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ABSTRACT
Shifting cultivation is a major driver of deforestation in tropical uplands. In western Myanmar, population growth has intensified

the practice, shortening fallow periods and resulting in increased habitat degradation and fragmentation, which threaten wildlife

survival. Arboreal species such as gibbons are particularly vulnerable due to their reliance on continuous canopy cover for

survival. We investigated how shifting cultivation and associated human disturbances affect the density and abundance of the

Western hoolock gibbon (Hoolock hoolock) in Man Wildlife Sanctuary, a newly established protected area, and its surrounding

forest landscape in western Myanmar. Data were collected using point counts at 36 sampling grids covering 113 km2 over

8 months (April–November 2023). Density estimates were derived from abundance using N‐mixture models, and we examined the

influence of landscape and human disturbance covariates on spatial variation in gibbon abundance across the study area. We

estimated an average density of 1.6 groups/km2. Of the seven landscapes and eight disturbance covariates tested, fire‐related
disturbances and proximity to human settlements—both closely associated with shifting cultivation—had the strongest negative

influence on gibbon density. Our results suggest that Man Wildlife Sanctuary and its surrounding forests support a moderate

density of Western hoolock gibbons compared with other regions in Myanmar. The lack of effective protection and management is

a major problem, highlighting the need for targeted conservation measures and land‐use planning to mitigate these threats.

1 | Introduction

Shifting cultivation, also known as swidden agriculture, is a
traditional agricultural practice widespread in tropical regions
and has long been the dominant agricultural system for subsist-
ence farmers in the mountainous areas of South and Southeast
Asia (Mukul and Herbohn 2016; Thet and Tokuchi 2021). Many
people in these hilly regions still depend on it, at least in part, for
their livelihoods and food security. The practice begins with the
clearing of forest vegetation, often using fire, followed by food
crop cultivation, and then a fallow period during which the land

is left to regenerate with natural vegetation (Borah et al. 2022).
Traditionally, shifting cultivation was sustainable, as long fallow
periods were maintained and alternative land patches were
available, due to limited human population pressure (Nath
et al. 2016). These periods were often followed by burning, which
led to direct habitat conversion and fragmentation (Arce‐Peña
et al. 2019). However, with population growth, this system has
become increasingly unsustainable. The shortening of fallow
periods to increase productivity has been identified as a signifi-
cant factor contributing to forest degradation (Tran et al. 2011),
fragmentation (Arce‐Peña et al. 2019), and soil deterioration
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(Chan et al. 2016). These changes pose a serious threat to bio-
diversity, resulting in decreased species diversity within ecosys-
tems (Schmid et al. 2021). In addition, shifting cultivation often
increases fire frequency, contributing to long‐term forest structure
degradation and undermining ecological integrity (Lawrence
et al. 2010). Such impacts can have far‐reaching consequences for
wildlife populations, particularly habitat specialists like the
Western hoolock gibbon (Hoolock hoolock), and may compromise
the effectiveness of broader conservation efforts.

Shifting cultivation and other anthropogenic disturbances affect
arboreal primates by changing critical aspects of forest struc-
ture. Land‐use changes often lead to habitat fragmentation,
reduced canopy connectivity, and spatial dispersion of food
resources (Marsh et al. 2003; Arroyo‐Rodríguez and Fahrig
2014). For canopy‐dependent species such as the Western
hoolock gibbon (Hoolock hoolock), these structural disruptions
impair key behaviors, including foraging, territorial movement,
and social interaction. Fragmented and degraded landscapes
increase energetic costs, reduce access to fruiting trees, and
constrain group mobility, ultimately threatening population
persistence (Marshall and Leighton 2006).

Similar ecological mechanisms have been documented in
other endangered primates. Changes in forest composition,
connectivity, and forest cover have been linked to population
declines in several species (Arce‐Peña et al. 2019). These
findings underscore the importance of habitat configuration in

conservation planning for arboreal primates. Building on this
rationale, our study examines how shifting cultivation and
associated disturbances influence the distribution and abun-
dance of the Western hoolock gibbon in a fragmented land-
scape in western Myanmar.

Among the species most affected by deforestation, gibbons have
suffered significant population declines over the past
30–40 years (Cheyne et al. 2008; Lwin et al. 2021), primarily due
to habitat degradation and fragmentation (Arroyo‐Rodríguez
et al. 2013). These primates rarely descend to the forest floor
and require a continuous canopy for brachiation (Muzaffar
et al. 2007; Chivers 2000), making them particularly sensitive to
habitat changes driven by shifting cultivation (Deb et al. 2014).
They have also been recognized as excellent indicators of forest
health (Deb et al. 2014) and forest management quality (Lwin
et al. 2022; Tun et al. 2023).

The Arakan Mountain range is a priority biodiversity corridor
in Myanmar, representing the second‐largest area of contiguous
lowland forest in the country (Forest Department 2015). It is
designated as part of the Nat‐yekan Key Biodiversity Area and
supports one of the few remaining viable populations of the
Endangered Western hoolock gibbon (Hoolock hoolock)
(Geissmann 2013). This region also provides critical ecosystem
services as an important watershed in the Ayeyarwady River
basin, supplying irrigation water to Myanmar's dry zone (Forest
Department 2015; Geissmann 2013).

Despite its ecological significance, the distribution and habitat
status of the Western hoolock gibbon in this region remain
poorly documented. Shifting cultivation has extensively
impacted the study area, yet its specific effects on habitat quality
are not well understood. In particular, the influence of this
agricultural practice on species that require continuous forest
cover, such as gibbons, has not been thoroughly investigated,
emphasizing the need for targeted studies. Man Wildlife Sanc-
tuary, designated as a protected area by the Forest Department
in 2021, forms part of the Nat‐Yekan Key Biodiversity Area
(Critical Ecosystem Partnership Fund 2012). It provides habitat
for at least 12 threatened mammal species, including the
Western hoolock gibbon. However, forest degradation and
fragmentation persist due to shifting cultivation and the col-
lection of non‐timber forest products. Given the high bio-
diversity value, urgent conservation and management actions
are needed, particularly in light of the infrastructure deficit and
the lack of permanent staff needed for protected area manage-
ment. Given the time and financial constraints and the urgency
of initiating conservation measures, surveys should prioritize
indicator species such as the Western hoolock gibbon.

This study, therefore, investigates the impact of shifting culti-
vation on the population density of the Western hoolock gibbon
and proposes conservation strategies to mitigate the negative
effects of habitat fragmentation and degradation on gibbon
populations. Specifically, we aim to: (1) estimate the population
abundance and density of the Western hoolock gibbon in Man
Wildlife Sanctuary using N‐mixture models; (2) determine the
effect of shifting cultivation on gibbon abundance; and (3)
identify priority areas for improved conservation management
within the study area. We hypothesize that shifting cultivation

Summary

We studied the impact of shifting cultivation and related
human disturbances on the Western hoolock gibbon (Hoolock
hoolock) in Man Wildlife Sanctuary and adjacent forests in
western Myanmar. In this region, shifting cultivation is
widespread and has become increasingly unsustainable,
leading to significant habitat degradation and fragmentation.
These changes pose a serious threat to the survival of this
canopy‐dependent primate. Between April and November
2023, we surveyed 36 locations across 113 km2, both within
and outside the sanctuary, to estimate gibbon density and
assess the impact of environmental and anthropogenic factors
on the population. We found an average gibbon density of 1.6
groups per km2, indicating that the area supports a moderate
population compared with other parts of Myanmar. Our
analysis showed that gibbon density was lower in areas
affected by forest fires and those located near human settle-
ments. Conservation of this endangered species requires
sustainable land‐use planning, protection of remaining forest
patches, restoration of canopy connectivity, and engagement
with local communities to raise awareness.

• Practitioner Points
∘ Fire disturbance and proximity to villages reduce
gibbon density in shifting cultivation landscapes.

∘ Protecting remaining forest patches and restoring canopy
connectivity are critical for gibbon conservation.

∘ Conservation efforts should integrate land‐use plan-
ning and community engagement in areas surround-
ing the protected area.
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negatively affects gibbon population density, particularly
through fire‐related disturbances and increased proximity to
human settlements. Our findings will contribute to an increased
understanding of how shifting cultivation influences habitat
quality in Western hoolock gibbon landscapes and will inform
conservation planning and sustainable village land‐use policies
that balance human livelihoods with biodiversity conservation.

2 | Materials and Methods

2.1 | Study Site

The study was conducted in the Man Wildlife Sanctuary and its
surrounding forest landscape (19°48′ to 20°08′ N, 94°10′ to
94°23′ E), located in the Chin Hills–Arakan Yoma Mountain
Range Forest ecoregion in western Myanmar (Wikramanayake
et al. 2002; Figure 1). The sanctuary covers approximately
124 km2, with elevations ranging from 308m to just over
1,700 m above sea level. The forest ridges within the sanctuary
are dominated by primary evergreen forest, with only a small
portion converted to shifting cultivation. In contrast, the sur-
rounding forest landscape (approximately 350 km2, elevation
range 265–1696m) is more heavily influenced by human
activity, characterized by widespread shifting cultivation, bam-
boo scrub, regenerating forest, and upland agricultural fields.

The average temperature is 29°C during the hottest months
(March–May) and 20°C in the coldest months (December–
January). Annual rainfall ranges from 1742 to 2243mm (Funk
et al. 2015). There are 11 villages located in the study area, most
established between 1904 and 1920. The majority of residents
belong to the Asho Chin ethnic group and rely primarily on hillside
agriculture, particularly shifting cultivation of rice and vegetables
for subsistence. Non‐timber forest products also play an important
role in their livelihoods. Increasing human population pressure has
shortened shifting cultivation cycles and expanded cultivation into
the remaining primary forest areas, creating a fragmented land-
scape of cultivation fields and secondary vegetation at various
successional stages.

2.2 | Gibbon Density Estimates

2.2.1 | Survey Design

Gibbon group abundance was estimated using auditory point
count surveys (Lwin et al. 2022). Data were collected over
114 days between April and November 2023, across 36 sampling
grids. The study area was divided into 36 grid squares (2.5 km×
2.5 km, 6.25 km2 each), located both within and adjacent to the
sanctuary. Each sampling grid contained two listening points (72
in total) placed 450–600m apart, ideally on ridges or other high‐
elevation locations near the grid center to maximize detectability.
To ensure independence between adjacent locations, we main-
tained a minimum distance of 1000m between listening locations
at each grid, eliminating overlap in detection fields.

The survey covered three distinct habitat types: primary forest
(9 grids), secondary forest (9 grids), and shifting cultivation areas

(18 grids). The two listening points within each grid were surveyed
simultaneously over four consecutive days between 06:00 and 12:00.

2.2.2 | Group Identification

At each listening point, we recorded the bearing, distance, start
and end times, and song type (duet or solo) of gibbon calls. We
then used triangulation to determine gibbon group locations
based on the intersection of bearings from two fixed points
(Lwin et al. 2022). Locations of calling groups were mapped for
each session using triangulation based on the angles and timing
of the duet bouts heard (Lwin et al. 2022). Groups were con-
sidered distinct if calls originated more than 500m apart on the
triangulation map. If song bouts overlapped in time but loca-
tions were within 500m, they were still counted as different
groups (Lwin et al. 2022). Habitat characteristics and weather
conditions were also recorded (Syxaiyakhamthor et al. 2020).

In our study area, duets occurred between 06:20 and 11:48, with
most calls (52.4%) starting before 09:00: 8.3% between 06:00–07:00,
18.6% between 07:00–08:00, 25.9% between 08:00–09:00, 19.7%
between 09:00–10:00, and 27.6% after 10:00 (n=491 calls). The
mean call duration was 20min (range: 3–45min).

2.2.3 | Density Estimation

To calculate gibbon density, we defined the effective listening
area within each grid as a circle with a 1 km radius (3.14 km2)
centered between the two listening points. All group detections
were mapped relative to this point. Because gibbons do not duet
daily and their vocalizations can be influenced by weather
(Cheyne et al. 2008; Syxaiyakhamthor et al. 2020), we recorded
weather conditions (cloudy and sunny) as a detection covariate
in analyses.

2.3 | Selection and Acquisition of Landscape and
Human Disturbance Variables

To model gibbon abundance and density, we defined seven land-
scape variables and eight human disturbance variables, all mea-
sured within a 1 km buffer around each grid center using ArcGIS
10.8 (see Table 1 for more details). Landscape variables were (1)
elevation, (2) ruggedness (defined as the standard deviation of
elevation), (3) area of primary forest, (4) area of secondary forest,
(5) Normalized Difference Vegetation Index (NDVI), (6) Canopy
Height, and (7) Canopy Cover. Mean elevation was calculated
using Digital Elevation Models (DEMs) sourced from the 30m
SRTM Tile Downloader (https://wtkns.com/srtm30m). Primary
and secondary forests were derived from the Harmonized
Sentinel‐2 MSI data set using a supervised classification method in
Google Earth Engine (https://developers.google.com/ earth‐engine/
datasets/catalog/COPERNICUS_S2_SR_HARMONIZED). NDVI
values were derived from the Sentinel‐2 Harmonized Level‐2A data
set. Canopy Height data was sourced from https://gee-community-
catalog.org/projects/meta_trees/ (Tolan et al. 2024). Canopy cover
data was sourced from COPERNICUS/Landcover/100m/Proba‐V‐
C3/Global/2019 (Buchhorn et al. 2020).
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The human disturbance variables were three fire‐related vari-
ables: (1) accumulated number of fire points, (2) area of no‐
pattern fire hotspots, (3) area of sporadic fire hotspots, three
deforestation‐related variables: (4) number of deforestation
points, (5) area of no‐pattern deforestation, (6) area of sporadic
deforestation hotspots, and the distance from the center of the

two listening points to the (7) nearest village and (8) nearest
road. Human disturbance variables represent anthropogenic
activities such as hunting, logging, and collecting non‐timber
forest products. In addition, fire occurrence is included as a
proxy for human disturbance, as shifting cultivation and
uncontrolled fires contribute to habitat degradation. These

FIGURE 1 | Study area map showing the geographical location of Man Wildlife Sanctuary and its surrounding landscape in the Magway Region,

Myanmar.
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covariates collectively reflect the extent of human impact on the
habitat and its potential influence on gibbon abundance.
Deforestation data were downloaded from Global Forest
Change (Global Forest Change (storage.googleapis.com), while
fire data were obtained from NASA's Earth Data Fire Infor-
mation for Resource Management System (FIRMS) (https://
earthdata.nasa.gov/firms). Distances to villages and roads were
calculated using the “Near” tool in ArcGIS 10.8.

Landscape and disturbance‐related covariates were selected
based on their ecological relevance to gibbon habitat use and
distribution. Elevation, ruggedness, and NDVI reflect topo-
graphic and vegetation variability. Canopy height and cover
indicate forest structure critical for arboreal movement. Primary
and secondary forests represent habitat types with varying
suitability. Deforestation and fire variables assess human‐
induced disturbance, particularly in shifting cultivation areas.
Distances to roads and villages were included as proxies for
human pressure, while weather was modeled as a detection
covariate due to its influence on gibbon calling behavior.

2.4 | Data Analysis

2.4.1 | N‐Mixture Modeling of Gibbon Abundance

We applied an N‐mixture model to estimate gibbon group
abundance from four replicate counts conducted over four
consecutive survey days at each listening point (Royle 2004).
This hierarchical method accounts for imperfect detection by

incorporating repeated counts, thereby improving the accuracy
and reliability of abundance estimates. N‐mixture models allow
the investigation of relationships between environmental vari-
ables and estimated abundance (λ) while incorporating detec-
tion probability (p) (Royle 2004; Joseph et al. 2009; Fiske and
Chandler 2011). Analyses were conducted using the pcount
function in the R package “unmarked” (Kellner et al. 2023; R
Core Team 2023).

Before analysis, we evaluated outliers and correlations among
variables. All variables were standardized by subtracting the
mean and dividing by the standard deviation (z‐score). Variance
Inflation Factor (VIF) values were calculated to assess multi-
collinearity in each model, with a cut‐off of VIF = 5 (Zuur
et al. 2010; Table S1). Because parameter estimation can be
biased by the K‐value (the maximum unobserved abundance
per site), we tested different K‐values (100, 200, and 300) to
assess the bias (Kéry and Royle 2016), comparing estimates
using Akaike's Information Criterion (Akaike 1973).

We employed a two‐step modeling approach to evaluate the
variables influencing detection probability and abundance.
First, we compared two global models—one with a constant
detection probability (λ ~ global, p ~ 1) and one including
weather (λ ~ global, p ~ weather)—to assess the impact of
weather conditions on detection probability. The global model
was considered the most suitable candidate for evaluating
overdispersion and was tested for goodness of fit using the
Pearson chi‐square test (Supporting Information S1: Table S2).
The most effective detection covariate was retained for

TABLE 1 | Covariates collected and calculated within a 1000‐m buffer radius around each sampling grid.

Site covariate Description Mean (Range)

Landscape

Elevation (ele) Mean elevation (m) 871.79 (408.91–1331.96)
Ruggedness (ele.sd) Standard deviation of elevation (m) 122.54 (74.81–199.99)
Primary forest (pf) Area of primary forest (km2) 1.49 (0.23–2.64)
Secondary forest (sf) Area of secondary forest (km2) 1.36 (0.48–2.23)
NDVI (ndvi.sd) Standard deviation of Normalized Difference

Vegetation Index (−1 to +1)
0.07 (0.04–0.10)

Canopy heigh (canopy.h) Mean canopy heigh (m) 13.32 (4.68–21.88)
Canopy cover (canopy.c) Mean canopy cover (%) 84.07 (60.24–98.36)

Human disturbance

Deforestation (dforest) Number of deforestation points 32* (5.00–61.00)
No deforestation pattern detected (d.npd) Area of no‐pattern deforestation hotspots (km2) 1.19 (0.10–2.93)
Sporadic deforestation Hotspot (d.shs) Area of sporadic deforestation hotspots (km2) 0.22 (0.00–1.49)
Fire (fire) accumulated number of fire points 6* (0.00–33.00)
No fire pattern detected (f. npd) Area of no‐pattern fire hotspots (km2) 3.02 (2.53–3.14)
Sporadic fire hotspot (f.shs) Area of sporadic fire hotspots (km2) 0.08 (0.00–0.61)
Distance to village (d2village) Nearest distance (km) 4.22 (0.50–12.70)
Distance to road (d2road) Nearest distance (km) 4.10 (0.03–10.53)

Detection covariate

Weather (weah) Observation conditions affecting detection probability Sunny, cloudy

*Median.
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subsequent models exploring ecologically plausible combina-
tions of landscape and human‐related disturbance variables to
generate the abundance models.

Model comparisons were conducted using AIC, retaining a set of
candidate models with ΔAIC≤ 6 (Burnham and Anderson 2002;
Richards 2008). Goodness‐of‐fit for the best model was evaluated
using the Pearson χ2 P‐value in the package “AICcmodavg” with
1000 simulations (Mazerolle 2023). Model averaging was used to
estimate the average regression coefficients for covariates in the
models, utilizing the “MuMIn” package (Bartoń 2024), with
predictors considered influential if their 85% confidence intervals
did not overlap zero. This interval aligns model selection and
parameter‐evaluation criteria more effectively than narrower
interval widths (Arnold 2010).

We estimated the mean gibbon density (groups/km2) across the
study area by dividing the total abundance by the effective
survey area (36 sampling grids * 3.14 km2) (Chandler et al. 2011;
Dawrueng et al. 2017). The total gibbon abundance across the
36 sampling grids was obtained by summing the site‐specific
abundance estimates, using the average prediction via the
modavgPred function to predict the total number of groups
within the surveyed area. Confidence intervals (95% CI) for
density and abundance were derived from model‐averaged
predictions to account for uncertainty.

2.4.2 | GLM Analysis of Fire Intensity and Human
Disturbance

We also investigated fire intensity and its relationship with
human‐dominated areas to assess how human activities influ-
ence fire occurrence in the study area. To examine the indirect
relationship between fire occurrence and human disturbance
(distance to villages and roads), we applied a generalized linear
model (GLM) with a negative binomial distribution. The neg-
ative binomial model was chosen to account for the observed
overdispersion in the data. Before analyzing the data, we
identified outliers by using scatter plots of response and pre-
dictor variables and visualized them using dot plots. We also
explored the correlation among all predictor variables by using
VIF tests. We validated model assumptions—including over-
dispersion, zero‐inflation, and residual independence—using
residual plots and diagnostic tests in the “DHARMa” package
(Hartig 2022). We compared all the models using the Akaike
Information Criteria with a correction for small sample size
(AICc), with the best model identified as that with the lowest
AICc and the highest model weight (AICcwi) (Akaike 1973;
Burnham and Anderson 2002). All statistical analyses were
conducted in R (R Core Team 2023).

3 | Results

3.1 | Gibbon Abundance and Detectability

Model‐averaged predictions estimated 181 gibbon groups (95%
CI: 141–221 groups) across the 36 sampling grids. The effective
survey area covered 113 km2 (3.14 km2 * 36 grids), resulting in

an estimated density of 1.60 groups/km2 (95% CI: 1.25–1.96
groups/km2). Detection probability was strongly influenced by
weather conditions. On sunny days, detection probability was
high (p= 0.89; β= 2.11, 85% CI: 1.61–2.60), whereas on
cloudy days detection probability dropped substantially
(p= 0.24; β=−1.13, 85% CI: −1.61 to −0.65).

3.2 | Landscape Predictors of Gibbon Abundance

Gibbon abundance showed positive associations with primary
forest (pf), canopy cover (canopy.c), canopy height (canopy.h),
and areas without detectable fire patterns (f.npd). In contrast,
secondary forest (sf) was negatively associated with abundance
(Tables 2 and 3). In addition, sporadic fire hot spots (f.shs) and
areas with lower fire occurrence displayed marginal negative
associations, with confidence intervals narrowly overlapping
zero. Elevation (ele) and distance to the villages (d2village) were
identified as marginally positive predictors, showing that the
higher elevations and locations farther from villages supported
greater gibbon abundance.

3.3 | Effects of Fire Disturbance on Gibbon
Abundance

We evaluated the relationship between fire intensity
(cumulative fire points recorded over 23 years) and human
disturbance. Distance to roads emerged as the strongest pre-
dictor among candidate models, with the lowest AICc score and
70% model weight support (Table 4). Fire intensity was higher
in areas closer to roads than in areas farther away (β=−0.66,
95% CI: −1.00 to −0.32; Figure 2). The second‐ranked model
included both distance to villages and distance to roads but
received less support due to additional parameters.

4 | Discussion

4.1 | Habitat Quality and Drivers of Gibbon
Density

We found that gibbon density varied across habitat types, with
higher densities recorded in primary forests and areas with
greater canopy cover and height, while lower densities were
observed in secondary forests, fire‐disturbed areas, and loca-
tions closer to human settlements. We observed that gibbon
density was positively associated with primary forest areas with
excellent canopy cover and canopy height, less fire disturbance,
and areas away from human settlements. Consequently, this
explains the low density estimated in secondary forests, closer
to human settlements and degraded by fire. In contrast, sec-
ondary forests, areas affected by fire, and locations closer to
human settlements showed a negative association with gibbon
density, reflecting the detrimental impact of habitat degrada-
tion. Long‐term human disturbances, particularly those linked
to shifting cultivation, likely reduce food availability and con-
strain home range size. Shifting cultivation—which is prevalent
in the peripheral and lower‐elevation zones of the study area
and involves land clearing, burning, and short‐term cropping
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cycles—creates a mosaic of degraded forest with reduced
maturity, simplified canopy structure, and fewer fruiting trees,
all of which negatively affect gibbon populations.

The estimated density of Hoolock hoolock in Man Wildlife
Sanctuary (1.60 groups/km2) falls within the average range re-
ported across the species' distribution. Lower densities have
been estimated in disturbed areas, such as Inani Reserve Forest
in southwest Bangladesh, where densities dropped as low as

0.05 groups/km2 (Naher et al. 2021). Our estimate is similar to
Lawachara National Park in Bangladesh (1.69 groups/km2), a
small but well‐protected and food‐rich forest fragment where
gibbons are thought to have compressed their home ranges in
response to habitat loss (Hasan et al. 2025).

Differences in gibbon density across sites are likely shaped by
habitat quality, forest cover, and levels of human disturbance.
Comparable trends have been documented for the Eastern

TABLE 2 | Model selection results for factors influencing gibbon abundance using N‐mixture models.

Models K AIC ΔAIC AICwt

λ(pf), p(weah) 4 487.74 0.00 0.097

λ(pf + f.shs), p(weah) 5 488.39 0.65 0.070

λ(fire + d2villlage + ele), p(weah) 6 488.66 0.93 0.061

λ(pf + d2village), p(weah) 5 488.78 1.04 0.058

λ(sf), p(weah) 4 488.79 1.05 0.058

λ(pf + fire), p(weah) 5 489.15 1.41 0.048

λ(f.shs), p(weah) 4 489.15 1.42 0.048

λ(f.npd), p(weah) 4 489.40 1.67 0.042

λ(fire), p(weah) 4 489.46 1.72 0.041

λ(pf + ele + f.shs), p(weah) 6 489.52 1.78 0.040

λ(fire + ele), p(weah) 5 489.58 1.84 0.039

λ(pf + d2village + ele), p(weah) 6 489.67 1.93 0.037

λ(d2village), p(weah) 4 489.74 2.00 0.036

λ(fire + d2village), p(weah) 5 489.76 2.02 0.035

λ(pf + f.shs + d2village), p(weah) 6 489.92 2.18 0.033

λ(pf + ele + f.shs + d2village), p(weah) 7 489.93 2.19 0.033

λ(canopy.h), p(weah) 4 490.28 2.54 0.027

λ(pf + fire + d2village), p(weah) 6 490.41 2.68 0.026

λ(pf + fire + ele), p(weah) 6 490.58 2.84 0.024

λ(pf + fire + d2village + ele), p(weah) 7 490.64 2.91 0.023

λ(d2road), p(weah) 4 490.98 3.24 0.019

λ(pf + fire + d2road), p(weah) 6 491.09 3.35 0.018

λ(fire + d2village + d2road), p(weah) 6 491.61 3.87 0.014

λ(canopy.c), p(weah) 4 491.65 3.92 0.014

λ(.), p(weah) 3 492.16 4.42 0.011

λ(pf + fire + d2village + d2road), p(weah) 7 492.20 4.46 0.010

λ(ele), p(weah) 4 492.90 5.17 0.007

λ(d.npd), p(weah) 4 493.04 5.30 0.007

λ(dforest), p(weah) 4 493.22 5.48 0.006

λ(ndvi.sd), p(weah) 4 493.56 5.83 0.005

λ(ele.sd + pf + d2village + fire + ndvi.sd + d.npd + d.shs + f.shs), p(weah) 11 493.92 6.18 0.004

λ(ele.sd), p(weah) 4 493.96 6.22 0.004

λ(d.shs), p(weah) 4 494.14 6.40 0.004

λ(.), p(.) 2 533.91 46.18 0.000

Note: K = number of parameters; AIC = Akaike Information Criterion; ΔAIC = difference in AIC from the top‐performing model; AICwt = Akaike weight (model
probability); ele = elevation; ele.sd = ruggedness; pf = primary forest; sf = secondary forest; ndvi.sd = NDVI variability; canopy.h = canopy height; canopy.c = canopy
cover; dforest = deforestation; d.npd = no deforestation pattern detected; d.shs = sporadic deforestation hotspot; fire = fire presence; f.npd = no fire pattern detected;
f.shs = sporadic fire hotspot; d2village = distance to village; d2road = distance to road; weah = weather.
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hoolock gibbon (Hoolock leuconedys). For example, higher
densities have been estimated in well‐protected areas such as
Hukawng Tiger Reserve (2.81 groups/km2) and Htamanthi
Wildlife Sanctuary (3.13 groups/km2) in northern Myanmar
(Htun et al. 2006). In contrast, lower densities were estimated
for Mahamyaing Wildlife Sanctuary (0.97 groups/km2; Tun
et al. 2023) and Indawgyi Biosphere Reserve (0.71 groups/
km2; Lwin et al. 2022), both areas subject to frequent distur-
bance. These comparisons suggest that conservation status
and habitat conditions strongly influence gibbon population
density. According to Brockelman and Srikosamatara (1993),
Gibbon populations with fewer than two groups per km2 are
considered low density. With a recorded density of 1.60
groups/km2, the Hoolock hoolock population in Man Wildlife
Sanctuary falls below this threshold. The comparatively low
density recorded at Man Wildlife Sanctuary could result from

TABLE 3 | Model‐averaged coefficient estimates for predictors of

gibbon abundance.

85% CI

Variables Estimate SE Lower Upper

Abundance

Intercept 1.62 0.10 1.472 1.763

pf 0.17 0.12 0.002 0.333

sf −0.19 0.08 −0.315 −0.072

f.shs −0.17 0.13 −0.359 0.012

f.npd 0.20 0.10 0.061 0.338

Fire −0.15 0.12 −0.324 0.027

d2village 0.12 0.10 −0.017 0.266

ele 0.11 0.09 −0.020 0.248

canopy.h 0.16 0.08 0.042 0.277

d2road 0.07 0.13 −0.122 0.253

canopy.c 0.13 0.08 0.010 0.252

d.npd −0.09 0.09 −0.209 0.037

dforest −0.08 0.08 −0.193 0.038

ndvi.sd −0.06 0.08 −0.181 0.055

ele.sd −0.04 0.08 −0.157 0.083

d.shs 0.01 0.08 −0.101 0.125

Detection
probability

intercept −1.13 0.33 −1.611 −0.650

Weather (sunny) 2.11 0.35 1.609 2.604

Note: Estimates are derived from model averaging across models with ΔAIC≤ 6.
Covariates whose 85% confidence intervals (CI) do not overlap zero are considered
to have a strong influence. SE = standard error; CI = confidence interval;
pf = primary forest; sf = secondary forest; f.shs = sporadic fire hotspot; f.npd = no
fire pattern detected; fire = fire presence; d2village = distance to village;
ele = elevation; canopy.h = canopy height; d2road = distance to road;
canopy.c = canopy cover; d.npd = no deforestation pattern detected;
dforest = deforestation; ndvi.sd = NDVI variability; ele.sd = ruggedness;
d.shs = sporadic deforestation hotspot.

TABLE 4 | Model selection results for predicting number of fire

occurrence and human disturbance variables—distance to villages

(d2village) and distance to roads (d2road)—and the environmental

covariate Normalized Difference Vegetation Index (NDVI). Reported

are the number of model parameters (K), the Akaike Information

Criterion corrected for small sample sizes (AICc), the difference in

AICc from the best‐supported model (ΔAICc), and Akaike weight

(AICcwt).

Model K AICc ΔAICc AICcwt

d2road 3 192.67 0.00 0.70

d2village + d2road 4 195.01 2.34 0.22

d2village + d2road +
ndvi. sd

5 197.75 5.08 0.06

d2village 3 200.13 7.46 0.02

Intercept‐only 2 202.60 9.93 0.01

FIGURE 2 | Relationships between fire intensity and human dis-

turbance variables. (a) Relationship with distance to roads, based on the

top‐ranked model (upper panel). (b) Relationship with distance to vil-

lages, based on the second‐ranked model (lower panel).
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high levels of human disturbance and poor habitat quality
caused by shifting cultivation and agricultural expansion
(Geissmann 2013).

4.2 | Effects of Fire and Human Disturbance

The N‐mixture model showed that gibbon abundance was
significantly influenced by fire disturbances and proximity to
human settlements, both closely associated with shifting
cultivation. Fire disturbances linked to slash‐and‐burn agri-
culture negatively affected gibbon abundance. Human en-
croachment into the forest areas within gibbon home ranges
may increase disturbance, degrade habitat quality, and reduce
population densities (Fan and Ai 2011). This finding aligns
with previous studies that have shown that fire‐induced
habitat degradation can disrupt gibbon foraging habitats and
lower food availability. For example, fire reduced the density
of Hylobates albibarbis in the National Laboratory of Peat
Swamp Forest, Gunung Palung National Park (Central Kali-
mantan), by decreasing habitat availability and forcing home
range shifts (Cheyne et al. 2019). Similarly, fire‐related habitat
disturbance has led to a decline in Siamang (Symphalangus
syndactylus) populations in Bukit Barisan Selatan National
Park, Indonesia, through the loss of food resources and
strangling fig trees (Ficus spp.) (O'Brien et al. 2003). In the
Nam Kading National Protected Area in central Laos, white‐
cheeked gibbon (Nomascus leucogenys) groups were less
abundant near roads and human settlements due to increased
hunting pressure and habitat disturbance (Syxaiyakhamthor
et al. 2020), a pattern also observed at Man Wildlife Sanctuary.
In the Indawgyi Biosphere Reserve and Mahamyaing Wildlife
Sanctuary in Myanmar, Hoolock leuconedys densities were
found to be higher in areas farther from villages and in
regions with lower logging pressure (Lwin et al. 2022; Tun
et al. 2023).

Our findings indicate that fire occurrence was significantly
higher near roads and human settlements, suggesting that
increased human access and activity are key drivers of fire risk.
The elevated fire frequency observed near roads and settlements
reflects the role of land clearing, shifting cultivation, and
infrastructure development in altering fire regimes. Road ex-
pansion in particular facilitates access to forested areas, thereby
increasing human‐induced fire risks (Narayanaraj and
Wimberly 2012). At a distance of less than 4 km from roads and
human settlements, fire frequency was higher than average in
our study area (Figure 2). Roads provide easier access for log-
ging and settlement, which can lead to forest degradation and
an increased risk of fire ignition (Narayanaraj and
Wimberly 2012). Slash‐and‐burn agriculture, commonly prac-
ticed by local communities, contributes substantially to this
increased fire risk in forested landscapes (Padalia and
Mondal 2014). Beyond fire, shifting cultivation alters habitat
composition, expands human activity into previously
undisturbed areas (Geist and Lambin 2002), and compounds
threats such as hunting, resource extraction, and land‐use
conversion (Van Vliet et al. 2012). Together, these pressures
intensify the vulnerability of gibbon populations in fragmented
landscapes.

4.3 | Conservation Implications and
Management Recommendations

Our study confirms that Man Wildlife Sanctuary and its sur-
rounding forest landscape support a viable Western hoolock
gibbon population despite ongoing habitat disturbances. Our
findings highlight that protecting continuous, undisturbed
canopy cover is critical for sustaining gibbon populations, par-
ticularly in landscapes increasingly affected by fire and prox-
imity to human activity. The lower densities recorded in
secondary forests and fire‐affected areas suggest that habitat
degradation caused by land clearing and fragmentation is lim-
iting gibbon populations.

Conservation efforts should therefore prioritize the protection
of undisturbed forest patches, particularly those identified as
high‐density gibbon areas. We recommend implementing
community‐based fire management programs in shifting culti-
vation zones to reduce fire frequency and mitigate ecological
impacts. Collaborating with local village leaders and commu-
nity forest user groups, the regional township forest department
can establish seasonal fire prevention strategies and promote
sustainable land‐use practices. Habitat reforestation in frag-
mented areas should be encouraged to reduce habitat loss while
supporting local livelihoods. To improve habitat connectivity
between isolated forest patches, NGOs and local conservation
stakeholders should identify, protect, and restore degraded
forest corridors. Awareness campaigns should target both the
general public and also youth in nearby schools, incorporating
local language and cultural values to promote long‐term stew-
ardship. By combining fire management, habitat restoration,
and community engagement, these integrated measures—
tailored to the ecological and socio‐cultural context of the Man
Wildlife Sanctuary and its surrounding landscape—can
strengthen conservation outcomes and secure the long‐term
survival of Western hoolock gibbons.
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