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1 | INTRODUCTION

Global biodiversity is declining at an alarming rate as a
result of anthropogenic pressures (Ceballos et al., 2015;
Pievani, 2014). Although habitat loss remains an issue, in
recent decades unsustainable hunting has emerged as a
major driver of faunal loss in the tropical forests (Ripple
et al.,, 2016). Among tropical regions, wildlife declines
have been particularly severe in mainland Southeast Asia
(Benitez-Lopez et al., 2019), and as a consequence, the
region has an especially high number of threatened
mammal and bird species (Schipper et al., 2008; Sodhi
et al., 2010; Wolff et al., 2023). Overexploitation through
the use of wire snares is the primary driver of wildlife
declines, both because of the low cost and high effective-
ness of snaring, and the high commercial demand for
wildlife products in mainland Southeast Asia (Gray
et al., 2021; Harrison et al., 2016). There are an estimated
12.3 million wire snares within the protected areas of
Viet Nam, Laos, and Cambodia alone (Belecky &
Gray, 2020), and not surprisingly, this level of unsustain-
able hunting pressure has emptied forests across the
region.

Within mainland Southeast Asia, the Annamite
mountains harbor exceptionally high levels of biodiver-
sity (Baltzer et al., 2001), but are also an epicenter for
defaunation (Gray et al., 2021; Tilker et al., 2019). The
region contains a number of endemic and evolutionarily
distinct species that are facing extinction (Gray
et al., 2021). Among Annamite endemic flagship species,
the Vietnam pheasant Lophura edwardsi is likely extinct
in the wild (Grainger et al., 2018), and the saola Pseu-
doryx nghetinhensis and large-antlered muntjac Muntia-
cus vuquangensis are close to extinction (Timmins
et al., 2020; Timmins, Hedges, & Robichaud, 2016). Popu-
lations of non-endemic ground-dwelling mammal and
bird species have also undergone severe declines,
and although many of these species are not threatened
with global extinction, their loss from Annamite forests
may have unforeseen ecological consequences that jeop-
ardizes the health of these ecosystems (Belecky &
Gray, 2020). For example, research has shown that defau-
nation can reduce seed dispersal and forest regeneration,
disrupt nutrient cycling, and negatively impact ecosystem
services linked to carbon storage, clean air, and water
(Gardner et al.,, 2019; Krause & Tilker, 2022; Young
et al., 2016).

The southern Annamites are biogeographically dis-
tinct from the central and northern Annamites, harbor-
ing several species that appear to be absent from the
wider ecoregion (Bain & Hurley, 2011; Sterling &
Hurley, 2005). Furthermore, unlike forest areas in the
northern and central Annamites, the forests in the core

area of the southern Annamites—known as the Langbian
Plateau—consist of a complex mosaic of broadleaf ever-
green and large expanses of coniferous forest habitat
(Baltzer et al., 2001; Critchfield & Little, 1966). It is likely
that this habitat diversity has contributed to the high
levels of species diversity and endemism that characterize
the southern Annamites region. Little is known about
patterns of biodiversity within these two major habitat
types, following extensive wildlife overexploitation. In
other parts of the world, broadleaf evergreen forests have
been shown to have higher levels of overall species rich-
ness than coniferous forests, especially for larger verte-
brates (Pillay et al., 2022). It is likely that a similar
pattern occurs in the forests of the Langbian Plateau,
although specific species habitat associations in this area
have not been well explored.

The southern Annamite forests have a complex his-
tory within the 20th and 21st centuries. As with other
tropical regions, big game hunting had become wide-
spread in the Annamites during colonial times
(MacKenzie, 1988; Malarney, 2020). Both the broadleaf
evergreen and coniferous forests were used extensively
during the French colonial period by Vietnamese and for-
eign hunters who targeted megafaunal species such as
tiger Panthera tigris, leopard Panthera pardus, gaur Bos
gaurus, and Asian elephant Elephas maximus (Bouvard &
Millet, 1920; Guérin, 2010; Millet, 1916). There is evi-
dence that this level of hunting had impacts on large
mammal populations in the region (Guérin, 2010). Since
the 1980s, widespread snaring has become the primary
driver of mammal population declines in Viet Nam. Snar-
ing has now reached high levels across the country—with
some protected areas removing tens of thousands of
snares per year (Save Vietnam's Wildlife, 2019; Tilker
et al, 2023)—and has caused widespread wildlife
declines and local extirpations (Gray et al., 2021). There
is evidence that on the Langbian Plateau, for example,
tigers were heavily hunted during the early of 20th cen-
tury (Guérin, 2010; Guérin & Seveau, 2009), but the spe-
cies was still reported during 1980s and 1990s
(Duckworth & Hedges, 1998), before snaring likely extir-
pated the last individuals. It is probable that a similar pat-
tern played out for other large mammal species. As a
result of this complex history of overexploitation during
the colonial era and high levels of snaring in more recent
years, the large mammals on the Langbian Plateau—as
well as some Annamite endemics such as the large-
antlered muntjac, Owston's civet Chrotogale owstoni, and
Annamite crested argus Rheinardia ocellata—are now
absent or very rare (BirdLife International, 2010; South-
ern Institute of Ecology, 2017).

Despite the importance of the southern Annamites
for rare and endemic species, little is known about the
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status of its current terrestrial mammal and bird commu-
nities compared to other parts of the region, and espe-
cially whether overexploitation had similar effects on
community composition and species loss in both forest
types. This information gap hinders the development of
strategic conservation interventions, including the imple-
mentation of targeted patrolling efforts to reduce snaring
pressure within protected areas.

To close this knowledge gap, we conducted systematic
camera-trapping across four sites and analyzed the data
using community occupancy models combined with high
resolution remote-sensing data. We also calculated multi-
ple measures of biodiversity using occupancy-based diver-
sity profiles to give additional insights into community
composition. We had four main objectives: (1) To under-
stand how environmental and anthropogenic factors
impact the occurrence of ground-dwelling mammals and
birds in the southern Annamites; we predicted that
anthropogenic factors would negatively impact species
occurrence, especially for those species that are most sus-
ceptible to snaring, and that environmental factors would
impact habitat specialist species more than habitat gener-
alists; (2) to compare species occurrence and biodiversity
measures between the two main habitats in the region,
broadleaf forest and coniferous forest; (3) to understand
how past and current hunting has contributed to the
defaunation of southern Annamite forests, and which spe-
cies and functional guilds were most impacted; and (4) to
use occupancy prediction maps to identify areas of high
conservation importance across the wider landscape.

2 | METHODOLOGY

2.1 | Study site

We surveyed four contiguous protected areas in the core
forest area of the southern Annamites: Bidoup—Nui Ba
National Park, Phuoc Binh National Park, Da Nhim Pro-
tection Forest, and Dran Protection Forest (Figure 1).
Historically, Bidoup—Nui Ba and Phuoc Binh National
Park were a part of the Thuong Da Nhim Nature Reserve
established in 1986 (Eames, 1995), but in 1992 the two
areas were split into two forest units and managed sepa-
rately (Southern Institute of Ecology, 2017). As national
parks, both Bidoup Nui Ba and Phuoc Binh areas are
assigned complete protection status (Law on Forestry,
2017). Da Nhim and Dran forests were also managed
under a single administration authority from 1987
(Eames, 1995), but separated into two protection forests
in the late 1990s, in which timber extraction and wildlife
exploitation are not completely prohibited (Law on
Forestry, 2017). National parks in Viet Nam also do
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generally receive higher investments and staffing com-
pared to protection forests. The Da Nhim and Dran for-
ests harbor some of the largest areas of natural
coniferous forest in the southern Annamites region
(Nguyen, 1966).

The total surveyed area covered approximately
1100 km?, with an elevational range from 200 to 2400 m
and an annual temperature range between 14.3 and
38.8°C. The survey sites have a typical tropical monsoon
climate, with a rainy season occurring from May to
October and an average annual precipitation of over
2000 mm (Hoang et al, 2011; Southern Institute of
Ecology, 2017). However, precipitation is unevenly distrib-
uted within the study sites due to the rain shadow effect,
and this, combined with differences in soil type, contribute
to two major habitat types: broadleaf evergreen forest and
coniferous forest (Nguyen, 1966; Rundel, 1999). While
broadleaf evergreen forest is distributed across a broad ele-
vational range, coniferous forest, which is primarily domi-
nated by Pinus kesiya, is mainly found between 1100 and
1700 m in the southern Annamites (Champsoloix, 1958).
The eastern and western slopes of Bidoup Nui Ba National
Park, and the majority of Phuoc Binh National Park,
receive high levels of rainfall and are dominated by ever-
green broadleaf forests. In contrast, the central and south-
ern parts of Bidoup Nui Ba National Park, as well as the
majority of Da Nhim and Dran Protection Forests, receive
less rainfall and are predominately coniferous. Within
these coniferous forests, small patches of broadleaf ever-
green forests may be found along rivers and streams.

2.2 | Camera-trapping and data
management

We carried out three camera-trap surveys from
September 2019 to April 2021. In total, we set up 157 sta-
tions spanning all four protected areas and both main
habitat types (Table 1, Figure 1). At each station, two
white flash Panthera V6 cameras were set and oriented
in different directions to increase detection probabilities
(Wong et al., 2019). The two cameras were set a maxi-
mum of 20 m apart. Cameras were attached to trees
20-40 cm from the ground and left in the forest for a
minimum of 60 days. To avoid spatial autocorrelation,
stations were spaced 2-3 km apart from each other,
representing a distance larger than the home-range diam-
eter of most species in the study areas. The overall study
design followed earlier studies conducted in the northern
and central Annamites (Alexiou et al., 2022; Nguyen
et al., 2022; Tilker et al., 2019).

Camera-trap images were identified to species level by
at least two observers. We discarded low quality
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FIGURE 1

Camera-trap stations in the study sites in the southern Annamites. The habitat classes are only for visualization purposes, as

they were delineated based on station-based normalized difference vegetation index interquartile ranges of coniferous and broadleaf

evergreen forests.

TABLE 1 Summary of camera-trap surveys in the southern Annamites with number of camera-trap stations in each type of habitat.
Survey  Study site Size (km?) Coniferous forest Broadleaf evergreen forest Timeframe
1 Bidoup—Nui Ba National Park ~360 13 37 09.2019-03.2020
2 Bidoup—Nui Ba National Park ~360 15 37 04.2020-10.2020
3 Phuoc Binh National Park ~250 04 29 11.2020-04.2021
3 Da Nhim Protection Forest ~90 11 1 11.2020-04.2021
3 Dran Protection Forest ~90 06 4 11.2020-04.2021

photographs for which no consensus could be reached.
We excluded images of squirrels and murids because of
the difficulty of identifying these species using camera-trap
images. Because of similar morphologies, pangolins Manis
spp. and ferret badgers Melogale spp. were only identified
to genus level. Species that were primarily arboreal,
including black-shanked douc Pygathrix nigripes and
small-toothed palm civet Arctogalidia trivirgata, were also
excluded, as ground-level camera-trapping is unlikely to

reliably detect these species even if they are present. For
birds, we included the mainly terrestrial galliforms and
pittas, as well as other species that are known to forage on
the forest floor and thus detectable by camera-trapping
(O'Brien & Kinnaird, 2008). Because we analyzed data at
the station (not camera) level, we combined photographs
from both cameras within a station and used the threshold
of 60 min to treat a photographic event as an independent
record. All camera-trap data were managed using the
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package camtrapR 2.1.1.0 (Niedballa et al., 2016) in R soft-
ware 4.0.5 (R Core team, 2022).

2.3 | Occupancy modeling

We used a community Royle-Nichols (RN) model to
investigate the response of the ground-dwelling mammal
and bird communities to both environmental and anthro-
pogenic factors (see Supporting information S1 for model
description) (Royle & Nichols, 2003; Yamaura
et al., 2011). Like regular occupancy models, the RN
model uses species detection/non-detection data to
account for imperfect species detection. Instead of esti-
mating species-level detection probability p directly, it
assumes that p is a function of individual detection prob-
ability r and the number of individuals N present at a sta-
tion (Royle & Nichols, 2003). Consequently, the state
variable estimated in the RN model is local expected
abundance, rather than occurrence. The RN model
parameterization of p accounts for spatial variation in
detection probability due to variation in abundance and
fit our data adequately, whereas a regular occupancy
model failed to fit the data (see Table S3). Estimates of
local abundance, however, are difficult to interpret in
camera-trap studies as the area to which they pertain is
undefined (Sollmann, 2018) and, in a community model
context, likely varies among species. Therefore, we con-
verted estimates of expected abundance to occupancy
probability using the inverse complementary log-log link
in the defaunation and diversity profile analysis (see
below).

Covariates on local abundance included elevation,
remoteness, terrain ruggedness index (TRI), normalized
difference vegetation index (NDVI), and vegetation
homogeneity (Table S4). Elevation has been shown to be
an important driver of species distribution in multiple
areas within the Annamites (Alexiou et al., 2022; Nguyen
et al., 2022; Tilker, Abrams, et al., 2020). TRI can affect
the locomotion, foraging, predation, and prey-avoidance
behavior, and therefore can shape habitat-use and species
occurrence (Ironside et al., 2018; Riley et al., 1999). NDVI
is linked to plant density and primary productivity, and
therefore reflects habitat characteristics (Borowik
et al., 2013; Pettorelli et al., 2011). In our study we used
NDVI to distinguish between the two main habitat types,
with broadleaf evergreen forests having higher NDVI
values, and coniferous forests having lower values
(Figure S5d). NDVI values were obtained from Landsat
8 images at 30 m resolution and averaged across the sur-
vey period. The median values of all adjacent pixels
within 100 m buffer of each pixel were calculated and
used for the RN model and predictions. Habitat

Ajournal of the Society for Conservation Biclogy

homogeneity was calculated from NDVI using a Grey
Level Co-occurrence Matrix (Haralick et al.,, 1973) for
33 x 33 pixels (approximately 1km?® grid). Because
homogeneity was based on NDVI, this measure indicates
how homogeneous (low vegetation variation) or hetero-
geneous (high vegetation variation) broadleaf evergreen
or the coniferous forests patches are within the land-
scape. We expected that habitat specialist species would
prefer more homogenous areas, while habitat generalists
would either show no preference or be positively associ-
ated with more heterogeneous habitats. In addition to
these environmental factors, wildlife is directly impacted
by hunting. Because spatial data on the past and current
hunting activities were not available, we used human
population density and remoteness as a proxy for hunting
pressure. Various studies in the Annamites have found
the links between population density and species or snare
occurrence, suggesting forest areas around high popula-
tion villages or towns usually have high snaring level and
high defaunation (Nguyen et al., 2022; Tilker, Abrams,
et al., 2020; Tilker et al., 2023). We also expected that
more remote areas are harder for hunters to access, and
as a result, would have experienced less hunting pressure
(Benitez-Lopez et al., 2019) and thus have higher species
occupancies. We created the human population density
layer by extracting the population grid from ESA's Global
Human Settlement Layer Data Package 2022 (Schiavina
et al., 2023) and using focal statistics to obtain the density
estimate for each pixel. We constructed the remoteness
layer by using access points every 100 meters along the
roads—defined as villages and points spaced every 100 m
along roads—and applying the Rees’ hiking function
(Rees, 2004) to calculate the minimum time needed to
walk from an access point to a pixel, considering the dif-
ferent walking speeds on slopes. We modeled both com-
munity and species-specific coefficients for all covariates.
Further details on how the covariates were calculated are
given in Table S4.

We also included survey effort as a covariate on detec-
tion, measured as the number of active camera-trap nights
within one occasion. As the camera-traps were facing in
different directions, we accounted for an effort of 2 per
trap night if both camera-traps were operating. Further-
more, we accounted for the different survey periods in the
model by including a categorical “survey” covariate on
detection probability. We modeled coefficients of both cov-
ariates on detection as species-level random effects.

All continuous covariates were scaled to have
mean = 0 and standard deviation = 1 before they were
included in the analysis. We used Spearman's rank corre-
lation coefficient rho to test if the covariates were corre-
lated. The test showed that there was no strong
correlation (|rho| < 0.7) among covariates (Figure S5g).



6 of 16 Wl LEY— Sonservation Science and Practice @

NGUYEN ET AL.

journal of the Society for Conservation Biology

We used 20-days occasion lengths to create station-level
species detection/non-detection matrices as inputs for the
community RN model. We estimated the parameters using
Bayesian inference, specifically the program JAGS 4.3.0
(Plummer, 2003) via the rjags 4-13 package (Plummer, 2022)
in R software 4.0.5 (R Core team, 2022). We used vague nor-
mal priors on coefficients and vague gamma priors on preci-
sion parameters (for details, see model code in Supporting
information S2). We ran three parallel Markov chains with
250,000 iterations, of which 50,000 iterations were discarded
as burn-in, and thinned remaining iterations by a factor of
20 to make the output more manageable. To assess chain con-
vergences, we calculated the Gelman-Rubin statistic, with
values under 1.1 indicating convergence (Shirley, 2011).
Model fit was assessed using Bayesian p-values obtained by
calculating the Freeman-Tukey residual for species and
location-level observations aggregated over sampling occa-
sions (Gelman et al., 1996).

We report the covariate coefficients as posterior
means and standard deviations. We infer the certainty, or
evidence in favor, of the species and community
responses to covariates based on the Bayesian Credible
Intervals (BCIs). We consider that evidence for an effect
is strong if the 95% BCI does not overlap zero, and mod-
erate if the 75% BCI does not overlap zero. In addition,
the effect sizes are provided in the Supporting
information S10. At the species level, we are aware that
coefficients of species with very few independent records
cannot be reliably estimated. We set the thresholds of five
independent records and three stations to consider spe-
cies that are rare. Although we retained these species in
the analysis to calculate species richness and biodiversity,
we interpret the covariate effects for these species with
care. In addition, the rare definitions are only applicable
for our study site in the Langbian Plateau, as some of
these species may be more common in other landscapes.

2.4 | Diversity profiles

We calculated biodiversity profiles to better understand
the structure of the ground-dwelling mammal and bird
communities in our study sites, and assess how these
communities differ between habitat types. A biodiversity
profile is a plotted series of Hill numbers that capture
most of the commonly used diversity indices including
species richness (R), Shannon index (H'), and Simpson
index (D) (Chao et al., 2014; Leinster & Cobbold, 2012).
We constructed diversity profiles based on average esti-
mated occupancy probability (see Abrams et al., 2021).
Camera-trap stations were classified as coniferous and
broadleaf evergreen forest based on information collected
in the field and biodiversity profiles were constructed for
both habitat types.

2.5 | Historical defaunation

We used a defaunation index to investigate levels of defau-
nation within our sites. Although many species occur or
historically occurred in both coniferous and broadleaf
evergreen forest, we split the analysis between the two
main habitat types to evaluate if one habitat had under-
gone higher levels of defaunation than the other. The
defaunation index uses a Bray-Curtis dissimilarity index
to assess differences in community composition
(Giacomini & Galetti, 2013), and can be used to measure
changes between current and historical species assem-
blages (Bogoni et al., 2018; Pereira et al., 2021). We defined
the current assemblage as all ground-dwelling mammal
and bird species recorded in this study, and which were
included in the occupancy model. The historical assem-
blage was compiled from known historical records of spe-
cies in the southern Annamites (see Table S7 for details on
the literature review). The defaunation index was calcu-
lated for the entire study landscape and separated by the
two habitat types using the equation:

D(r.f) = > o1 @k (Nir = Nigy)
T ok (Nir + Niy)

where D is the defaunation index of the current assem-
blage fwith the respect to the historical assemblage r, S is
the total number of species in both current and historical
assemblages, Ny, is presence or absence of species k in
the historical assemblage r, Ny sis presence or absence of
species k in the current assemblage f, w is the weight
assigned to each species (Giacomini & Galetti, 2013;
Tilker et al., 2019). Defaunation indices were calculated
separately using three different species weighting
options: no weight, body size as measured in kilograms,
and IUCN Red List status. IUCN Red List weighting fol-
lowed Tilker et al. (2019) and body size information was
obtained from both Tilker et al. (2019) and Smith et al.
(2011) (see Table S7 for details). Assuming that there are
no invasive or reintroduced species in the current assem-
blage (i.e., the current assemblage cannot have more spe-
cies than the reference assemblage), the defaunation
index values range from 0 to 1 with a higher value indi-
cating greater defaunation.

2.6 | Mapping priority areas

We predicted species richness across the entire study area
using species responses to covariates. We first extracted
covariate layers at a 200 x 200 m resolution. To avoid
overextrapolation, we masked out covariate values that
fell outside the minimum and maximum range of each
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covariate layer for our camera-trap stations. To predict
species richness, we then used 250 posterior samples of
coefficients from the RN model to calculate species-
specific occupancy probabilities for each 200 x 200 m
pixel. From these, we generated presence/absence states
for all species, summed over species to obtain pixel-level
richness, and plotted the mean richness over the 250 sam-
ples for each pixel. These prediction maps were generated
for both total species richness and richness of threatened
and Annamites endemic species. Priority areas were iden-
tified as those with high concentrations of high-value
pixels, representing high species richness.

3 | RESULTS

In total, the 157 camera-trap stations were operational
for 18,433 camera-trap nights. We photographed at least
46 ground-dwelling mammal and bird species (Table S6).
We recorded several threatened and endemic species,
including Annamite striped rabbit Nesolagus timminsi,
large-antlered muntjac, Owston's civet, Annamite crested
argus, and collared laughingthrush Trochalopteron yer-
sini. We also recorded a number of large mammals that
are rare in the region, including gaur, sambar Rusa unico-
lor, and sun bear Helarctos malayanus, although the
number of records was low (Table S6). We failed to detect
large and medium size canids and felids.

3.1 | Community RN model results

The Gelman-Rubin statistic for all chains was <1.1, indi-
cating convergence for all parameters. The Bayesian
p-value was .75, suggesting that model fit to the data was
adequate.

Model results showed strong evidence of positive
responses of mammal and bird communities to remote-
ness and NDVI, indicating that the majority of species
had higher occupancies in more remote areas (seven
species showed strong evidence of positive responses,
17 species showed moderate evidence of positive
responses; Figure 2) and in forests with higher NDVI
(five species showed strong evidence of positive
responses, 30 species had moderate evidence of positive
responses; Figure 2). At the same time, both communi-
ties showed a strong support for negative response to
TRI, indicating that species occurred more often in flat-
ter, less rugged terrain (39 species showed moderate to
strong evidence of negative responses; Figure 2). The
communities also showed moderate evidence of negative
response to the human population density with 16 spe-
cies (two species showed strong evidence and 14 species
showed moderate evidence; Figure 2) preferring areas of
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low human density and only four species had the ten-
dency to have higher occupancies (moderate evidence of
positive response) in high human density areas. Species
responses to elevation and homogeneity varied in direc-
tion, and thus there was no effect at the community level
(Figure 2). For elevation, 11 species had strong or mod-
erate evidence of negative responses, while 18 species
had strong or moderate evidence of positive responses
(Figure 2). For homogeneity, 13 species had strong or
moderate evidence of negative responses, indicating that
these species prefer more heterogeneous habitats, while
10 species had a strong or moderate evidence of positive
responses and thus higher occupancies in more homoge-
neous forests (Figure 2).

3.2 | Diversity profiles and historical
defaunation

Diversity profiles showed strong evidence of higher diver-
sity in the broadleaf evergreen forest compared to the
coniferous forest (Figure 3a, 95% BCIs of the diversity
profiles did not overlap). Diversity profiles started with
higher species richness in broadleaf evergreen forest and
the profiles declined less steeply than in coniferous forest,
indicating a higher level of community evenness within
broadleaf evergreen compared to coniferous forest.

The defaunation index indicated that approximately
16% of species that historically occurred within the south-
ern Annamites are now likely extinct in the study areas
(Figure 3b; Table S7). The defaunation index showed
higher levels of dissimilarity between current and histori-
cal assemblages when species were weighted by threat-
ened status and body size. Defaunation indices were
slightly higher in coniferous forest compared to ever-
green forest, indicating that, proportionally, this habitat
has lost a higher percentage of its ground-dwelling mam-
mal and bird species (Figure 3b).

3.3 | Mapping priority areas

Overall, the species richness maps showed similar pat-
terns for all species (Figure 4a), threatened species
(Figure 4b), and endemic species (Figure 4c). Three areas
of high species richness stand out. Two of these hotspots
are located in the higher mountains in the west and east
of Bidoup Nui Ba National Park, and are particularly
important for endemic species (Figure 4c). The third area
is located in a remote area in the north of Bidoup Nui Ba
National Park (Figure 4a). The prediction map of threat-
ened species also showed a higher richness in Phuoc
Binh National Park compared to the Dran and Da Nhim
Protection Forest areas (Figure 4b).
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Community and species responses to covariates
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Hog badger -
Large-antlered muntjac -
Large indian civet -
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[Long-tailed macaque] -
Malayan porcupine -
Masked palm civet -
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Small indian civet -
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FIGURE 2 The responses of ground-dwelling mammal and bird communities and each species in the community. The light blue bar

indicates there is weak or no evidence for a response (75% Bayesian Credible Intervals [BCI] overlaps zero); the dark blue bar indicates

moderate evidence for a response (75% BCI does not overlap zero and 95% BCI overlaps zero); the red bar indicates the high evidence for a

response (95% BCI does not overlap zero).The black vertical lines represent the zero value, the red vertical lines are community covariate

coefficients. Rare species in our study sites are shown in brackets.

4 | DISCUSSION

communities in the southern Annamites. Notably, we
recorded a number of highly threatened and endemic

Our study is the first comprehensive camera-trapping  species that are rare in other parts of the Annamites. Our
assessment of the ground-dwelling mammal and bird  findings highlight the importance of the broadleaf
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evergreen forests in this region for ground-dwelling
mammal and bird communities. At the same time, our
results suggest that past and current hunting has contrib-
uted to high levels of defaunation, including the loss of
larger herbivores and predators from these sites, resulting
in a shift toward small and medium sized species within
the communities.

Our analysis indicates that the distribution of ground-
dwelling mammals and birds—with the exception of the
rare species whose responses to covariates we interpreted
with caution—is influenced by a number of complex fac-
tors (Figure 2). We found positive responses to NDVI for
all Annamite endemics with moderate evidence, indicat-
ing that these species are predominantly found in broad-
leaf evergreen forest. Our findings support earlier studies
from other parts of the Annamites suggesting that these
species are associated with broadleaf evergreen forest
habitat (Brickle et al., 2008; Mahood & Eames, 2012;
Tilker, Nguyen, et al., 2020; Timmins et al., 2020; Tim-
mins, Coudrat, et al., 2016). At the community level,
NDVI also certainly had a positive effect on occupancy.
Only four species—Chinese francolin Francolinus pinta-
deanus, Eurasian jay Garrulus glandarius, Burmese hare
Lepus peguensis, and Northern red muntjac Muntiacus
vaginalis—showed a negative response to NDVI, indicat-
ing a tendency of association with coniferous forest.
These species are known to prefer open forests, in which
a scrubby understory vegetation—as it is also found in
the coniferous forest—may provide important food
resources (Brickle et al., 2008; Eames, 1995; Habiba
et al., 2022; Johnston & Smith, 2019).

Several species showed responses to habitat homoge-
neity with moderate to high evidence. As expected,
known habitat generalists—masked palm civet Paguma
larvata, leopard cat Prionailurus bengalensis, Northern
red muntjac, and Malayan porcupine Hystrix brachyura
(Lunde et al., 2016; Timmins, Duckworth, et al., 2016;
Timmins, Steinmetz, et al., 2016; Willcox et al., 2014)—
showed strong evidence of negative responses to homoge-
neity, indicating these species could occur in multiple
habitat types (Figure 2). On the other hand, some
Annamite endemics—including Annamite striped rabbit,
Owston's civet, and collared laughingthrush—showed
positive responses to homogeneous habitat with moder-
ate evidence, suggesting an association with homoge-
neous broadleaf evergreen forests. Of the Annamite
endemics, the large-antlered muntjac did not respond to
homogeneity, a finding that is consistent with a study
from Nakai Nam Theun National Park in Laos (Alexiou
et al., 2022). Taken together, the responses to homogene-
ity and NDVI highlight the importance of large and con-
tinuous evergreen forests for conservation priority
ground-dwelling mammals and birds, especially the
Annamites endemic species.

Ajournal of the Society for Conservation Biclogy

There was strong evidence that the mammal and bird
community showed a preference for flatter areas (strong
evidence of negative response to TRI, Figure 2); none of
the species was associated with more rugged terrains. It
is possible that our findings reflect a preference for flatter
terrain to reduce energy expenditure for locomotion and
foraging (Ganskopp et al., 2000; Killeen et al., 2014),
though we acknowledge that this remains speculative.

Elevation had strong evidence of positive effect on the
occurrence of many of the mammal and bird species,
though there was no response at the community level. It
is likely that elevational responses capture changes in
habitat, which varies along elevational gradients
(Rundel, 1999), and aspects of accessibility, with higher
elevation areas being more difficult for hunters to reach.
Accordingly, it remains unknown if some of the Annam-
ite endemics that showed a positive response to elevation
with moderate evidence—including Annamite striped
rabbit, large-antlered muntjac, Owston's civet, and col-
lared laughingthrush—are predominantly associated
more with the highland broadleaf evergreen forests or if
these distributions are shaped by potentially lower hunt-
ing pressure in these areas.

The fact that both the ground-dwelling mammal and
bird communities showed strong evidence of positive
responses to remoteness, that is, a tendency for higher
occupancies in more remote areas, supports the notion
that past hunting pressure has shaped wildlife occurrence
within the study sites (Figure 2). We interpret the
response to remoteness to indicate that faunal communi-
ties have been depleted in easier-to-access areas where
hunting levels are likely higher, and are more intact in
more remote areas where hunting pressure has been less
intense. Our findings reflect previous studies in the
Annamites that show a depletion of wildlife communities
across a remoteness gradient with more intact communi-
ties in more remote areas (Alexiou et al., 2022; Tilker
et al, 2019). It is interesting that large Indian civet
Viverra zibetha and sun bear, two species that are highly
susceptible to snaring and are now rare in the Annamites
(Scotson et al., 2017; Timmins, Duckworth, et al., 2016),
have higher occupancies in remote areas. Our findings
also indicate that even common species—Malayan porcu-
pine, masked palm civet, Northern red muntjac, Eurasian
wild pig Sus scrofa, yellow-throated marten Martes flavi-
gula (see Table S6)—are probably being impacted by
hunting pressure in more accessible parts of the
landscape.

Although the evidence of the community response to
human population density was not strong, we found that
some endemic species—large-antlered muntjac, Owston's
civet, and Annamite crested argus—as well as non-
endemic but snare-sensitive species—large Indian civet,
sun bear, Malayan porcupine, masked palm civet, and
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Eurasian wild pig—had high occupancies in areas char-
acterized by low surrounding human population density.
This suggests that remoteness alone might be not enough
to capture the hunting gradient in our landscape, and
that including human population density helps to pro-
duce a better hunting proxy layer. In the central Annam-
ites, snare occupancy has been found to be strongly
associated with human density (Tilker et al., 2023), and
the Langbian Plateau is likely facing a similar situation
in which areas near settlements have been heavily
hunted in the last decades, and continue to be impacted
by snaring. We also do not exclude other disturbances
such as collecting non-timber products, cattle grazing, or
illegal logging, all of which may also be captured in the
human population density layer. However, we refrain
from speculating on the extent of these disturbances and
their impact on the occurrence of ground-dwelling mam-
mals and birds without information or research in our
study sites.

4.1 | Diversity and defaunation in
broadleaf evergreen and coniferous forests

As expected, species richness and evenness were found to
be higher in broadleaf evergreen forest compared to

coniferous forests in the southern Annamites (Figure 3a).
Such a finding is consistent with the high diversity that is
often ascribed to broadleaf wet evergreen forest, and the
lower diversity of coniferous forest (Pillay et al., 2022).
Similar patterns between coniferous and broadleaf ever-
green forest have been shown for other taxonomic
groups, including amphibians (Southern Institute of
Ecology, 2017) and birds (Eames, 1995), in the southern
Annamites. Given the higher structural diversity and pri-
mary productivity of broadleaf forests compared to conif-
erous forests, such a pattern is not surprising.

The defaunation index showed that broadleaf and
coniferous forest have lost eight and six ground-dwelling
mammal and bird species, respectively. Because of the
inherently lower species richness in coniferous forest,
this resulted in higher defaunation index values in conif-
erous forest compared to the broadleaf evergreen forest.
Furthermore, our results show that larger and more
threatened species have been disproportionately lost from
our study sites; these findings are similar to those
from Tilker et al. (2019) in the central Annamites and
reflect the broader trend of declining populations of the
megafauna worldwide (Ripple et al., 2014, 2015). Several
studies have shown body mass to be linked to extinction
risk (Cardillo et al., 2005, 2008). The tendency for larger
species to be lost from the faunal community is also
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shown by the fact that we failed to record any medium-
or large-sized carnivores—including tiger, leopard, main-
land clouded leopard Neofelis nebulosa, Asiatic golden cat
Catopuma temminckii, and dhole Cuon alpinus—all of
which would have been present in the southern Annam-
ites. The loss of the large mammalian carnivore guild will
almost certainly have impacts on the ecosystem. In other
tropical regions, the loss of larger carnivores has triggered
an increase in abundance of mesopredators (Prugh
et al., 2009; Ritchie & Johnson, 2009) and smaller herbi-
vores (Colman et al., 2015; Flagel et al., 2016). Such an
increase in mesopredator and herbivore populations can
have significant impacts on forest regeneration, and in
turn, long-term ecosystem stability (Ripple et al., 2014).
We also failed to record large herbivores that would have
been historically present, including elephant and Eld's
deer Rucervus eldii, and only documented gaur at a single
camera-trap station, indicating that the species is
extremely rare. Large herbivores fulfill important ecosys-
tem functions—including the regulation of vegetation

structure, seed dispersal, and nutrient cycling (Ong, 2020;
Ripple et al., 2015)—and it is possible that their extirpa-
tion will have cascading effects that could fundamentally
impact the southern Annamites ecosystem.

Over the last 30 years, habitat loss and degradation
has been minimal inside protected areas of the southern
Annamites (Graham et al., 2021; Vogelmann et al., 2017),
and large areas of structurally intact forest remain in our
study sites. The loss of large carnivores and herbivores
from our sites is therefore unlikely to be related to eco-
logical factors. Instead, it is likely a result of the long and
complex history of hunting activities in these areas, start-
ing with sport hunting during the French colonial times,
and intensifying in the last three decades with the wide-
spread use of indiscriminate wire snares (Harrison
et al., 2016; Milner-Gulland & Bennett, 2003). There are
numerous reports that trophy hunting of large carnivores
and herbivores was common during the colonial periods;
our study sites in the southern Annamites were especially
famous for hunting of tiger and gaur (Bouvard &
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Millet, 1920; Guérin & Seveau, 2009; Millet, 1916). It is
thus likely that historical trophy hunting during the colo-
nial period had already depleted large mammal popula-
tions, and that with increasing snaring levels in more
recent decades, these species were locally extirpated.

4.2 | Conservation priority areas

Hunting is forbidden in our study sites, but due to their
large size, rugged terrain, and the large number of people
who are currently engaged in hunting activities, it is diffi-
cult to stop hunting in the landscape. To prevent snaring,
a multi-faced approach will be required that addresses
the underlying drivers of hunting and strengthens on-site
protection (Gray et al., 2021; Tilker et al., 2023). How-
ever, such a holistic approach requires enormous
resources and also takes time. Unfortunately, all of the
highly threatened and Annamite endemic species in our
study sites are at such low occupancies that, without
urgent and targeted conservation efforts, it is possible
that they will disappear from the landscape in the near
future. To protect remaining populations of rare species,
conservation activities such as snare removal should, in
the short term, focus on those areas in the landscape
where we find the highest concentration of conservation-
priority species. Our data indicate that there are three
main hotspots for endemic species within the southern
Annamites forest complex and the majority of these areas
are located within the broadleaf evergreen forests of
Bidoup Nui Ba National Park (Figure 4c). For threatened
but non-endemic species (Table S6), large parts of Phuoc
Binh National Park were also identified as a priority area
(Figure 4b). Da Nhim and Dran Protection Forests and
the southwest area of Bidoup Nui Ba National Park have
overall lower richness of ground-dwelling mammal and
bird species, reflecting that these areas are comprised of
coniferous forests, and are also easier to access (Figure 4).
In general, to ensure the survival of threatened species
and Annamite endemics, we recommend that intensive
snare removal efforts should focus on these three areas.

5 | CONCLUSION

Our findings highlight the importance of remote, large,
and continuous broadleaf evergreen forests in the southern
Annamites for both Annamite endemic and non-endemic
but threatened species; indeed, the broadleaf evergreen for-
ests of this region are among the only areas in the wider
Annamites ecoregion to support populations of large-
antlered muntjac, Annamite crested argus, Owston's civet,
and Annamite striped rabbit. Nonetheless, our study also

indicates that hunting has been a major driver of faunal
loss in these forests, resulting in severe defaunation and
low occupancies for conservation priority species. The spa-
tial prediction maps that we present are the first produced
for the southern Annamites, and can be used by conserva-
tion stakeholders to target conservation actions in priority
areas that are of particular relevance for Annamite
endemic and threatened species.
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