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ABSTRACT: Protected areas are a cornerstone of conservation, yet are often embedded
within densely populated human landscapes. As a result, wildlife within their borders remains
vulnerable to anthropogenic disturbance, in addition to density-dependent challenges due to
population crowding. Both processes can elevate physiological stress, with potential
consequences for individual health, fitness, and survival, as well as population persistence.
Endangered mountain gorillas (Gorilla beringei beringei) in Volcanoes National Park,
Rwanda, exemplify these pressures. They are at risk of entrapment in snares set by proximal
human communities hunting other species for subsistence, and are experiencing more
frequent intergroup encounters as their population grows within a confined habitat. Using
non-invasive monitoring of faecal glucocorticoid metabolites (fGCMs), we investigated how
snare and intergroup encounters influence stress physiology in mountain gorillas. Between
2022-2024, we collected 2,059 faecal samples from adult individuals across eight social
groups and quantified f{GCM concentrations using cortisol enzyme-linked immunosorbent
assays. We then applied generalised linear mixed models to compare f{GCM concentrations
following encounters to baseline values. We found that intergroup encounters were associated
with greater f{GCMs among each adult age-sex class. Specifically, silverbacks exhibited a
baseline f{GCM concentration of 4.71 + 2.41ng/g, which increased to 7.22 + 4.07ng/g
following IGEs (x*=35.98, df=1, p<0.001). Adult females had slightly higher baseline
concentrations, at 4.85 = 2.38ng/g, which similarly increased to 7.34 + 4.58ng/g (x°=50.18,
df=1, p<0.001), and although blackback fGCMs rose from the baseline of 4.51 + 2.20ng/g to
6.44 + 4.59ng/g following encounters, this effect was weaker and only approached statistical
significance (y>=3.35, df=1, p=0.07). Conversely, snare encounters were only associated with
elevated f{GCM concentrations among silverbacks, increasing from the baseline concentration
of 5.43 +2.70ng/g to 7.02 + 3.22ng/g post-event (x*=11.81, df=1, p<0.001). Although
blackback fGCMs also increased in response to snare encounters, from 5.21 £ 2.57ng/g to
7.90 + 4.33ng/g, we did not detect a significant change (y’>=0.41, df=1, p=0.52). Finally, adult
female f{GCMs were slightly lower following snare encounters: 5.40 £ 2.40ng/g compared to
baseline: 5.44 £ 2.58ng/g, albeit not significantly (y*=2.21, df=1, p=0.14). These findings
suggest that both snare and intergroup encounters can activate the physiological stress
response in mountain gorillas. These events likely represent acute stressors, and are
associated with threats including injuries and mortality. Therefore, heightened physiological
stress may be adaptive, facilitating changes that improve chances of survival, including
enhancing vigilance and rapidly mobilising energy needed to cope with snares or compete

against other groups. Elevated f{GCMs may further reflect the greater energetic demands
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associated with subsequence avoidance behaviours. Given the rapid pace and scale of
anthropogenic change, this study highlights the value of non-invasive hormonal monitoring
for understanding how different stressors affect threatened populations. Our results can also
inform conservation strategies to safeguard mountain gorilla health and survival. Integrating
physiological monitoring with indicators of fitness and health, alongside efforts that reduce
community reliance on park resources and expand available habitat, will be critical for the
long-term conservation of this population.

1. INTRODUCTION

Human activities are driving rapid, large-scale, and unpredictable environmental
changes that are increasingly affecting primates, including the Virunga population of
mountain gorillas (Gorilla beringei beringei) in Volcanoes National Park (VNP), Rwanda!=.
Mountain gorillas are exposed to substantial pressures arising from high-density human
populations surrounding VNP who hunting using snares for subsistence*. Although intended
for other species, the indiscriminate nature of snares poses a threat to gorillas which can
suffer injuries and mortality due to accidental entrapment®. Furthermore, the space-restricted
growth of the Virunga population within the confines of VNP is exacerbating social stressors,
and has led to a sixfold increase in the frequency of intergroup encounters (IGEs)®®. In
mountain gorillas, IGEs are predominantly driven by mate-defence and are often aggressive,
resulting in severe injuries or death of silverbacks and dependent infants®!°.

Understanding how anthropogenic pressures shape physiological stress has become
increasingly important!!. The physiological stress response is a proximate mechanism by
which exposure to unpredictable and aversive stimuli activates the hypothalamic-pituitary-
adrenal (HPA) axis and triggers a neuroendocrine cascade that culminates in the secretion and
systemic elevation of glucocorticoids (GCs)'>!3. GCs are a group of steroid hormones,
including cortisol, that elicit a suite of behavioural and physiological changes promoting
survival'l"12. Although this response is normally adaptive, chronically elevated GCs may lead
to HPA dysregulation, ultimately compromising the fitness and survival of wild species'?.

Methodological advances in measuring faecal GC metabolites (fGCMs) have enabled
researchers to quantify physiological stress in wild primates'®!#. Studies have shown that
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human activities including logging'®, hunting'>!®, direct disturbance!”!¥, exposure to
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domestic animals'®, human-primate conflicts'®2°, and inhabiting fragmented or unprotected
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landscapes are associated with elevated f{GCMs. Furthermore, by intensifying

competition over limited space and resources, and enhancing the rate of IGEs, habitat



modification can amplify physiological stress indirectly??>>. However, some species show
greater sensitivity and others greater tolerance to human activities'> and IGEs?®, underscoring
the need for context and species-specific studies.

The prevalence of both snare and intergroup encounters is increasing within VNP*’.
Therefore, the main goal of this study was to assess how these anthropogenic and social
pressures impact stress physiology in mountain gorillas. Given that detrimental human
activities including hunting are associated with physiological stress in other primates'#!¢, we
predicted that snare encounters would elevate f{GCM concentrations (P1). As IGEs can be
highly aggressive, unpredictable, and result in reproductive challenges, injuries, or

mortality®!?

we predicted that IGEs would also increase f{GCM concentrations (P2).
Monitoring the physiology of mountain gorillas will shed light on their ability to cope with

increasingly complex challenges and inform conservation strategies.

2. METHODS

2.1 Study Site and Subjects

We conducted our study in VNP, Rwanda, a 160km? area that spans a steep altitudinal
gradient (2,400-4,500m) with distinct vegetation zones including bamboo forest (<2,800m),
Afromontane forest (2,800-3,300m), and Afroalpine vegetation (>3,300m)%”’. VNP
experiences moderate temperatures (4-32°C), and receives 1,500-2,500mm of bimodally
distributed rainfall annually?®. We studied eight groups of the research subpopulation of
habituated Virunga mountain gorillas in VNP (1°210-1°3508S, 29°22-29°440E), that have
been studied by the Dian Fossey Gorilla Fund (hereafter, Fossey Fund) since 1967.
2.2 Data Collection

All data and samples were collected between January 2022 and August 2024 by
Fossey Fund field staff and authors LWJ, DI, and WE. Research activities in VNP were
typically conducted between 7:00 to 14:00, in compliance with government regulations aimed
at minimising anthropogenic disturbance.

2.2.1 Stressor Data Collection: We collected data on stressors systematically during

group observation and tracking. For IGEs, we recorded both auditory and visual encounters
between groups and between groups and solitary silverbacks (N=49). Although the majority
of IGEs were observed directly (N=41), interactions inferred from indirect but reliable field
evidence (including interaction sites containing trampled vegetation and biological materials
such as hair, blood, or diarrhoea) were also incorporated into the analyses (N=8).

Snare encounters (N=23) were confirmed when behaviours performed by gorillas



indicated detection, including inspection or dismantling of the snare, aggression, displays, or
vocalisations directed towards conspecifics in the vicinity of the snare, and abrupt changes in
travel direction. Most snare encounters were also observed directly while following groups
(N=16), although we inferred unobserved encounters when snares were set within 10m of the
group’s trail (N=7).

2.2.2 Faecal Sample Collection: All samples were collected non-invasively following

established protocols®*. Upon defecation, we waited for the individual to move away before
retrieving uncontaminated samples using a glove. We labelled each sample with the date,
time of collection, and the individual’s identification and group code, and transported them to
Fossey Fund’s endocrinology laboratory at the Ellen DeGeneres Campus in Rwanda, where
they were stored at -20°C. We collected all samples from involved individuals for five
consecutive days following intergroup (N=265) and snare (N=122) encounters. To establish
baseline f{GCM concentrations, we aimed to collect one sample per individual per week when
no known stressful event had occurred, which we defined as the period before an intergroup
or snare encounter and >6 days after (N=1,672). To control for potential stressful events that
we did not observe, we applied an iterative process in which baseline samples exceeding the
mean + 1.5 standard deviation (SD) were excluded for each individual, and repeated until all
remaining samples were equal to or less than the mean + 1.5 SD?°. This process resulted in
N=1,186 baseline samples used in the analyses.
2.3 Hormone Extraction and Laboratory Analysis

All sample processing and analyses were conducted at Fossey Fund’s endocrinology
laboratory. Hormone extractions were performed by trained technicians (authors RU and CU)
~2-3 months after samples were collected using an ethanol-based protocol®’. Following
extraction, samples were dried down, capped, and stored at -20°C until being reconstituted in
assay buffer following established protocols®® prior to analysis. Trained personnel (including
authors RU, CU, SR, and LWJ) then quantified f{GCM concentrations using a commercially
available cortisol enzyme-linked immunosorbent assay (ELISA; ISWE Cortisol, Arbor
Assays, Ann Arbor, MI) previously validated for use in the Virunga population®’.
2.4 Statistical Analysis

2.4.1 Model Design and Validation: We analysed the effects of snare and intergroup

encounters on mountain gorilla physiology by constructing generalised linear mixed models
(GLMMs) implemented in R*!. We fitted each model with a gamma family and log link, and
included a range of covariates known to influence mountain gorilla f{GCMs, including age,

season, habitat type, weather, group size, and female reproductive stage®. We assessed the
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significance of predictor variables by comparing the full model to a reduced model that
excluded only the fixed effect of interest using likelihood ratio tests, and visually inspected
residual plots to ensure model assumptions were not violated.

2.4.2 Model Implementation: To test the effect of snare encounters on physiology, we

fitted GLMMs for silverbacks (Model 1), adult females (Model 2), and blackbacks (Model 3),

with f{GCM concentration as the response variable and sample type (baseline or snare) as a
fixed categorical effect. We also included group (N=6) and individual (N=46) identity as
random effects to account for repeated sampling of the same study groups and gorillas. To
examine the effect of IGEs, we fitted GLMMs with f{GCM concentration as the response
variable and sample type (baseline or IGE) as a fixed categorical effect. We also constructed
separate models for silverbacks (Model 4), adult females (Model 5), and blackbacks (Model
6), and included group (N=8) and individual (N=65) identity as random effects.

3. RESULTS
3.1 Changes in f{GCMs Following Snare Encounters (Models 1-3)

Snare encounters were only associated with elevated f{GCM concentrations among
silverbacks. Across all groups and individuals, f{GCMs increased slightly from the mean + SD
baseline concentration of 5.41 + 2.62ng/g to 6.16 + 3.34ng/g following snare encounters.
fGCMs in silverbacks significantly increased from the baseline concentration of 5.43 +
2.70ng/g to 7.02 + 3.22ng/g following encounters (y’=11.81, df=1, p<0.001), and although
blackback fGCMs also increased in response to these events, from 5.21 + 2.57ng/g to 7.90 +
4.33ng/g, a significant change was not detected (y*=0.41, df=1, p=0.52). Adult female f{GCMs
were slightly lower following snare encounters: 5.40 + 2.40ng/g compared to baseline: 5.44 +
2.58ng/g, albeit not significantly (y*=2.21, df=1, p=0.14).

3.2 Changes in f{GCMs Following IGEs (Models 4-6)

IGEs were also associated with elevated f{GCM concentrations. Among all groups and
individuals, f{GCMs increased from the mean & SD baseline concentration of 4.77 £+ 2.37ng/g
to 7.24 + 4.41ng/g following IGEs, and this relationship remained consistent across age-sex
classes. Silverbacks exhibited a baseline f{GCM concentration of 4.71 + 2.41ng/g, which
increased to 7.22 = 4.07ng/g following IGEs (¥*=35.98, df=1, p<0.001). Adult females had
slightly higher baseline concentrations, at 4.85 + 2.38ng/g, which similarly increased to 7.34
+ 4.58ng/g in response to IGEs (¥*=50.18, df=1, p<0.001). Blackback f{GCM:s likewise rose
from the baseline of 4.51 = 2.20ng/g to 6.44 = 4.59ng/g following encounters, although this
effect was weaker and only approached statistical significance (x*>=3.35, df=1, p=0.07).



4. DISCUSSION

4.1 Snares and Physiological Stress

We found partial support for snare encounters resulting in physiological stress (P1)
because silverbacks, but not adult females, exhibited greater f{GCM concentrations following
these events. Blackbacks also had greater f{GCMs which, although not statistically significant,
may be biologically meaningful, nonetheless. Snare encounters may constitute an acute
stressor because gorillas recognise the dangers they pose, including entrapment and injuries.
The stress response may be enhanced in silverbacks who often display behaviours which may
heighten psychological and energetic demands, including dismantling snares and alerting
other gorillas to their presence through warning vocalisations or aggressive displays®?. The
absence of an analogous relationship in females may reflect several factors. Firstly, despite
our efforts, it was not possible to collect samples from all individuals for five consecutive
days after encounters, and greater sampling coverage may be necessary to detect a signal.
Secondly, encounters may not trigger the physiological stress response, either because
gorillas do not consider them a major threat, or they have become habituated to their
stimulus. Finally, groups avoid areas affected by snaring® which may be sufficient to deal
with anthropogenic stressors such that mounting a stress response is not warranted. To our
knowledge, no other studies have tested the effects of snare encounters on physiological
stress, limiting direct comparisons. However, direct and indirect hunting is a major driver of

15,16

physiological stress in primates'>!® and other mammals*** because GC secretion may

mobilise energy and enhance vigilance, allowing individuals to survive the associated lethal
and unpredictable threats'*3>.
4.2 IGEs and Physiological Stress

Social stressors also affected physiological stress, and silverbacks, adult females, and
blackbacks had greater f{GCM concentrations following IGEs, supporting P2. Our findings
align with studies on other primates which demonstrate comparable GC increases in response
to IGEs**>>%_ IGEs likely elicit physiological stress via multiple mechanisms. First, elevated
GC secretion is adaptive during intergroup conflict, enhancing vigilance and facilitating the
rapid production of energy needed to compete*>?. This response is particularly important
among silverbacks, the main participating demographic, who can incur substantial costs
including severe injuries and fatality, or loss of current (through infanticide) or future
91029 1p

(through loss of intragroup females to extragroup males) reproductive opportunities

addition, IGEs can be energetically demanding, especially if they involve physical fights and



threat displays, and the resulting metabolic load could also elevate {GCMs?*. Consistent with
an energetic explanation, groups have longer daily travel distances following interactions>,
and the associated physical exertion could contribute to heightened f{GCMs not only in
silverbacks, but also adult females and blackbacks, who rarely engage directly in IGEs'’.
4.3 Conclusions

Understanding how anthropogenic stressors and associated impacts on social
dynamics affect the physiology of wildlife is critical as human activities and habitat
modification intensifies worldwide'=. Although more data are needed to draw firm
conclusions, our findings indicate that both intergroup and snare encounters are associated
with physiological stress in mountain gorillas, with responses varying across age-sex classes.
This study highlights the value of non-invasive hormonal monitoring for understanding how
different stressors affect threatened populations. It also informs potential conservation
strategies to safeguard population health and viability®?’; as population recovery’ and illegal
activities* increase within VNP, prolonged and cumulative exposure to stressors may impact
the reproduction, health, and ultimately survival of mountain gorillas®. Therefore, integrating
stress physiology monitoring with direct or proxy indicators of fitness is essential for
assessing the long-term effects of stressor exposure!>!*. Monitoring additional biomarkers,
including thyroid hormones, will further enhance our understanding of the energetic
consequences of intergroup and snare encounters, and remains an ongoing component of our
research. Equally important is addressing the needs of communities bordering VNP to reduce
their reliance on protected park resources®, and expanding VNP to facilitate the viable growth
of this space-restricted population.

5. BUDGET

We used the PSGB Research Grant funds (£1,247.40) to partially cover the costs of
the laboratory hormone analyses. Specifically, we purchased supplies for the cortisol ELISA,
including an ISWE cortisol mini-kit from Arbor Assays (catalogue no. ISWE002; Ann Arbor,
MI) for $499.50 (£372.55). We used the remaining funds, $1,172.98 (£874.85) to purchase
approximately 23 goat anti-rabbit IgC coated 96 well plates from Arbor Assays (catalogue no.
X016-1EA; Ann Arbor, MI, $52.32 per plate). Together, these supplies enabled us to measure

the f{GCM concentrations of approximately 897 faecal samples.
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