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Abstract

The Annamites ecoregion harbors exceptional levels of species richness and endemism, but intensive snaring has decimated
populations of terrestrial mammals. Ungulates, such as muntjacs, are susceptible to snaring, and in need of effective con-
servation action. At least three muntjacs occur sympatrically in the region: the Annamite dark muntjac species complex
Muntiacus rooseveltorum/truongsonensis, the northern red muntjac Muntiacus vaginalis, and the large-antlered muntjac
Muntiacus vuquangensis. We conducted a landscape-scale systematic camera-trapping survey in Nakai-Nam Theun National
Park to gather information on the ecology and distribution of these muntjacs. We analyzed camera-trap records within an
occupancy framework to evaluate responses to environmental and anthropogenic variables, and to predict distributions across
the protected area. We found varying responses to the covariates, indicating complex drivers of occurrence, though all three
muntjac had higher occupancies in more inaccessible areas. Mean (95%) PAO in the protected area was higher for large-
antlered muntjac (0.33 [0.22-0.49]), followed by Annamite dark muntjac (0.28 [0.18-0.39]), and then northern red muntjac
(0.27 [0.15-0.42]). Large-antlered muntjac and northern red muntjac were widespread, while dark muntjac was restricted
to a single high elevation area. Overall, our results provide new insights into muntjac ecology, distribution, and population
status, and we discuss how this information can be used to inform conservation efforts. Given the high occupancies that we
found for the Critically Endangered large-antlered muntjac, we argue that Nakai-Nam Theun National Park may be vital for
the long-term survival of the species.
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Introduction

Globally, tropical rainforests account for high levels of
mammal richness, including many range-restricted and
endemic species (Ceballos and Ehrlich 2006), though pop-
ulations have declined precipitously as a result of numer-
ous anthropogenic pressures (Farris et al. 2017; Symes
et al. 2018). In recent decades, unsustainable hunting has
emerged as one of the main drivers of mammal declines
(Harrison 2011; Benitez-Lépez et al. 2017). Levels of
unsustainable hunting have been particularly severe in
Southeast Asia, where weak protected area governance
(Graham et al. 2021), an expanding road network (Cle-
ments et al. 2014), and a thriving wildlife trade (Harri-
son et al. 2016; Gray et al. 2018) have contributed to the
emptying of the region’s tropical forests. Several studies
indicate that large-bodied mammals, including ungulates,
are especially susceptible to overexploitation, due both to
hunter preferences (Jerozolimski and Peres 2003; Chang
et al. 2017) and life-history characteristics that make
these species less resilient to high offtake levels (Cardillo
et al. 2005). Overhunting has already contributed to the
extinction of one Southeast Asian ungulate within the past
80 years (Duckworth et al. 2015). At the same time, other
ungulates are currently threatened with extinction, such as
the Critically Endangered saola Pseudoryx nghetinhensis
(Timmins et al. 2020) and large-antlered muntjac Mun-
tiacus vuquangensis (Timmins et al. 2016a). Therefore,
urgent conservation efforts are needed to prevent contin-
ued local extirpations and extinctions of ungulates in the
Southeast Asian biodiversity hotspot.

Within Southeast Asia, the Annamites ecoregion of Viet
Nam and Laos harbours exceptionally high ungulate rich-
ness and endemism (Baltzer et al. 2001). Here, muntjac
(deer of the genus Muntiacus native to South and South-
east Asia) diversity is particularly high: the large-antlered
muntjac Muntiacus vuquangensis, northern red muntjac
M. vaginalis, and Annamite dark muntjac species complex
M. rooseveltorum/truongsonensis are all found within the
ecoregion. The large-antlered muntjac is endemic to the
Annamites (Timmins et al. 2016a), and it is possible that
one or more species of the dark muntjac complex are also
restricted to the area, though further studies are needed to
confirm this (Timmins and Duckworth 2016a, b). Within
the Annamites, as in other parts of Southeast Asia, munt-
jacs play an important role in ecosystem functioning, pri-
marily through seed dispersal (Chen et al. 2001; McCo-
nkey et al. 2018). Thus, muntjacs are likely to be important
to maintaining the long-term health of tropical forests in
the region.

The Annamite forests also face extremely high lev-
els of unsustainable hunting, primarily accomplished
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through the setting of indiscriminate wire snares (Gray
et al. 2018). Widespread and intensive snaring has defau-
nated many forests in the region, resulting in population
declines for all Annamite ungulates (Belecky and Gray
2020). The large-antlered muntjac is listed as Critically
Endangered on The IUCN Red List of Threatened Species
(Timmins et al. 2016a) and without immediate conserva-
tion efforts faces extinction in the near future. The north-
ern red muntjac is listed as Least Concern, in part because
there are stable populations across its widespread distri-
bution, but populations in the Annamites are estimated
to have declined in recent years (Timmins et al. 2016b).
The Annamite dark muntjac species complex is currently
listed as Data Deficient due to unresolved taxonomy and a
lack of information on its status, though like all ungulates
in the Annamites, its populations are probably declining
(Timmins and Duckworth 2016a, b). To protect remaining
populations of muntjacs in the Annamites, it is important
to gather basic information on their ecology, distribution,
and population status in priority areas. To date, few studies
have focused on this species group, and those studies that
have occurred have predominantly been limited in scope or
not utilized systematically collected data (Timmins et al.
1998; Timmins and Evans 1996; Timmins and Duckworth
2013). Moreover, estimates of muntjac population declines
in the Annamites are largely based on qualitative rather
than quantitative assessments, and more rigorous data-
driven approaches can provide additional information that
can be used to inform conservation strategies. In recent
decades, automatic camera-traps and new analytical tech-
niques have revolutionized the ability to collect, examine,
and interpret data on cryptic mammals living in tropical
forests (Sollmann et al. 2013; Tobler et al. 2008). Moreo-
ver, because camera-traps can capture subtle morphologi-
cal differences among closely related species (Coudrat and
Nekaris 2013), the method is particularly well-suited for
discriminating between taxonomically similar, sympatric
species.

In this study, we conducted systematic landscape-scale
camera-trapping in Nakai-Nam Theun National Park (NP),
located in central Lao People’s Democratic Republic (here-
after, Laos), with the goal of understanding muntjac ecology
and distribution, as well as to establish robust conservation
baselines for these species. We hypothesized that muntjac
occurrence would be influenced by both anthropogenic and
environmental factors, as has been demonstrated in other
Annamite landscapes (Tilker et al. 2020a). Because muntjac
populations in the Annamites are believed to be negatively
impacted by snaring pressure (Timmins and Duckworth
2016a, b; Timmins et al. 2016a, b), we predicted that occu-
pancy for all three muntjacs would be negatively influenced
by proxies for accessibility. Furthermore, we predicted that
Annamite dark muntjac occupancy would increase with
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elevation, based on previous studies that suggest the species
complex is more common in highland areas, and that large-
antlered and red muntjac would have highest occupancies in
lower- and mid-elevation forest areas (Long 2005; Timmins
et al. 2016a, b; Timmins and Duckworth 2016a, b; Tilker
et al. 2020a). We included other environmental covariates in
our models that might affect muntjac occurrence, but given
how little is known about the ecology of these muntjac,
we did not make a priori predictions. To assess our predic-
tions, we analyzed camera-trap data within an occupancy
framework to account for imperfect detection, and used both
environmental and anthropogenic covariates to better under-
stand the factors that influence muntjac occurrence across
the national park.

Our study is the first comprehensive and landscape-scale
study on all three sympatric muntjacs that occur in the
region, and one of the few studies to provide information
that can be used for robust estimation of population trends
and distributions over time. We discuss how our findings can
be used to inform conservation strategies for the protection
of Annamite muntjacs.

Materials and methods

Study area

Nakai-Nam Theun NP (ca. 4000 km?) was established as
a national protected area in 1993 in central-east Laos in

the Annamite range (Fig. 1). The eastern boundary of the
national park lies along the international border with Viet
Nam. The national park contains diverse habitat types,
including dry and wet evergreen, semi-evergreen, and conif-
erous forests. It encompases an elevational range from 500
to 2300 m above sea level (asl) and has annual precipita-
tion from 1865 to 2620 mm (Coudrat and Nekaris 2013).
The protected area is managed by the government institu-
tion “Nam Theun 2 Watershed Management and Protection
Authority", and receives technical support from various
non-governmental organizations. Nakai-Nam Theun NP har-
bors a full suite of Annamite endemic mammals, including
large-antlered muntjac, Annamite dark muntjac, Annamite
striped rabbit Nesolagus timminsi, Owston’s civet Chroto-
gale owstoni, and possibly still holds saola. In addition, a
number of globally threatened species have been recorded
in the national park, though some, such as tiger Panthera
tigris and leopard Panthera pardus, have been locally and
nationally extirpated in recent decades (Rasphone et al.
2019; Coudrat et al. 2014; Coudrat 2021).

According to the local law, local communities are allowed
to hunt certain species (including northern red muntjac and
wild pig Sus scrofa) in allocated forest zones (referred to as
“controlled use zones’’), while in other zones, human activi-
ties are prohibited (referred to as “total protection zones”).
Mammals taken from these activities can only be used for
personal consumption; trading any wildlife catch is illegal
(GoL 2007, 2019). Legal hunting can only take place dur-
ing specific seasons with traditional hunting techniques;

Fig. 1 Study area map of Nakai-
Nam Theun national Park, Laos.
Camera trapping was conducted
in three different management
zones between February 2018
and May 2019
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the use of hunting methods that may lead to rapid depletion
of species populations (such as fence snares) is prohibited.
Since 2017, the park management strategy has focused on
three biodiversity priority zones that were designated based
on their habitat diversity and occurrence of conservation-
priority species (O’Kelly et al. 2018a, b): Thong Khacheng,
Nam Chae, and Thong Khouang (Fig. 1). The three zones
are ‘total protection zones’, where it is prohibited to conduct
any human activities except for scientific research, and walk-
ing trails for ecotourism. The Thong Khacheng zone is an
area with mainly primary evergreen forest of relatively high
elevation (average of 1204 + 150 m asl) and has experienced
the lowest levels of snaring and other forms of hunting due
to its remoteness. Nam Chae is of lower elevation (average
of 827+ 161 m asl) and has both primary and secondary
forests of mixed broadleaf and coniferous forest patches. It
underwent intensive logging in the mid-1990s to the early
2000s, during which time intensive hunting also took place,
though current hunting mainly occurs from isolated snare
traps (rather than intensive trade-driven snare fences) and
gun hunting. Despite the prohibitions, villagers from inside
and outside the national park also regularly collect non-
timber forest products (for trade and/or local consumption)
from Nam Chae. The Thong Khouang zone has an average
elevation of 849 +220 m asl and is predominantly a primary
evergreen forest. This zone has experienced the most intense
trade-driven hunting through the use of fence snares.

Within these three zones, 16 ranger teams (composed
mainly of six to seven hired and trained villagers from vil-
lages located inside the national park) patrol an average of
15 days/month. Reports indicate that much of the illegal
hunting pressure originates from Vietnamese hunters cross-
ing the border into the national park (O’Kelly et al. 2018a,
b).

Data collection and preparation
Systematic camera-trap surveys (Table 1) were conducted

between February 2018 and May 2019 across the three bio-
diversity management zones (Coudrat 2019). In total, 134

stations were established (50 in Thong Khacheng, 50 in
Thong Khouang and 34 in Nam Chae zone) consisting of
256 individual camera-trap units at elevations ranging from
561 to 1717 m asl Cameras were set using a grid design,
with stations spaced approximately 2.5 km apart, following
Abrams et al. (2018). Each station consisted of two indi-
vidual cameras spaced up to 20 m apart. For the Nam Chae
and Thong Khacheng zones the cameras were set facing each
other, and for Thong Khouang the cameras were set in differ-
ent directions. Cameras were set at 2040 cm above ground
and operational for 24 h per day. Vegetation was cleared in
front of each camera to ensure clear and consistent mam-
mal detections. Three camera models were used: Bushnell
Aggressor (two cameras), Covert [lluminator (100 cameras),
and PantheraCam V6 (100 cameras).

We collected information on both environmental and
anthropogenic factors to assess potential influences on
muntjac occurrence (Table 3). Elevation was derived from
an SRTM 30 m digital elevation model. Previous studies
indicate that elevation is a strong driver of mammal occur-
rence in the Annamites, including muntjacs (Tilker et al.
2020a). Terrain ruggedness was calculated in R v.4.0.2 (R
Core Team 2020) using the raster package (Hijmans 2019)
and a 3 x 3 neighbourhood size. Terrain ruggedness was
included as a covariate as some ungulate species have been
found to be associated with more rugged terrain (Estes et al.
2011), and the fact that more rugged areas may be harder for
hunters to access. Distance to streams was calculated using
a GIS layer obtained from the national park authority, and
was used to assess if proximity to water sources influenced
muntjac occurrence. We used the gdistance package (van
Etten 2017) to calculate the Euclidean distance between sta-
tions and streams. The homogeneity covariate was derived
from (Tuanmu and Jetz 2015) and based on the Enhanced
Vegetation Index (EVI) at 1-km resolution. Homogeneity
measures the similarity of EVI between pixels, and was used
as a measure of spatial variability of habitat. Accessibility,
defined as the time needed to reach a certain area by foot
from the nearest access point, was used as a proxy for hunt-
ing pressure. Past studies have shown a correlation between

Table 1 Overall systematic camera-trapping survey effort implemented in Nakai-Nam Theun National Park in 2018-2019, including the three
Biodiversity Priority Zones (Nam Chae, Thong Khacheng and Thong Khouang; Fig. 1)

Survey zone Nam Chae Thong Khacheng Thong Khouang Total
Total number of stations 34 50 50 134
Number of operational stations 33 49 49 131
Total number of cameras initially set up 68 100 100 268
Total number of operational camera-traps 66 98 92 256
Active camera-trap nights 4509 11,186 4488 20,183
Total trapping period 14 February to 12 13 November 2018 to 18 4 February to 10 May 2019

May 2018 March 2019
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hunting pressure and aspects of accessibility, such as road
development (Espinosa et al. 2014) and distance to villages
(Koerner et al. 2017). Here, we used villages, roads, and the
border of the national park as access points to create a sin-
gle accessibility raster, calculated from a 30-m DEM using
Tobler’s hiking function (corrected for off-path travel) in the
R package movecost (Alberti 2019). Finally, we measured
canopy cover around each camera-trap station by converting
five photos at each station to black and white binary images,
representing foliage and sky, then calculating the percentage
of each category (see Abrams et al. 2018 for details).

All continuous variables were scaled and standardized
to have a mean value of 0 and a standard deviation of 1. No
collinearity was observed among covariates using Pearson’s
collinearity test with a threshold of 0.7 (Supplementary
information Table S1).

Data analysis

All analyses were conducted in R v.4.0.2. We used the pack-
age camtrapR (Niedballa et al. 2016) for preparation of cam-
era trapping data. Muntjac identification was conducted by
co-authors experienced in the morphological characteristics
of muntjacs in the Annamites. Initial identifications were
done by one expert, then checked by the other two muntjac
identification experts; any ambiguous or difficult to identify
muntjac photos were discussed by the three co-authors work-
ing on muntjac identification, and then a final identifica-
tion was given based on group consensus. We used several
morphological characteristics for muntjac identification,
including antler configuration for males, crown markings
and coloration for females, and tail shape and length for
both sexes (SI Fig. 1). At a minimum, muntjac photographs
needed to clearly show the head and/or tail for identification.
All muntjac photos were identified to species-level, with the
exception of the dark muntjac complex, which was iden-
tified as M. rooseveltorum/truongsonensis. Muntjacs that
could not be unambiguously identified (17% of total events)
were not included in the analyses. We used a 1 h threshold
to denote independent camera-trap events, following other
recent camera-trapping studies from the region (Brozovic
et al. 2018; Mohd-Azlan et al. 2018; Tilker et al. 2020a, b).

We analyzed the camera-trap data using single-species,
single-season occupancy models (MacKenzie et al. 2002).
Due to the large spacing between stations (2.5 km), munt-
jac detections were considered to be spatially independent.
Although there is no available information on the home
range size of the Annamite muntjacs, a previous study on
Reeve’s muntjac M. reevsi showed an average home range
size of 1.07 km? (McCullough et al. 2000). To estimate
occupancy, we first created detection histories for each of the
three muntjacs for each camera-trap station, with a “1” indi-
cating that the muntjac was detected during that occasion

(at least one camera-trap photograph), and a “0” indicating
that it was not detected (no camera-trap photograph). We
used 5-day sampling occasions, resulting in a maximum of
25 occasions per station. Detection histories were created in
camtrapR (Niedballa et al. 2016). We combined photographs
from the two individual camera-traps at each station, follow-
ing the protocol in Tilker et al. (2020a, b). We fit models in
the unmarked package (Fiske and Chandler 2011). To avoid
model overfitting, we tested individual covariates to assess
variable importance before constructing the final models.
We used covariates both on detection (p) and occupancy (‘F).
We included camera-trap effort (the number of active cam-
era-trap nights per occasion for each station) as an a priori
covariate on detection. Then, we tested biodiversity man-
agement zone and camera model as categorical covariates
on detection. Including biodiversity management zones on
detection also accounted for the different camera-trap setups
among the three zones (ie. cameras facing each other in Nam
Chae and Thong Khacheng zones vs. not facing each other in
Thong Khouang zone; cf. Data collection and preparation).
We selected covariates on detection by including no
covariates on occupancy and assessing model fit using AIC
scores, using all covariate combinations. We followed a sim-
ilar procedure for covariates on occupancy by testing each
occupancy covariate while using the best detection covari-
ates, then assessing covariate importance based on AIC
ranking, p values and 95% CI. We considered any covariate
on occupancy to be significant if it performed better than the
null model while having p <0.05 and 95% CI not overlap-
ping zero. For elevation, canopy cover, terrain ruggedness,
and homogeneity, we also explored nonlinear relationships,
to test potential non-monotonous associations of occupancy
with environmental conditions. Nonlinear relationships were
defined as a combination of a linear and a quadratic term.
We used covariate responses from the final models to
predict muntjac occupancy across Nakai-Nam Theun NP.
Predictions were made at the 30 m spatial resolution, cor-
responding to the resolution for the elevation raster. We
used the raster package to transform all other covariate lay-
ers to this spatial resolution. The canopy cover covariate
was excluded from prediction maps, as this information was
collected in situ, and, therefore, not available for predic-
tions across the wider landscape. Finally, we estimated the
percentage of area occupied (PAO) for each species based
on the final models and covariate rasters at 300 m resolu-
tion. To account for model uncertainty in PAO estimation
we created 10,000 random samples of each relevant model
parameter (using their estimated means and standard errors
as means and standard deviations of normal distributions),
and for each random sample thus created, calculated occu-
pancy probabilities and simulated binary occupancy at each
cell (as a binomial random draw with the given occupancy
probability). These binary occupancy predictions were then
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summarized across each biodiversity management zone to
obtain mean PAO and 95% confidence intervals. Biodiver-
sity management zones were delineated in QGIS (2020) via
convex hulls around each set of camera-trap stations.

Results

We obtained data from 131 camera-trap stations total-
ing 20,183 trap nights. All three sympatric muntjacs were
recorded (Table 2). Annamite dark muntjac was the most
commonly photographed muntjac with 641 independent
detections at 28 stations, followed by the northern red munt-
jac with 491 detections at 44 stations and the large-antlered
muntjac with 272 detections at 63 stations. The Annamite
dark muntjac was photographed only in the Thong Khacheng
management zone. Northern red muntjac and the large-ant-
lered muntjac were detected in all three management zones,
though the majority of red muntjac detections were in Thong
Khacheng.

Percentage of area occupied (PAO) varied considerably
among muntjacs and biodiversity management zones. For
Annamite dark muntjac, mean (95% CI) PAO was estimated
to be 0.14 (0.06-0.29) in Nam Chae, 0.53 (0.35-0.67) in
Thong Khacheng, 0.23 (0.13-0.36) in Thong Khouang and
0.28 (0.18-0.39) across all areas. For northern red muntjac,
mean (95% CI) PAO was estimated to be 0.20 (0.09-0.36)
in Nam Chae, 0.59 (0.40-0.74) in Thong Khacheng, 0.30

Table 2 Number of stations with detection and number of independ-
ent events for three muntjac species in Nakai-Nam Theun

No Area Annamite  Northern  Large-
dark munt- red munt- antlered
jac jac muntjac

Stations All 28 44 63

Thong Khacheng 28 34 25
Nam Chae 0 9 11
Thong Khouang 0 1 27
Detections All 621 491 272
Thong Khacheng 621 457 113
Nam Chae 0 30 50
Thong Khouang 0 4 109

Table 3 Detection and occupancy covariates on final models

(0.22-0.41) in Thong Khouang and 0.27 (0.15-0.42) across
all areas. Finally, for large-antlered muntjac, mean (95% CI)
PAO was estimated to be 0.39 (0.27-0.52) in Nam Chae,
0.51 (0.42-0.60) in Thong Khacheng, 0.53 (0.44-0.62) in
Thong Khouang and 0.33 (0.22-0.49) across all areas.

For all three muntjacs, the inclusion of biodiversity man-
agement zones on detection performed better than the null
model (Table S2). Thus, both biodiversity management zone
and camera-trap effort were included as detection covari-
ates. For the Annamite dark muntjac and the northern red
muntjac, the top detection model included camera effort and
biodiversity management zones as detection covariates. For
the large-antlered muntjac, the top model included camera
effort and camera models as detection covariates. How-
ever, in the case of the large-antlered muntjac, the model
that included camera effort and biodiversity management
zones as covariates on detection had a AAIC <2 from the
top model. Thus, we decided to include camera effort and
biodiversity management zones as detection covariates for
all three models, so that all three models include the same
covariates on detection.

The most important covariates for occupancy varied with
each muntjac (Tables 3, S3, S4, S6). Response curves for
covariates used in the best models per species are shown in
Fig. 2. For Annamite dark muntjac the best model included
only elevation (positive relationship), and for large-antlered
muntjac the best model included only accessibility. For
northern red muntjac, occupancy was best explained by ele-
vation (nonlinear positive relationship peaking at~ 1250 m),
accessibility (positive relationship), homogeneity (negative
relationship), terrain ruggedness (positive relationship) and
canopy cover (positive relationship). We ranked all possible
combinations of these covariates (Table S5) and selected
elevation, accessibility, homogeneity and canopy cover for
the final model. Distance to streams was the only covariate
not to strongly influence any of the three muntjacs.

Prediction maps for the three muntjacs are presented in
Fig. 3. The distribution of the Annamite dark muntjac was
restricted to higher elevation areas in the north-eastern part
of Nakai—Nam Theun NP, as well as the highland areas in
Thong Khouang. In comparison, the northern red munt-
jac and large-antlered muntjac both occurred more widely
across the national park. Large-antlered muntjac occupancy

Species Detection

Occupancy

Annamite dark muntjac

Northern red muntjac

Large-antlered muntjac

Camera effort + Biodiversity management zones

Camera effort + Biodiversity management zones

Camera effort + Biodiversity management zones

Elevation

Elevation + Elevation”2 + Homo-
geneity + Accessibility + Canopy
cover

Accessibility
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Fig.2 Response curves obtained from single covariate models. Light
gray shades indicate 95% confidence intervals. Rugs correspond to
detections (top) and non-detections (bottom). Accessibility is defined
as the time needed to reach a certain area by foot from the nearest
access point. Canopy cover indicates the % of canopy cover at each

was strongly influenced by accessibility, with the highest
predicted occupancies in the Thong Khouang and Thong
Khacheng areas, and lower predicted occupancy in Nam
Chae. Northern red muntjac followed a similar pattern, but
had higher predicted occupancy in the Nam Chae area than
large-antlered muntjac.

Discussion

This study is the first, to our knowledge, to use quantitative
methods to assess the ecology and population status of all
three sympatric muntjacs in the Annamites. Our findings
provide new insights into these species, and provide a basis
for more informed conservation and management decisions
in one of their key strongholds.

The factors influencing occupancy varied among the three
muntjacs. The fact that Annamite dark muntjac was predom-
inantly found at higher elevations confirms previous qualita-
tive assessments that the species complex is more common
in highland areas (Long 2005; Timmins and Duckworth
20164, b). This finding is also consistent with results from
a similar occupancy-based study in a forest area spanning
Laos and Viet Nam (Tilker et al. 2020a). Timmins and Duck-
worth (20164, b) suggest that the association of Annamite
dark muntjac with higher elevations may be linked to the
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station. Distance to streams is the Euclidean distance between sta-
tions and the nearest streams. Elevation is the station’s elevation
above sea level (from SRTM 30 m DEM). Homogeneity is a measure
for habitat heterogeneity. Terrain ruggedness index is the mean differ-
ence in elevation between a DEM cell and its 8 surrounding cells

general tendency for highland areas to be characterized by
more evergreen forest. Although we did not specifically test
habitat associations in our study, such a conclusion seems
reasonable for Nakai-Nam Theun NP, since the areas to the
east near the border with Viet Nam are generally wetter than
the lowland areas to the west (Timmins and Evans 1996).
The reason for this association is unclear, but given that the
pattern seems to hold for this species complex across mul-
tiple sites in the Annamites (Tilker et al. 2020a), it appears
to be a consistent aspect of Annamite dark muntjac ecology.

Northern red muntjac occupancy peaked at approximately
1250 m asl., but declined at elevations above this. Such a
finding is broadly consistent with previous assessments that
in Laos the northern red muntjac may be uncommon above
1500 m asl (Timmins and Duckworth 2016a). Northern red
muntjac also showed higher occupancies in more remote
areas. As with Annamite dark muntjac, this finding may be
explained by lower occupancies in areas that are more acces-
sible to hunters. Surprisingly, we found that red muntjac
occupancy increased with canopy cover (as measured around
the camera trap stations), but decreased with habitat homo-
geneity (as measured at a 1-km resolution). One possible
explanation for this finding is that red muntjac is associated
with denser forest at a microhabitat scale, but more hetero-
geneous habitat at larger spatial scales. Liwei et al. (2004)
found higher levels of site use in areas with higher canopy
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Fig. 3 Predicted probability of
occurrence for the three muntjac
species across the Nakai-Nam
Theun National Park. Transpar-
ent colors indicate uncertain
areas falling outside of the 3
range of the covariates used.
White dots with black outline
represent camera-trap stations
(left). Violin plots show occu-
pancy probability per biodiver-
sity priority zone and species
(right). Mean and SD are shown
inside each violin plot

8OO0
ROQoo

cover, and suggested that this might be due to antipredator
behavior. The association with more heterogeneous habitat
follows previous studies that show that red muntjac can tol-
erate a range of habitat types (Liwei et al. 2004; Gray and
Phan 2011).

Large-antlered muntjac occupancy was strongly influ-
enced by accessibility, and was the only one of the three
muntjacs to be affected exclusively by anthropogenic factors.
We interpret this finding to indicate, as with the other two
muntjacs, that large-antlered muntjac populations may be
depressed by hunting pressure in less remote areas. From
a conservation perspective, such a finding is more worri-
some for large-antlered muntjac than the other two Anna-
mite muntjacs, given its globally threatened status. Although
elevation was not included as a covariate in our final mod-
els, the documentation of large-antlered muntjac at higher
elevations in Nakai-Nam Theun NP was surprising given
previous speculation that the species predominantly occurs
below 1000 m asl due to ecological habitat associations
(Timmins et al. 2016a). In contrast, median elevation for our
large-antlered muntjac records was 932 m asl in a range of
589-1717 m asl. Our highest large-antlered muntjac record
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was 1717 m asl, with 29/63 stations with detections above
1000 m a.s.l, and 4/63 stations with detections above 1500 m
asl. These findings suggest that large-antlered muntjac may
be more widespread within Nakai-Nam Theun NP than was
previously believed.

Our findings also highlight the importance of consider-
ing how even closely related taxa may respond differently to
anthropogenic and environmental factors. Several previous
studies have grouped taxonomically similar species into one
group for analytical purposes, often because of difficulties
in unambiguously identifying focal species through camera-
trap photos (Bernard et al. 2014; Brodie et al. 2015; Sol-
Imann et al. 2017). While this may be unavoidable in some
situations, we recommend that scientists carefully consider
the possible implications of grouping different species with
potentially different responses to ecological and anthro-
pogenic factors, and interpret the results with appropriate
caution.

Percentage of Area Occupied (PAO), occupancy esti-
mates, and predictive maps all provide information that
can be used to inform conservation decisions in Nakai-
Nam Theun NP. Assessing population changes over time
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is an integral part of adaptive management. Our occupancy
estimates provide a robust conservation baseline for each
muntjac and management zone, which can in turn be used
to assess population trends and, ultimately, the effective-
ness of conservation interventions. The Thong Khacheng
area had the highest predicted richness for all three munt-
jacs, likely because it is more remote than the other two
areas, and because it has the high elevation areas that are
suitable for the dark muntjac complex. We recommend
that this area should be a priority for in situ conservation
efforts. Indeed, this zone holds several other threatened and
endemic terrestrial mammal species—including Owston’s
civet Chrotogale owstoni (Endangered), sun bear Helarctos
malayanus (Vulnerable), Asiatic black bear Ursus thibetanus
(Endangered), Annamite striped rabbit Nesolagus timminsi
(Endangered), pangolin Manis spp. (Critically Endangered),
as well as large populations of arboreal white-cheeked gib-
bon Nomascus spp. (Critically Endangered) and red-shanked
douc Pygathrix nemaeus (Critically Endangered) (Coudrat
2019, 2020)—providing further support for the idea that,
among the three management zones, it is the least impacted
by hunting pressure. However, from a more general munt-
jac conservation perspective, it is imperative to protect all
large-antlered muntjac populations. Because large-antlered
muntjac was distributed across all management zones, it
is important that all three areas are afforded the strictest
level of protection. In Nakai-Nam Theun NP, this primarily
means maintaining consistent patrolling efforts to prevent
poaching in these core areas. We suggest that, in addition to
patrolling, conservation stakeholders should pursue a multi-
faceted approach to proactively reduce poaching, which
could include basic village outreach education and outreach
(COTE 2018) to more involved crime prevention strategies
(Viollaz et al. 2021). There is no question that implementing
these activities represents a challenging task; despite the fact
that Nakai-Nam Theun NP is the most funded protected area
in Laos, it still has the nascent protected area management
capacities typical of most protected areas in Laos (Coudrat
2021, in press).

Our findings provide further evidence that Nakai-Nam
Theun NP is a global stronghold for large-antlered munt-
jac. The fact that large-antlered muntjac is still widespread
across much of the protected area stands in sharp contrast
to the situation across most of the species’ range, espe-
cially in Viet Nam, where both current and past hunting
pressure has been more intense (Timmins et al. 2016a).
We recorded 272 independent detections of large-antlered
muntjac in 48% of camera-trapping stations in Nakai-Nam
Theun NP. For comparison, camera-trapping using the
same systematic design from 2014 to 2020 (611 camera-
trap stations with 76.662 camera-trap nights) across 10
forest areas in Viet Nam and two areas in Laos, all of
which are within the historical distribution of the species,

has recorded only 23 large-antlered muntjac independ-
ent detections in 4 (0.65%) stations (Tilker et al. 2020a;
Leibniz-1ZW, WWF Viet Nam, WWF Laos unpublished
information). While it is possible that some of these areas
would have had naturally low densities of large-antlered
muntjac due to habitat associations (Timmins et al. 2016a),
there is little question that, given the exceptionally high
levels of snaring pressure across the Annamites (Gray
et al. 2018), the primary reason for such low encounter
rates is that the species has been extirpated from large
parts of its former range. These findings further indicate
that the global population of large-antlered muntjac is
small and highly threatened. That other hunting-sensitive
mammal species appear to be in decline in Nakai-Nam
Theun NP (Coudrat et al. 2014) presents a worrisome pic-
ture for large-antlered muntjac populations in the protected
area. Despite the high survey effort of our study, numerous
species which historically occurred in Nakai-Nam Theun
NP—several of which were camera-trapped between 2007
and 2010, such as mainland clouded leopard Neofelis neb-
ulosa, Asiatic golden cat Catopuma temminckii, and dhole
Cuon alpinus (Coudrat et al. 2014)—were not recorded
during this study. Securing large-antlered muntjac, as well
as other Annamite endemic species that are still present in
Nakai-Nam Theun NP, is critical for the conservation of
these species in the Annamite mountains.
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