also burned thousands of surrounding ha. In both years of the study,

fires occurred midway through the study period, which allowed us to collect data on fairywren

social behavior both before and after the fires. We compared pre-and post-burn at an

unburned portion of the site to serve as a control in one of the years, and also collected data on

habitat before and after fires in one year. To characterize the spatial extent of the fires each

year, we obtained georeferenced fire scars from the Northern Australia Fire Information net-

work (NAFI, http://www.firenorth.org.au/nafi3/). NAFI maps fire scars in real time, and sum-

marizes fire scars each month at a 250-m resolution.
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Social observations and fairywren response to fire

We measured social associations of color-banded birds through opportunistic group observa-

tions of colorband resightings and capture of banded individuals in mist nets. We defined a

social interaction as an observation of a group of individuals that were moving and vocalizing

together in a cohesive manner, generally within a radius of ~10 m. Our observations used the

‘gambit of the group’ assumption [33] that that all individuals in a group were associating with

all other members of the group. We walked all roads and trails within the study site at least once

Fig 1. Fire scars from 2013 and 2014. Fire scars from the Northern Australia Fire Information network (NAFI, http://www.

firenorth.org.au/nafi3/). In both years, fires in July burned a large portion of the field site. Map of Australia from https://www.

cia.gov/library/publications/the-world-factbook/geos/as.html.

https://doi.org/10.1371/journal.pone.0183144.g001
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per week, as well as covering areas between roads. Because of the large number of roads and trails

throughout the study site, and because this population has been color-banded and studied since

2012, we are confident that our opportunistic sightings provided an accurate picture of social

interactions on the site during the study period. We also considered individuals to be in the

same group if they were captured in the same mist net at the same time. We conducted active

mist netting specifically focused on this species, so it was always clear that individuals captured

together were in the same group. We used a Garmin GPS to mark the point where opportunis-

tic sightings or mist net captures occurred, and compared these spatial locations to fire scars.

We mapped GPS locations of bird sightings and captures along fire scars to assess which

birds were directly impacted by fire in each year, using resightings from both 2013 and 2014.

In 2013, we considered individuals that we consistently sighted in locations that were directly

burned or within 100 m of the fire scar to be potentially affected by the fire, and those that

were sighted at least 500 m from the fire scar as unaffected. Fairywrens are relatively weak fliers

[27] with small home ranges [34], thus 500 m is an suitable buffer between zones. Importantly,

we did not have birds move between affected and unaffected areas, and we did not include any

birds in this study that were located between 100–500 m from fire scars. Hereafter, we refer to

fairywrens as either ‘affected’ or ‘unaffected’ by the fire in comparisons. We never observed

interactions between affected vs. unaffected individuals, and because of the spatial separation

between these groups we consider them independent for the purposes of analysis. In 2014,

because of the large expanse of the fire on the study site (below), we considered all individuals

to be affected by the fire (i.e., there were no birds that were consistently in areas more than

500 m from the fire scar or that would not have the opportunity to come into contact with

individuals that would have been affected).

We used resighting and capture observations to create weighted social networks in R ver-

sion 3.2.4 [35] using the packages igraph [36], sna [37], and asnipe [38]. Social networks use a

system of nodes (color-banded individuals) connected by edges (relationships; in this case,

edges mean that birds were seen or captured together). We included any individuals seen at

least twice in our analyses. Our analyses focus on the effects of fire on weighted degree, which

is a measure of association between individuals, ranging from 0 (never seen together) to 1

(always seen together). Weighted networks consider the proportion of times that individuals

were seen together when calculating edge weights. Our behavioral observations did not attempt

to distinguish who initiated interactions, thus our measure of degree is non-directional, and

does not indicate the nature of the interaction (e.g. affiliative or agnostic, although most inter-

actions involved individuals foraging together). Other social network metrics (e.g. individual

centrality) were not informative because of the low density of fairywrens at this field site.

In order to separate potential temporal effects from those resulting from the fire, in 2013 we

opportunistically used a before-after control-impact design (BACI [39]). We standardized our

data collection periods so that we include sightings from an approximately 6-week period on

either side of the fire, with 32 observation-days both before and after the fire (pre-fire: 15 May-

28 June, post-fire: 13 July-24 August). We separately compare social networks before vs. after

the fire with birds that were affected and not affected by the fire. In 2014, we compare weighted

degree pre- vs. post-fire for birds affected in either the June or July fires, with dates varying

based on the fire event (the smaller June fire or the larger July fire). Thus, for most birds the

pre-fire sighting period (13 June-17 July) was slightly longer than the post-fire period (18 July-

14 August). For birds affected by the June fire (n = 10), the pre-fire period was from 13 June-

23 June and the post-fire period was 24 June-14 August; including or removing these 10 birds

from our analyses did not qualitatively change our results, so we include them in order to

boost our sample sizes. Our sightings included a larger number of individuals post-fire than

pre-fire; restricting our analysis to only include the 32 individuals seen both before and after
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the fires did not change our qualitative results, thus we include all individuals seen in either

period. We were not able to use the BACI design in 2014 because the large extent of the fire

meant that there were no control areas after the fire.

Because network data violates assumptions of independence [40], we utilized network-

appropriate permutations within the R package asnipe [38] to test for changes in sociality, spe-

cifically looking at how fire affected individual degree. In 2013, we created networks using

group observations from four scenarios: 1) ‘pre-fire affected’, consisting of individuals spatially

not affected by the fire in the time period before the fire, 2) ‘pre-fire not affected’, consisting of

individuals spatially not affected by the fire in the time period before the fire, 3) ‘post-fire

affected’, consisting of individuals spatially not affected by the fire in the time period after the

fire, and, 4) ‘post-fire not affected’, consisting of individuals spatially not affected by the fire in

the time period after the fire. We used group observations from each of these four scenarios to

create group-by-interaction (GBI) matrices [41], and calculated the weighted degree of all indi-

viduals from association matrices created from the GBI data. We then used network permuta-

tions by swapping individuals between groups to create randomizations of the GBI data

stream [41,42]. Individuals were only swapped between groups within the same treatment (i.e.,

affected individuals are only swapped with affected individuals). We made 1000 permutations

of each of the four GBI matrices, and then recalculated the association matrices and the

weighted degree for each permutation. We compared weighted degree to fire period (i.e., pre

vs post) using linear models using data from both affected and not affected networks. To do

so, we combined pre- and post-fire observations of all ‘affected’ birds into one dataframe and

built a model comparing weighted degree pre- vs. post-fire. We repeated this process for

groups ‘not affected’ by the fire. We then used data from network permutations to compare

the coefficient for the magnitude of the slope in both models using the observed data to coeffi-

cients from null models created from each of the network permutations. We calculated

P-values for one-tailed significance by comparing the observed slope relative to the distribu-

tion of slopes from the randomized data. In 2014, because of the large extent of the fire, we

considered all birds to be affected, and thus were able to create a general linear model compar-

ing weighted degree pre- vs. post-fire to a null model using the methods described above.

In both years, we also compared average group size for individuals pre- and post-fire, to

determine the nature of any changes in weighted degree. For example, an increase in weighted

degree could occur if an individual had social associations with more individuals or if that

individual was more consistently sighted with the same group after a fire. To do so, we calcu-

lated average group size for each individual using the observed data and compared this group

size pre- vs. post-fire, calculating significance by comparing the observed slope to the distribu-

tion of slopes from the permuted GBI data stream.

Habitat response to fire

To assess changes in habitat in response to fire in 2014, we first characterized habitat that red-

backed fairywrens used vs. all available habitat in our study area. We analyzed these data only

for 2014 because we did not conduct post-fire vegetation surveys in 2013. We characterized

vegetation at ’used’ locations (i.e., locations in which birds were present on at least one occa-

sion; N = 106) and ’random’ locations (N = 152). We determined used locations via standard-

ized transects and opportunistic sightings (above), and random locations by randomly

generated points using all available coordinates within the transect area; random locations

therefore represent habitat that was available to red-backed fairywrens, but that may or may

not have been used. We focused our habitat measures on percent cover of grass because red-

backed fairywrens rely on grass for cover from predators and as foraging substrate [27]. In
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each used and random plot, we measured the percent grass cover in 10 x 10 m plots to the

nearest 5%. Because assumptions of normality were not met following standard transforma-

tions of the dependent variable grass cover, we used Wilcoxon rank sum tests to compare grass

cover between used and available sites both before and after fire. This nonparametric approach

did not allow us to test for an interaction between temporal period and use.

Results

Sociality change due to fire

We created four social networks in 2013 separating groups by temporal period (pre- vs. post-

fire) and spatial location relative to the fire (affected vs. not affected), and two social networks

in 2014 separating groups by temporal period (pre- vs. post-fire; Fig 2). Individuals affected by

Fig 2. Social networks from 2013 and 2014 pre- and post-fire. Social networks in 2013 are separated by

individuals that were affected by the fire and those that were not affected by the fires. Each individual bird is

represented by a node, with social interactions represented by lines between them. Fire is associated with

increases in social interactions with conspecifics in 2013 and 2014, as measured by weighted degree (seen in

increased proportion of ties pre- to post-fire in 2013 and 2014 for affected birds), while birds that were not

affected by fire in 2013 showed decreased connectivity after the fire.

https://doi.org/10.1371/journal.pone.0183144.g002
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the fire had significantly higher weighed degree in the post-fire period relative to the pre-fire

period in both years (2013: P = 0.007, 2014: P<0.001; Table 1, Fig 3). In contrast, in 2013 indi-

viduals that were not affected by the fire had significantly lower weighted degree in the post-

fire period compared to the pre-fire period (P<0.001; Table 1, Fig 3). Higher degree in the

affected network in 2013, in combination with lower degree in the concurrent unaffected net-

work, suggests an effect of fire on social structure, rather than an artifact of temporal progres-

sion of the dry season. In 2013 the increase in group size was significant (P = 0.001), indicating

that individuals using the observed data were in larger groups after the fire than expected. The

change in group size was also significantly different than expected for individuals not affected

by fire in 2014 (P = 0.001). However, in 2014, the increase in group size after the fire was not

significantly different in the observed data than the permuted data, indicating that in this case

higher weighted degree may have been due to tighter associations.

Observations in 2013 followed a Before-After-Control-Impact Design of birds both affected

and not affected by fires, while all birds in 2014 were considered to be affected by fire. In 2013,

individuals not affected by the fire had lower weighted degree post-fire compared to pre-fire.

In both years of the study, individuals affected by the fire had higher weighted degree post-fire

compared to pre-fire.

Habitat change due to fire

In 2014, the only year that we conducted vegetation surveys, fire altered habitat structure by

directly reducing the amount of grass habitat (W = 11311, P<0.0001, Fig 4). Before the fire,

proportional use of grass cover by red-backed fairy wrens did not differ from random sites

spread across the study site (W = 1129, P = 0.21), whereas after the fire, habitat used by fairyw-

rens had more grass compared to random sites (W = 1359, P<0.0001, Fig 4).

Discussion

This study adds a novel natural experiment to the growing body of literature on how the envi-

ronment influences social structure by characterizing social networks that were directly

impacted by fire before and after the fires and comparing them to ’control’ social networks

that were unaffected by fire. Among a resident population of red-backed fairywrens in north-

ern Australia, we found that individuals had more social connections following fires than

before fires, as determined by higher weighted degree. This change in social interactions was

associated with birds in burned areas showing a preference for areas with disproportionately

high amounts of grass following fires. In contrast, among individuals living in areas that were

not affected by fire, and thus did not have any fire-associated habitat changes, we did not find

Table 1. Weighted degree of birds pre-and post-fire in 2013 and 2014.

N Weighed Degree (mean ± sd)

Affected 2013

Pre-fire 28 1.41±0.57

Post-fire 29 2.35±0.96

Not affected 2013

Pre-fire 41 1.44±0.58

Post-fire 35 1.28±0.32

Affected 2014

Pre-fire 33 1.42±0.76

Post-fire 66 2.90±1.50

https://doi.org/10.1371/journal.pone.0183144.t001
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a similar increase in social associations. This indicates that the increase in social interactions

following fire was due to fire per se, rather than simply temporal change. These results support

our prediction that, in this system, rapid environmental disturbance resulting in a change in

resource availability serves to increase social interactions.

This study adds to previous research by demonstrating that in the case of large fires, shift in

available habitat within the same relative area can result in a change in social interactions.

Red-backed fairywrens selected habitat with more grass cover than control sites on the study

area following fires. This finding is consistent with previous observations that individuals of

this species whose home ranges were burned moved to neighboring patches of grass after the

fires [28]. This, combined with increased social associations, indicates that red-backed fairyw-

rens were congregating in vegetation that remained intact following fire events (see also [24],

where lizards in areas with more frequent fires were geographically closer.) As such, increased

flocking while remaining in the same area shows a flexible response to fire by red-backed

fairywrens. A previous study also found that bush fires were associated with larger red-backed

Fig 3. Observed model coefficients compared to a frequency distribution of coefficients from the

same model based on randomized networks. Comparison of the coefficient value from the observed data

(solid red line) to the frequency distribution of the coefficients from the same model based on randomized data

via network permutations for a) 2013, fairywrens not affected by the fire, b) 2013, fairywrens affected by the

fire, and c) 2014, fairywrens affected by the fire. In all three cases, the coefficient from the observed data is

significantly different compared to the coefficients from randomized data. This coincides with higher weighed

degree in 2013 and 2014 networks for birds that were affected by the fire, and lower weighted degree in 2013

for birds that were not affected by the fire.

https://doi.org/10.1371/journal.pone.0183144.g003
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fairywrens groups [43], although this earlier study took place mainly post-fire in one year, did

not measure habitat associations, and did not use a social network approach to investigate

strength of social interactions.

There are several ways in which the increased sociality we observed in remaining habitat

might have short-term ecological impacts on red-backed fairywrens. On our study site, insects

are more abundant in areas with higher grass cover than burned areas [44], suggesting that

red-backed fairywrens may be congregating in areas with more vegetation because of higher

food availability relative to burned areas(see also [45,46]). Higher food abundance could either

result in increased food availability or increased competition. Additionally, flocking can facili-

tate information transfer that can improve foraging efficiency [4], if fairywrens are moving

between patches of grass based on insect abundance or availability. Another potential driver of

increased flocking in remaining grass cover could be reduced risk of predation. Occupying a

higher-density grass patch could reduce predation risk via increased access to suitable cover.

Predators are often more numerous following fires, and some avian predators specialize on

Fig 4. Pre- and post-fire grass cover in used and random plots. Red-backed fairywrens occupied areas

with more grass (relative to random plots) following a bush fire in 2014. Before the fire, when the study site

was characterized by higher grass cover overall, fairywrens chose sites that had similar grass cover to

available sites. Fire reduced grass cover in both used and random sites after the fire relative to before.

https://doi.org/10.1371/journal.pone.0183144.g004
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recently burnt areas [47]. Individuals with higher predation risk may benefit from increased

social interactions [22] via a dilution effect [48] or increased predator detection [49] arising

from higher relative densities of conspecifics, or some combination of these factors. However,

there are also potential costs associated with increased sociality including increased risk of par-

asites or disease transmission (e.g., [2]), or increased competition for limited resources, which

can lead to an increased risk of aggression [11,50]. At present, little information linking imme-

diate changes in social structure to these down-stream effects, so identifying the short-term

behavioral and ecological consequences of changes in sociality triggered disturbance therefore

represents a promising area for additional research in this and other systems.

Our study utilizes behavioral observations of red-backed fairywrens in the context of large-

scale fires as a natural experiment to characterize behavioral response to a reduction in avail-

able habitat. The finding that fire causes a reduction in grass is not surprising. However,

increased strength of social interactions in areas that were affected by fire contrasted with

decreased social interaction strength in areas that were not affected demonstrates a key linkage

between habitat disturbance and behavior. Generalizing beyond fairywrens, when non-lethal

disturbance has the effect of reducing available habitat or resources (e.g., fire; grazing [51],

deforestation [52]) and/or creating more clumped patches, we would expect that density of

individuals using remaining patches may increase in the short term (e.g., [53]). This in turn

should lead to increased social interactions within remaining patches or at high concentrations

of remaining resources, as was the case with this study.

We must also acknowledge several potential caveats associated with this study. First, our

study site has a red-backed fairywren population density that is substantially lower than that at

other sites where this species has been studied (e.g., [54,55]), thus our sample size is relatively

small and our social networks are constructed from limited numbers of observations, which

can make estimating social associations difficult [56]. Nonetheless, we consider our findings,

particularly those associated with the Before-After Control-Impact aspect of the study, to be

robust. Despite having relatively small sample sizes, the relative uncertainty should be the

same between treatments (pre- and post-fire, and control vs. impact), and weighted degree is

more robust to testing than other network metrics such as graph density. Although comparing

networks of different sizes can be problematic [57], we believe that the increase in weighted

degree in individuals is biologically meaningful (see [13]) and not simply an artifact of

increased sample size in the post-burn treatment, which is supported by the lack of an increase

in weighted degree in control birds despite similar changes in sample size. Additionally, we

collected data in the same ways across treatments, and the permutation tests that we used

should control for sample size. Improved technology allowing for more continuous tracking of

social interactions, as well as similar studies conducted at sites hosting higher densities of this

species, would allow us to determine how broadly applicable our results are. For example, it is

possible that the increase in social interactions we report would not occur in habitat that is

already saturated; conversely, it is possible that results may be even more exaggerated in a

higher density population. Also, because of limited breeding at our field site during the two

years of study, we have limited data on reproductive success of individuals in the population,

and thus are unable to assess how the changes in social structure we documented might influ-

ence individual fitness. Investigating these possible carry-over effects represents another prior-

ity for future research in this system.

A more thorough understanding of individual social behaviors and responses to environ-

mental stressors can be critical for conservation and management of social species [58], partic-

ularly because of high levels of anthropogenic environmental disturbances (e.g., forest

fragmentation [59]), coupled with climate change, which can alter habitat along a number of

different axes [60]. Our study is one of the first to examine social response to an environmental
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stressor by looking at the same population before and after an environmental disturbance that

altered available habitat. This study joins a number of studies across taxa in finding flexible

social structure that can respond to changes in habitat complexity or other ecological factors

[12,14,26]. Future work should focus on how this alteration of social structure can influence

fitness, for example by influencing sexual signals or mate choice decisions.

Supporting information

S1 Table. Red-backed fairy-wren group associations. Observations of red-backed fairywren

groups of color-banded birds in 2013 and 2014 are provided in a.csv table. Spatial period

denotes whether groups were observed pre- or post-fire, and location was used to determine if

individuals were affected by fires.

(CSV)

Acknowledgments

Thank you to Richard Luxton for access to his property, and logistical support for the duration

of the study. Michael Lawes, John Swaddle, and Michael Webster provided logistical support

and feedback. Thanks also to the NSF International Research Experience for Students (IRES)

fellows from Tulane University, College of William & Mary, and Cornell University. The

research was supported by NSF IRES awards #1131641 and 1460048, and a dissertation semes-

ter fellowship from the Department of Ecology & Evolutionary Biology at Tulane University.

The Karubian and Derryberry lab groups, Damien Farine and one anonymous reviewer pro-

vided helpful comments on earlier drafts of this manuscript.

Author Contributions

Conceptualization: Samantha M. Lantz, Jordan Karubian.

Data curation: Samantha M. Lantz.

Formal analysis: Samantha M. Lantz.

Funding acquisition: Jordan Karubian.

Investigation: Samantha M. Lantz.

Methodology: Samantha M. Lantz.

Project administration: Samantha M. Lantz.

Supervision: Jordan Karubian.

Validation: Samantha M. Lantz.

Visualization: Samantha M. Lantz.

Writing – original draft: Samantha M. Lantz.

Writing – review & editing: Samantha M. Lantz, Jordan Karubian.

References
1. Ortiz-Pelaez A, Pfeiffer DU, Soares-Magalhaes RJ, Guitian FJ. Use of social network analysis to char-

acterize the pattern of animal movements in the initial phases of the 2001 foot and mouth disease

(FMD) epidemic in the UK. Prev Vet Med. 2006; 76: 40–55. https://doi.org/10.1016/j.prevetmed.2006.

04.007 PMID: 16769142

Disturbance increases social connectivity

PLOS ONE | https://doi.org/10.1371/journal.pone.0183144 August 30, 2017 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0183144.s001
https://doi.org/10.1016/j.prevetmed.2006.04.007
https://doi.org/10.1016/j.prevetmed.2006.04.007
http://www.ncbi.nlm.nih.gov/pubmed/16769142
https://doi.org/10.1371/journal.pone.0183144


2. Fenner AL, Godfrey SS, Michael Bull C. Using social networks to deduce whether residents or dispers-

ers spread parasites in a lizard population. J Anim Ecol. 2011; 80: 835–843. https://doi.org/10.1111/j.

1365-2656.2011.01825.x PMID: 21644975

3. Goodale E, Beauchamp G, Magrath RD, Nieh JC, Ruxton GD. Interspecific information transfer influ-

ences animal community structure. Trends Ecol Evol. 2010; 25: 354–361. https://doi.org/10.1016/j.tree.

2010.01.002 PMID: 20153073

4. Aplin LM, Farine DR, Morand-Ferron J, Cockburn A, Thornton A, Sheldon BC. Experimentally induced

innovations lead to persistent culture via conformity in wild birds. Nature. Nature Publishing Group;

2015; 518: 538–541. https://doi.org/10.1038/nature13998 PMID: 25470065

5. Farine DR, Sheldon BC. Selection for territory acquisition is modulated by social network structure in a

wild songbird. J Evol Biol. 2015; 28: 547–556. https://doi.org/10.1111/jeb.12587 PMID: 25611344

6. Krause J, James R, Croft DP. Personality in the context of social networks. Philos Trans R Soc Lond B

Biol Sci. 2010; 365: 4099–4106. https://doi.org/10.1098/rstb.2010.0216 PMID: 21078661

7. Andersson M. Sexual selection. Princeton, New Jersey: Princeton University Press; 1994.

8. Emlen ST, Oring LW. Ecology, sexual selection, and the evolution of mating systems. Science (80-).

1977; 197: 215–223.

9. Pinter-Wollman N, Hobson E a., Smith JE, Edelman AJ, Shizuka D, De Silva S, et al. The dynamics of

animal social networks: Analytical, conceptual, and theoretical advances. Behav Ecol. 2013; 25:

242–255. https://doi.org/10.1093/beheco/art047

10. Edenbrow M, Darden SK, Ramnarine IW, Evans JP, James R, Croft DP. Environmental effects on

social interaction networks and male reproductive behaviour in guppies, Poecilia reticulata. Anim

Behav. Elsevier Ltd; 2011; 81: 551–558. https://doi.org/10.1016/j.anbehav.2010.11.026

11. Lattanzio MS, Miles DB. Ecological divergence among colour morphs mediated by changes in spatial

network structure associated with disturbance. J Anim Ecol. 2014; 83: 1490–1500. https://doi.org/10.

1111/1365-2656.12252 PMID: 24889087

12. Leu ST, Farine DR, Wey TW, Sih A, Bull CM. Environment modulates population social structure:

experimental evidence from replicated social networks of wild lizards. Anim Behav. Elsevier Ltd; 2016;

111: 23–31. https://doi.org/10.1016/j.anbehav.2015.10.001

13. Farine DR, Whitehead H. Constructing, conducting and interpreting animal social network analysis. J

Anim Ecol. 2015; 84: 1144–63. https://doi.org/10.1111/1365-2656.12418 PMID: 26172345

14. Firth JA, Sheldon BC. Experimental manipulation of avian social structure reveals segregation is carried

over across contexts. Proc R Soc B Biol Sci. 2015; 282: 20142350.

15. Chaverri G, Kunz TH. Ecological determinants of social systems. Perspectives on the functional role of

roosting ecology in the social behavior of tent-roosting bats. Advances in the Study of Behavior. 2010.

https://doi.org/10.1016/S0065-3454(10)42009-4

16. Stanley CR, Dunbar RIM. Consistent social structure and optimal clique size revealed by social network

analysis of feral goats, Capra hircus. Anim Behav. Elsevier Ltd; 2013; 85: 771–779. https://doi.org/10.

1016/j.anbehav.2013.01.020

17. Orpwood JE, Magurran AE, Armstrong JD, Griffiths SW. Minnows and the selfish herd: effects of preda-

tion risk on shoaling behaviour are dependent on habitat complexity. Anim Behav. 2008; 76: 143–152.

https://doi.org/10.1016/j.anbehav.2008.01.016

18. Webster MM, Atton N, Hoppitt WJE, Laland KN. Environmental complexity influences association net-

work structure and network-based diffusion of foraging information in fish shoals. Am Nat. 2013; 181:

235–44. https://doi.org/10.1086/668825 PMID: 23348777
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