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Abstract

Emerging infectious diseases can generate persistent and locally heterogeneous patterns of risk across
animal populations, yet how animal social behaviour varies under these conditions remains poorly
understood. When pathogens persist in the environment, individuals may need to respond to disease
conditions at fine spatial and temporal scales rather than rely on fixed social strategies. Here, we
examine how individual disease status and local conditions relate to social behaviour in a free-ranging
population of eastern water dragons (Intellagama lesueurii) affected by the fungal pathogen
Nannizziopsis barbatae (Nb). Using 16,855 sightings of 201 individually identified lizards collected
between 2018 and 2023, we quantified gregariousness at each observation and tested how it varied
with local conspecific abundance, local disease composition, and individual disease status.
Gregariousness increased strongly with local conspecific abundance and varied with local disease
composition according to individual disease status. Among diseased individuals, gregariousness
decreased with increasing local disease composition, whereas healthy individuals showed no clear
relationship across the same gradient. Together, these findings suggest that social behaviour under
persistent fungal disease pressure varies with fine-scale local conditions and individual disease status,

highlighting the context-dependent nature of social behaviour in wildlife disease systems.

Introduction

Infectious diseases are widespread in the environments in which animals live and evolve [1, 2]. This
is particularly evident for emerging infectious fungal diseases, as many fungal pathogens can persist

in the environment independently of their hosts [3]. As a result, infection risk can be persistent rather
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than limited to discrete transmission events, posing increasing threats to biodiversity, particularly
among amphibians, bats, and reptiles [4-10]. The environmental persistence and dispersal of fungal
propagules, including spores, can contribute to spatially heterogeneous pathogen distributions shaped
by environmental conditions and pathogen-specific traits [4, 9]. Consequently, animals may
experience sustained and locally variable infection risk [11]. While disease exposure can elicit
behavioural responses, local variation in disease risk may shape how such responses are expressed

across an individual’s immediate environment [8, 12].

Social behaviour is highly plastic, with individuals adjusting their interactions in response to internal
conditions and environmental cues [13-15]. Although sociality provides benefits such as information
sharing and reduced predation risk [16, 17], it can also increase exposure to pathogens [18].
Behavioural plasticity may therefore play an important role in mediating disease transmission, but the
nature of these responses likely depends on the mode of transmission [19]. For directly transmitted
pathogens, individuals may reduce infection risk by avoiding close contact with infected conspecifics,
whereas for indirectly transmitted pathogens, behavioural responses may also involve avoidance of
contaminated environments [20, 21]. This trade-off between social benefits and infection risk is
inherently context-dependent [22]. Despite its ecological importance, context-dependent behavioural
responses under persistent disease pressure remain poorly understood, particularly in wild populations

affected by fungal infections [23].

Behavioural responses to disease are often considered in the context of sickness behaviour, including
reduced activity, lethargy, or social withdrawal in diseased individuals [24, 25]. However, behavioural
adjustment is not restricted to diseased animals; healthy individuals may also modify their social
behaviour in environments with elevated disease risk to reduce the likelihood of infection [1, 20, 26].
Such responses may be particularly important when disease conditions vary through time and space
[11]. Studies based on broad comparisons between infected and uninfected individuals may therefore

provide limited insight into how behavioural responses are shaped by local variation in disease risk.
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Large-scale studies of sociality and disease have revealed general patterns across wildlife systems,
including density- and disease-context-dependent behavioural variation in eastern water dragons and
other species [27, 28]. However, these approaches often characterise broader patterns of social
organisation and may overlook short-term behavioural responses to immediate environmental
conditions. In systems with spatially heterogeneous disease risk, social behaviour may vary with local
density and features of the social environment that influence exposure risk [29, 30]. For example, in
domestic lambs, infected individuals reduced their contact frequency following infection, while non-
infected lambs maintained their interactions with infected conspecifics, showing that behavioural
responses depended on the infection status of conspecifics within the group [31]. Examining behaviour
at this fine scale is therefore important for understanding how animals balance the costs and benefits

of sociality under persistent disease pressure.

Here, we address this gap using long-term behavioural data from a free-ranging population of eastern
water dragons inhabiting Roma Street Parklands in Brisbane, Australia. This population has been
monitored since 2010, providing a rare opportunity to examine individual behaviour in a spatially
structured wild population [13, 14, 32-34]. Since 2013, the population has experienced a sustained
outbreak of Nannizziopsis barbatae (Nb), a fungal pathogen that causes both sublethal and lethal
effects [6-8, 12]. Transmission is primarily indirect, with the pathogen persisting in the environment
[8], although individuals may avoid severely diseased conspecifics [12] and show density-dependent
behavioural patterns associated with variation in their broad-scale social environment [27]. However,
because the pathogen persists in the environment, it remains difficult to determine how individuals

adjust their social behaviour in relation to fine-scale variation in local disease composition.

We hypothesise that eastern water dragon gregariousness does not vary solely with the presence of
visibly diseased individuals, but also with variation in the number of diseased conspecifics in the social
environment, which we refer to as local disease composition. Specifically, we predict that variation in

gregariousness associated with disease status is strongest in areas with more diseased conspecifics,
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where individuals must balance the benefits of social aggregation against the risk of infection.
Accordingly, we ask (i) whether gregariousness varies with local crowding and local disease
composition, and (ii) whether responses to local disease composition differ according to focal
individual disease status. By analysing behaviour at the level of individual sightings, we quantify

repeated behavioural variation across varying local conditions.

Methods

Study population

The study focused on a population of eastern water dragons inhabiting Roma Street Parklands in
Brisbane, Australia (27°27'46'S, 153°1'11'E), with an estimated population size of 336 individuals [34-
36]. The 16-hectare park features a mosaic of vegetation patches and water sources, bordered by roads
and urban infrastructure [37]. Data were collected between September 2018 and April 2023,
encompassing the period during which the population was actively monitored for disease status.
Surveys were conducted during peak activity seasons, when individuals were most likely to be detected
[32, 35, 36, 38, 39]. Dragons, especially males, commonly engage in agonistic encounters and show
both overlapping space use and strong fidelity to specific sites [36, 40, 41]. Individuals in this
population are highly habituated to human presence [34], allowing behavioural observations to be
conducted at relatively close range. Observers approached individuals slowly before recording

behavioural observations and measurements.

Data collection

During the study period, behavioural surveys were conducted three days per week from September to
April each year [13, 34]. The survey transects covered approximately 85% of the known population
[35]. Surveys were conducted between 07:30 and 10:30 in the morning and 1:00 and 4:00 p.m. A
GARMIN eTrex10 handheld GPS device was used to record individual locations for subsequent

behavioural analysis [37, 38]. Following established protocols, left and/or right facial profile
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photographs were taken using a Canon EOS 600 digital camera. Individuals were identified using 13S
Manta software based on their unique head scale patterns and colouration, with manual validation to

ensure identification accuracy [35, 42].

Because social behaviour differs between juveniles and adults of eastern water dragons, only adult
individuals were included in this study [33]. Individuals were classified as adults based on a
combination of morphological characteristics, including the length and shape of head-crest spikes,
colouration patterns between the eye and ear, eye size, and presence of scars or missing spikes on the
head crest [12]. We additionally classified individuals with a snout—vent length (SVL) > 150 mm as
adults, following the operational classification used by Becker, Albery [8]. Sex was determined from
sexual dichromatism and secondary sexual characteristics, including body size, head morphology and

ventral colouration [35, 36].

Disease status determination

Most individuals were captured up to twice per year for disease monitoring between 2018 and 2023,
during March—April and September—October, using a handheld lasso in Roma Street Parklands [38,
43]. Individuals were visually inspected for signs of Nb infection, with suspected cases identified by

the presence of yellowish-brown crusted skin lesions [6-8, 12].

All captured individuals were skin swabbed using sterile saline-moistened swabs, which were applied
for up to 30 seconds to both lesioned and non-lesioned skin. Samples were analysed using quantitative
PCR (qPCR) targeting Nb DNA [44]. DNA was extracted from skin swabs using DNeasy Plant Pro
kits (Qiagen, Hilden, Germany). The presence of Nb was assessed using a species-specific qPCR assay
following Powell, Schwessinger [44]. Reactions were performed using primers 5’-
TGATCATGTTTAGTCTCTGAAGGT-3’ (forward) and 5’-AGGCTAAGCTGATTTGGTCTC-3’
(reverse), along with a fluorescent probe. Each reaction contained 10 pl of 2 x GoTaq Enviro Mix

(Promega), 0.4 uM of each primer, 0.1 uM probe, and 2 pl of template DNA, brought to a total volume
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of 20 pul with molecular-grade water. All gPCR reactions were run in duplicate, and positive and non-
template controls were included in all runs under the following thermocycling conditions: an initial
denaturation at 95 °C for 5 min, followed by 40 cycles of 95 °C for 20 s and 63 °C for 30 s. Samples
were considered positive when amplification crossed the cycle threshold (Ct) in at least one of the two
replicates, as determined using CFX96 Manager software (Bio-Rad Laboratories, Hercules, CA,

USA).

Disease status was evaluated using a combination of visual inspection during captures and molecular
diagnostics. Diseased individuals were defined as those with both a positive qPCR result and visible
signs of Nb infection, such as skin lesions or discolouration. Healthy individuals showed no visible
lesions and tested negative for Nb by qPCR [7, 12]. Individuals that tested positive for Nb but showed
no visible clinical signs were classified as asymptomatic. The biological significance of this state
remains uncertain, and may, among other possibilities, reflect infections that have not yet progressed
to clinically apparent disease [45]. Consequently, these individuals could not be reliably categorised
as either healthy or diseased for behavioural comparisons. Previous work in this population considered
capture-based disease status to reflect behavioural observations collected around capture events
because clinical Nb disease progresses slowly and there is limited evidence that associated lesions heal
[12]. Nevertheless, because disease monitoring was conducted twice per year, the precise timing of

changes in disease status between capture events could not be determined [8].

Asymptomatic individuals were relatively rare (n = 75; ~12%) and were excluded from subsequent
analyses. Their limited representation and uncertain biological status constrained reliable estimation
of their behavioural patterns and increased the risk of misclassification if grouped with either healthy
or diseased individuals. However, as a sensitivity analysis to assess the robustness of our main finding,
we ran an additional model that included focal asymptomatic individuals (see Statistical Analyses and

Results).
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Data preparation

The full dataset consisted of approximately 86,131 observations. Restricting the dataset to adult
individuals, following the SVL and morphological criteria described in the Data Collection section,
and to the focal study period (2018-2023) reduced it to 26,631 observations. At this stage, observations
from 75 unique individuals (~12% of individuals) were excluded from further data preparation and the
primary analysis but were retained in the sensitivity analysis (Table S4). Social associations were
subsequently calculated, resulting in 24,060 records. To ensure reliable estimation of individual social
behaviour and social environment, only observations from field seasons in which an individual had at

least 30 sightings were retained, yielding a final analytical dataset of 16,855 sightings.

Gregariousness estimation

Gregariousness was estimated following established approach in this system, in which social
associations are defined based on non-aggressive spatial proximity between individuals [13, 33, 34,
36, 46]. Specifically, two individuals were considered socially associated if they were within 1.85 m
of each other, approximately equivalent to two adult dragon body lengths [39, 43]. For each focal
sighting, gregariousness was coded as 1 if the individual formed at least one social association (i.e.
had at least one non-aggressive conspecific within 1.85 m during the same survey), and 0 if no such
associations were detected. This definition links pairwise proximity-based associations to a sighting-
level measure of sociality. The 1.85 m distance threshold was quantitatively derived and identified as
a reliable and biologically meaningful measure [36]. Despite its inherent limitations, spatial proximity

is commonly used as a proxy for social interaction in animal social systems [47].

Social environment metrics

To address our key research questions, we first quantified each individual’s local social environment
using the individual-centred social environment (ICSE) framework. We then used the individual-

specific ICSE distance to derive two measures of the local social environment: (i) local conspecific
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abundance, and (ii) local disease composition. Together, these metrics allowed us to assess how social
behaviour varied with fine-scale variation in social crowding and disease composition. Because local
conspecific abundance and local disease composition were quantified within the ICSE distance, this
measurement was also included as a covariate in subsequent models to account for differences in the

spatial extent of the local social environment among individuals.

To quantify each individual’s local social environment, we followed the individual-centred social
environment (ICSE) framework described by Strickland and Frére [14]. This approach uses an
individual-specific spatial scale derived from the focal individual’s core home range to quantify the
social environment experienced at each sighting. For each individual and field season, ICSE was
calculated from the geometry of its season-specific core home range (50% utilisation distribution),
estimated using kernel density estimation with a fixed bandwidth (h = 7) implemented in the
adehabitatHR package [35, 48]. ICSE was defined as the minimum distance between the centroid of
the core home range and its boundary. Only individual-season combinations with at least 30 sightings

were retained to ensure reliable kernel estimates [49].

Following Strickland and Fréere [14], this individual-specific ICSE distance was then used to quantify
each individual’s local social environment at each sighting. For each observation, all conspecifics
present during the same survey occasion were identified, and distances from the focal individual to
each conspecific were calculated. Conspecifics located within a distance < ICSE were considered part
of the focal individual’s local social environment. From this, two variables were derived: local
conspecific abundance (Local Num_Total), defined as the number of conspecifics within the ICSE,
and local disease composition (Local Num_Diseased), defined as the number of diseased conspecifics
among them. Because this metric quantifies the number of diseased conspecifics within the focal
individual’s local environment, it represents local disease composition rather than a direct measure of

environmental pathogen load or infection risk.

We quantified local disease composition as the absolute number of diseased individuals rather than
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disease prevalence because our objective was to characterise the local abundance of diseased
conspecifics while simultaneously controlling for the total number of conspecifics present within the
focal individual’s local environment. Consequently, when Local Num_Total is included in the model,
the effect of Local Num_ Diseased represents variation in the number of diseased neighbours while
holding total local conspecific abundance constant; it describes variation in disease composition

conditional on overall local abundance.

Because our primary aim was to test whether the relationship between local disease composition and
gregariousness differed according to an individual’s disease status, we modelled the interaction
between disease status and Local Num_Diseased. In contrast, Local Num_Total was included as a
covariate to account for variation in overall local conspecific abundance rather than to test for
differences in density-dependent relationships. Local Num Total and Local Num Diseased were
strongly positively correlated (Pearson’s r = 0.85), as expected because diseased individuals form a
subset of the total local conspecific count. Both predictors were retained in the primary model because
they address distinct biological components of the local environment, with Local Num Total
accounting for overall conspecific abundance, whereas Local Num_Diseased quantified variation in

local disease composition conditional on that abundance.

Statistical analysis

We used a Bayesian multilevel Bernoulli regression model implemented in the brms package [50] in
R [51]. We tested whether gregariousness varied with individual disease status, local conspecific
abundance (Local Num_Total), and local disease composition (Local Num_Diseased), and whether
the relationship between local disease composition and gregariousness differed between diseased and
healthy individuals. Gregariousness was modelled as a binary response (0/1), with analyses conducted
at the level of individual sightings to quantify fine-scale variation in gregariousness across local

conditions.
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Fixed effects included focal disease status (diseased vs. healthy), local disease composition
(Local Num_Diseased), their interaction, local conspecific abundance (Local Num Total), ICSE
distance, SEASON (breeding vs. non-breeding), and sex (male vs. female). Random effects included
individual identity (ID), sighting date and time (datetime), field season (FIELD SEAS), and Location,
a categorical variable representing five distinct spatial areas within the park: Spectacle Gardens (Spec),
Lake, Baobabs (BBabs), Arid, and Playground (Pground), to account for repeated observations and
spatiotemporal non-independence. All continuous predictors were z-standardised (mean = 0, SD = 1)
prior to analysis. Models were fitted using four Markov chains with 5,000 iterations each, including
2,000 warm-up iterations. Sampling was performed with adapt delta = 0.99 and max_treedepth = 15
to improve sampler stability. No custom priors were specified, and models were fitted using the default

priors implemented in brms.

To assess whether the estimated relationships between local disease composition and gregariousness
were sensitive to the strong correlation between Local Num_Total and Local Num Diseased
(Pearson’s r = 0.85), we refitted the primary model excluding Local Num_Total. This sensitivity
model allowed us to determine whether the relationship between Local Num Diseased and
gregariousness, including its interaction with focal disease status, was robust to the inclusion of overall
local conspecific abundance. All other fixed and random effects were retained unchanged (Table S3).
In a separate sensitivity analysis, we included asymptomatic individuals as an additional focal disease
status category to assess whether the interaction between local disease composition and focal disease

status was robust to their inclusion (Table S4).
Model performance

Collinearity diagnostics indicated no evidence of severe multicollinearity (maximum VIF = 3.09;
Table S1), consistent with values reported in similar multivariable ecological studies [52-54]. Model
convergence was assessed using trace plots (Figure S1), R-hat values, and effective sample sizes

(ESS), with R-hat values < 1.01 and both bulk and tail ESS values exceeding 1000 for all parameters.
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Posterior predictive checks were used to evaluate model fit (Figure S2), and PSIS-LOO cross-
validation diagnostics were used to evaluate predictive performance and potentially influential

observations (Figure S3).

Ethical notes

Data collection adhered to animal ethics guidelines and received approval from the Animal Ethics
Committee of the University of the Sunshine Coast (ANS1858 and ANA20161) at The University of
Queensland (2022/AE000453). Research was conducted under Queensland Parks and Wildlife Service

(QPWS) permit P-PTUKI-100129158.

Results

Summary statistics

The final analytical dataset comprised 16,855 focal sightings from 201 individually identified dragons
observed between 2018 and 2023. Descriptive statistics for behavioural surveys, field seasons, disease
status, sex, gregariousness, local conspecific abundance, local disease composition, and ICSE are

provided in Table 1.

Table 1. Summary statistics for the gregariousness analysis. Descriptive statistics for focal
sightings, behavioural records, field seasons, disease status, sex, gregariousness, local conspecific
abundance, local disease composition, and individual-centred social environment (ICSE). All values

are presented as mean + SD, unless otherwise indicated
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Variable Value
Focal sightings 16,855
Behavioural surveys 523
Field seasons 5
Unique individuals 201
Males 86
Females 115
Healthy individuals 101 (50.2%)
Diseased individuals 100 (49.8%)
Gregarious focal sightings 3,716 (22%)
Local conspecific count, mean + SD (range) 1.85 + 3.1 (range: 0-23)
Local diseased count, mean + SD (range) 0.74 £ 1.44 (range: 0-10)
ICSE (m), mean = SD (range) 9.33 +£2.97 (range: 0-50.56)

Disease effects on gregariousness

The Bernoulli model indicated that gregariousness varied with local conspecific abundance and local
disease composition according to focal disease status (Table 2; Figure 1). Local conspecific abundance
was strongly positively associated with gregariousness overall (posterior mean = 2.30, 95% Crl =
[2.17, 2.44]). In contrast, focal disease status as a main predictor showed no clear association with
gregariousness, and among healthy individuals there was no clear relationship between local disease

composition and gregariousness (posterior mean = 0.10, 95% CrI = [-0.02, 0.23]).



276  Table 2. Posterior estimates from a Bayesian multilevel Bernoulli regression model testing
277  whether the relationship between local disease composition and gregariousness differed
278  according to focal disease status, while accounting for local conspecific abundance, individual-
279  centred social environment (ICSE), season, and sex. Estimates are presented as posterior means,
280 posterior standard deviations (SD), and 95% credible intervals (Crl). Random-effect standard

281  deviations are reported for datetime, field season, individual identity (ID), and location

Parameter Posterior mean PosteriorSD  95% Crl

Fixed effects

Intercept -1.566 0.227 [-2.003, -1.129]
Disease status (Diseased) 0.021 0.076 [-0.128,0.172]
Local diseased count 0.102 0.065 [-0.024, 0.231]
ICSE -0.47 0.039 [-0.546, -0.395]
Local conspecific count 2.303 0.067 [2.172, 2.436]
Season (non-breeding) -0.021 0.076 [-0.174,0.126]
Sex (Male) -0.146 0.088 [-0.325,0.027]
Disease status (Diseased) x Local diseased count -0.226 0.073 [-0.371, -0.085]

Random effects (SD)

Datetime 0.537 0.039 [0.462, 0.615]
Field season 0.334 0.246 [0.082, 0.965]
Individual identity (ID) 0.453 0.041 [0.377,0.538]
Location 0.18 0.153 [0.009, 0.537]

282
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A clear interaction between disease status and local disease composition indicated that the relationship
between local disease composition and gregariousness differed according to disease status (posterior
mean = -0.23, 95% Crl =[-0.37, -0.09]). Among diseased individuals, gregariousness decreased with
increasing local disease composition (posterior mean slope = -0.12, 95% Crl = [-0.23, -0.02]). The
negative interaction indicated that the relationship between local disease composition and

gregariousness was more negative for diseased individuals than for healthy individuals (Figure 1).

Focal disease status == Healthy == Diseased

0.51

0.3 /

(Healthy: B = 0.10 [-0.02, 0.23]]

0.2 1

(Diseased: B = -0.12 [-0.23, -0.02]

0.1

Predicted probability of gregariousness

0.0 2.5 5.0 7.5 10.0
Number of diseased conspecifics

Figure 1. Predicted relationship between local disease composition and gregariousness according
to individual disease status in eastern water dragons. Lines show posterior mean predictions from
a Bayesian multilevel Bernoulli regression model across the observed range of local disease
composition (number of diseased conspecifics) for healthy (blue) and diseased (orange) individuals.
Shaded areas represent 95% credible intervals. Predicted gregariousness decreased with increasing
local disease composition among diseased individuals, whereas healthy individuals showed no clear

relationship. Annotations show the disease-status-specific simple slopes (B) and their 95% credible
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intervals, indicating the direction and magnitude of the relationship between local disease composition
and gregariousness for each disease-status group. Slope estimates are on the log-odds scale and

represent the change associated with a one-standard-deviation increase in local disease composition

The disease status x local disease composition interaction was also supported in the sensitivity model
excluding local conspecific abundance (posterior mean = -0.32, 95% Crl = [-0.45, -0.18]; Table S3),
retaining the same direction and inferential outcome as the primary analysis. The sensitivity model
including asymptomatic individuals produced an interaction similar in direction and magnitude to that
of the primary model (posterior mean = -0.27, 95% Crl =[-0.42, -0.13]; Table S4). There was no clear
evidence that the relationship between local disease composition and gregariousness differed for
asymptomatic individuals. Thus, the disease status % local disease composition interaction remained

supported when asymptomatic individuals were included.

Discussion

Our findings indicate that social behaviour in eastern water dragons varies with local social conditions
and with the interaction between individual disease status and local disease composition.
Gregariousness varied with the immediate social and disease conditions experienced by individuals,
highlighting fine-scale behavioural variation across the population. These patterns suggest that social
behaviour is associated with locally experienced disease composition rather than uniform population-
level conditions, consistent with a spatially heterogeneous landscape of infection risk [2]. Such
context-dependent behavioural variation may be particularly important in systems with persistent,
environmentally transmitted pathogens, where infection risk cannot be mitigated solely by avoiding

infected individuals [8, 9].

Among diseased individuals, gregariousness decreased as local disease composition increased,
indicating that the relationship between local disease composition and gregariousness differed

according to disease status. This pattern is consistent with sickness-associated behavioural changes,
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such as reduced activity or social motivation, which may reduce social connectivity or the propensity
to associate with nearby conspecifics [24, 25]. Similar infection-related reductions in sociality have
been documented across taxa, where physiological constraints or sickness responses can alter
behaviour and may indirectly reduce transmission [1, 55, 56]. In this system, more severely diseased
individuals were avoided by conspecifics regardless of their own disease status, supporting the broader

interpretation that clinical disease expression may modulate social behaviour in dragons [12].

In contrast, healthy individuals showed no clear relationship between local disease composition and
gregariousness. More broadly, this is consistent with previous findings that social behaviour in this
species varies strongly with local social density [14], as well as evidence that density is an important
driver of social and spatial connectivity across animal populations [28]. One possibility is that the
absence of a clear relationship among healthy individuals reflects continued reliance on social
information, benefits associated with aggregation, or variation in the availability and detectability of
infection cues in conspecifics [20, 22, 57]. Similar patterns have been observed in other systems, where
social organisation persists despite infection risk and can itself modulate pathogen transmission,

sometimes limiting disease spread among social groups [58, 59].

One alternative explanation is that disease-associated variation in gregariousness among diseased
individuals contributes to passive restructuring of the local social environment. Withdrawal by
diseased individuals may reduce local connectivity and alter patterns of social interaction, thereby
changing the social environment experienced by other individuals [24]. More broadly, such changes
may form part of reciprocal feedback between host behaviour, social organisation, and parasite
dynamics [58, 60]. As a result, the extent to which observed social behaviour reflects passive social
restructuring, active behavioural responses, or a combination of both cannot be determined from the
current data. Disentangling active behavioural responses from passive social reorganisation will
require explicit data on group composition, movement dynamics, and interaction networks [28, 30,

61].
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An alternative, but not mutually exclusive, mechanism involves socially mediated avoidance. In other
vertebrates, cues associated with infection or sickness can elicit avoidance by healthy individuals,
reducing contact with infected conspecifics even in the absence of active withdrawal by diseased
individuals [1, 62]. Such forms of behavioural immunity have been documented across taxa and may
plausibly occur in social reptiles such as eastern water dragons. Supporting this possibility, previous
work in this population found severity-dependent avoidance of diseased conspecifics [12], consistent
with severity-dependent avoidance in response to visible disease cues [20]. These socially mediated
processes could therefore contribute to the observed relationship between disease status, local disease
composition and gregariousness. Such patterns may arise through avoidance or reduced interaction

rather than through withdrawal alone.

Together, these findings support the view that animal social behaviour varies with disease status and
local disease composition. More broadly, such context-dependent behavioural variation is consistent
with evidence for behavioural plasticity in wild animals [15]. Our study provides empirical evidence
of disease-status-dependent variation in social behaviour associated with local disease composition in
a free-ranging population experiencing sustained pathogen exposure. Although the costs and benefits
of sociality are widely recognised as context-dependent [18, 63, 64], our findings extend this
framework to a wild population experiencing sustained fungal disease pressure, a context in which

behavioural responses remain comparatively poorly understood [23].

Asymptomatic individuals included in the sensitivity analysis did not show a clearly distinct pattern in
relation to local disease composition, consistent with previous findings in this study system [27]. That
work similarly showed no clear behavioural effect of asymptomatic status at the broader spatial scale,
suggesting that healthy and asymptomatic individuals may show similar behavioural patterns under
some conditions. However, subclinical infection can produce measurable behavioural changes in other
systems [45]. Without implying clear directionality or causality, this pattern suggests that variation in

social behaviour may be associated with disease status and, particularly, with the expression of clinical
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disease.

There are two limitations to consider in this study. First, measures of gregariousness quantify patterns
of proximity rather than moment-to-moment dynamics of social interaction, making it difficult to
disentangle disease-related constraints, such as reduced activity or mobility, from active behavioural
responses, such as social avoidance. Second, collinearity between predictors can affect the
interpretation and precision of individual fixed-effects estimates [65, 66]. However, variance inflation
factors remained moderate (maximum VIF = 3.09), and the sensitivity model excluding
Local Num_Total retained the disease status x local disease composition interaction, with the same
direction and inferential outcome as the primary analysis (Table S3). These predictors should therefore

be interpreted as biologically linked rather than as fully independent ecological effects.

Such context-dependent variation in social behaviour has the potential to influence both individual
fitness and pathogen transmission dynamics [18, 60], particularly in systems dominated by indirect
environmental transmission, where infection risk may not be fully reduced through social avoidance
alone [8, 21]. Future work integrating movement data, spatial overlap, pathogen load, and detailed
behavioural observations will be important for understanding how fine-scale social behaviour varies
under changing infection conditions. Such integrative approaches are particularly important in reptiles
and other ectothermic vertebrates, where behavioural responses to infection remain comparatively
poorly characterised in field settings [67]. Overall, our findings highlight that social behaviour under
persistent disease pressure is context-dependent, with individual disease status and fine-scale local

disease composition jointly contributing to variation in gregariousness.
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592  Table S1: Collinearity diagnostic (variance inflation factors) for the primary model fitted to the 30-
593  sightings analytical dataset. Multicollinearity among fixed effects was evaluated using the VIF, with
594  associated 95% confidence intervals. All predictors showed low VIF values, indicating that collinearity
595  was unlikely to influence model inference.

596
Parameter VIF Increased SE Tolerance
Disease status 3.087 1.757 0.324
Local diseased count 1.114 1.055 0.898
ICSE 1.731 1.316 0.578
Local conspecific count 1.01 1.005 0.99
Season 1.018 1.009 0.982
Sex 2.495 1.58 0.401

597

598
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600

601 Figure S1: Stan trace plots. Convergence of Markov chain Monte Carlo sampling was assessed using trace plots
602  and the Gelman-Rubin statistic (R). Visual inspection of trace plots indicated good mixing and stationarity
603  across chains, indicating satisfactory convergence.

604
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606  Figure S2: Posterior predictive check for the primary gregariousness model. The distribution represents
607  the mean proportion of gregarious sightings across posterior predictive datasets, while the vertical line
608 indicates the observed proportion.
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Figure S3: PSIS-LOO cross-validation diagnostics for the primary gregariousness model. Pareto-k

values were below 0.5 for all observations, indicating reliable importance-sampling estimates and no
problematic influential observations.



615  Table S2: Full Bayesian model output for the primary Bernoulli mixed-effects model examining
616  gregariousness in eastern water dragons. The model was fitted to the 30-sighting analytical dataset.
617  Estimates are presented as posterior means, posterior standard deviations (SD), and 95% credible
618 intervals (Crl). Random-effect standard deviations are reported for datetime, field season, individual
619 identity (ID), and location

Parameter Posterior mean  Posterior SD  Lower 95% Crl  Upper 95% Crl
Fixed effects

Intercept -1.566 0.227 -2.003 -1.129
Disease status (Diseased) 0.021 0.076 -0.128 0.172
Local diseased count 0.102 0.065 -0.024 0.231
ICSE -0.47 0.039 -0.546 -0.395
Local conspecific count 2.303 0.067 2.172 2.436
Season (non-breeding) -0.021 0.076 -0.174 0.126
Sex (Male) -0.146 0.088 -0.325 0.027
Disease status (Diseased) x Local

diseased count -0.226 0.073 -0.371 -0.085
Random effects (SD)

Datetime 0.537 0.039 0.462 0.615
Field season 0.334 0.246 0.082 0.965
Individual identity (ID) 0.453 0.041 0.377 0.538
Location 0.18 0.153 0.009 0.537

620

621
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628

Table S3. Sensitivity analysis excluding Local Num_Total from the primary Bernoulli mixed-effects
model of gregariousness. The model was fitted to the same 30-sighting analytical dataset as the primary
model, with all other fixed and random effects retained unchanged. Estimates are presented as posterior
means, posterior standard deviations (SD), and 95% credible intervals (Crl). Random-effect standard
deviations are reported for datetime, field season, individual identity (ID), and location

Parameter Posterior mean  Posterior SD  Lower 95% Crl  Upper 95% Crl
Fixed effects

Intercept -1.691 0.475 -2.626 -0.699
Disease status (Diseased) -0.035 0.085 -0.201 0.132
Local diseased count 1.283 0.056 1.175 1.394
ICSE -0.199 0.044 -0.287 -0.114
Season (non-breeding) -0.225 0.082 -0.384 -0.063
Sex (Male) -0.167 0.121 -0.407 0.073
Disease status (Diseased) x Local

diseased count -0.32 0.07 -0.455 -0.183
Random effects (SD)

Datetime 0.617 0.04 0.541 0.698
Field season 0.711 0.403 0.277 1.761
Individual identity (ID) 0.697 0.053 0.599 0.808
Location 0.612 0.299 0.275 1.376
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Table S4. Full Bayesian model output for the asymptomatic sensitivity analysis including healthy,
asymptomatic, and symptomatic/diseased disease-status categories. The model was fitted using the
same 30-sighting individual-season threshold as the primary analysis. Estimates are presented as
posterior means, posterior standard deviations (SD), and 95% credible intervals (Crl). Random-effect

standard deviations are reported for datetime, field season, individual identity (ID), and location

Parameter Posterior mean  Posterior SD  Lower 95% Crl  Upper 95% Crl
Fixed effects

Intercept -1.147 0.287 -1.707 -0.561
Disease status (Asymptomatic) -0.171 0.099 -0.366 0.022
Disease status

(Symptomatic/Diseased) 0.011 0.071 -0.127 0.152
Local diseased count 0.287 0.064 0.163 0.411
ICSE -0.359 0.033 -0.424 -0.295
Local conspecific count 2.294 0.06 2.176 2.41
Season (non-breeding) -0.137 0.066 -0.266 -0.006
Sex (Male) -0.068 0.08 -0.227 0.089
Disease status (Asymptomatic) x

Local diseased count -0.058 0.109 -0.269 0.158

Disease status
(Symptomatic/Diseased) x Local

diseased count -0.271 0.074 -0.418 -0.128
Random effects (SD)

Datetime 0.48 0.035 0.414 0.55
Field season 0.482 0.286 0.171 1.22
Individual identity (ID) 0.424 0.035 0.358 0.497
Location 0.267 0.171 0.06 0.69




