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species persist or disappear under intense hunting pressure is critical for designing

. We quantified how hunting influences species dynamics in an unprotected

Handling Editor: Rachakonda Sreekar Afrotropical rainforest by analysing monitoring data collected from 2016 to 2023
for eleven terrestrial and arboreal mammal species in the Ebo forest, Cameroon.
Using Bayesian dynamic occupancy models with correlated detections, we
assessed how species occupancy changes along environmental and anthropogenic
gradients, explicitly including hunting intensity and hunters' travel cost as
predictors for persistence and colonisation.

3. Elevation emerged as the strongest predictor positively influencing the
occupancy of all eleven species, with some species exhibiting non-linear trends
along the elevation gradient. Most species generally occupied areas with high
travel cost, especially elephant, chimpanzee, crowned monkey and red river hog.
Meanwhile, terrain ruggedness had variable effects, with a strong positive effect
on chimpanzee and a negative effect on mona monkey.

4. Surprisingly, hunting showed a positive though weak association with the

persistence probability of some species, suggesting that the areas used as refuges

by wildlife were not exempt from hunting. Species persistence was generally
unaffected by travel cost, except for chimpanzees. In parallel, colonisation
probability was lower in areas with past hunting history, indicating that previously

hunted areas were less likely to be recolonised by wildlife. Similarly, colonisation
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the forest.
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1 | INTRODUCTION

Hunting-driven wildlife decline in tropical forests is an important
facet of the current biodiversity crisis (Abernethy et al.,, 2013;
Benitez-Lopez et al., 2019). Across Afrotropical landscapes,
escalating demand for bushmeat is intensifying hunting pressure,
pushing hunters into increasingly remote and previously undisturbed
forest areas (Abernethy et al., 2013; Froese et al., 2023). As primary
targets of bushmeat extraction, mammals are especially vulnerable
(Dobbins et al., 2020), with some West African species having already
experienced 70% to 100% hunting-induced population declines
(Benitez-Lopez et al., 2019). To mitigate this crisis, conservation
must also encompass unprotected multi-use landscapes (Fonteyn
et al., 2024; Plumptre et al., 2024), which often face more intense
hunting and resource extraction, driven by competing economic
interests and weak governance (Abernethy et al, 2013; Fa &
Brown, 2009). Robust conservation planning in these landscapes
is hindered by a lack of fine-scale data on species occurrence
patterns and their responses to hunting and habitat features (Coad
etal., 2019; IUCN, 2023).

Many ecological and conservation studies focus on a small num-
ber of charismatic or globally threatened species (Cavada et al., 2019;
McGowan et al., 2020), which often fail to capture broader commu-
nity dynamics (Ardiantiono et al., 2024; Breckheimer et al., 2014).
Species exhibit different responses to habitat and human distur-
bance, with some persisting in hunted landscapes while others rap-
idly disappear (Benitez-Lopez et al., 2019; Linder & Oates, 2011).
Consequently, what constitutes a refuge from hunting is not uniform
across species (McCollum et al., 2017; Rist et al., 2009), yet our un-
derstanding of these differential responses remains limited (Beirne
et al., 2019; Chazdon et al., 2009). A multispecies approach is there-
fore critical to capturing community-level dynamics and informing
more comprehensive conservation strategies (Cavada et al., 2019;
Wang et al., 2018).

Occupancy models have become a common toolbox for wild-
life monitoring (MacKenzie et al., 2017), especially in tropical for-
ests where direct abundance estimates are challenging (Burton
etal.,2015;Roveroetal.,2014). Withinhuman-dominatedlandscapes,

tended to be higher in areas with high travel cost, suggesting that more accessible
areas were less likely for recolonisation.

5. Synthesis and applications. These results imply that hunting not only targets
areas used as refuges by wildlife, but also reduces recolonisation potential and
may therefore alter source-sink dynamics. We recommend spatially targeted
community-led actions to limit hunting where wildlife still persists through the

creation of no-hunting areas to ensure the long-term persistence of wildlife within

African rainforest, bushmeat hunting, defaunation, dynamic occupancy modelling, multi-use
landscape, source-sink dynamics, unprotected areas, wildlife persistence

wildlife often tend to change their spatial distribution in response
to human activities (Fournier et al., 2022; Parsons et al., 2022). At
sites affected by hunting, species may not only disappear, resulting
in local extinctions, but they may also fail to recolonise areas with
high human activities (Beirne et al., 2019; Coad et al., 2019; Nguyen
et al., 2024). Dynamic occupancy models explicitly estimate extinc-
tion and colonisation probabilities in relation to covariates, while
accounting for imperfect detection (Peach et al., 2017; Semper-
Pascual et al., 2023). Despite their potential, these models remain
underused due to technical complexity and the scarcity of long-term
and replicated data (Zurell et al., 2022). However, recent advances in
single-visit dynamic models offer a promising solution to this chal-
lenge (Lauret et al., 2021; Peach et al., 2017).

Importantly, few dynamic models explicitly incorporate direct
hunting data as a covariate. Instead, they often rely on proxies such
as distance to villages or forest edges (Moore et al., 2021; Semper-
Pascual et al., 2023). But these proxies may poorly reflect hunter's
movements which often show complex and non-linear patterns
along roads, rivers and elevation gradients (Deith & Brodie, 2020;
Nguimdo, Abwe, Morgan, et al., 2025). Moreover, treating hunting
as a simple predictor of occupancy (Dobbins et al., 2020; Oberosler
et al., 2020) may overlook its more relevant ecological effects which
include driving local extinction and impeding (re)colonisation (Moore
et al., 2021; Zurell et al., 2022).

Here, we investigated how hunting and landscape heteroge-
neity influence the dynamics of rainforest mammals in the unpro-
tected Ebo forest, Cameroon, a representative multi-use landscape
within the Gulf of Guinea biodiversity hotspot. Between 2016 and
2023, we monitored eleven medium- to large-bodied terrestrial
and arboreal species along 23 systematically placed recce lines
while documenting hunting activity. Using a Bayesian multispecies
dynamic occupancy model with correlated detections (Dorazio &
Royle, 2005; Hines et al., 2014), we quantified how environmental
and anthropogenic factors, including elevation, terrain ruggedness
and proximity to rivers and hunters' travel cost, affect species oc-
cupancy dynamics. We tested the hypothesis that hunting under-
mines both species persistence and colonisation. We also examined
the hypothesis that higher travel cost would promote higher species
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FIGURE 1 Potential influence of various landscape-level anthropogenic and environmental gradients on wildlife occupancy, colonisation
and persistence. Extinction (opposite of persistence) denotes the probability that a species present at a site during one time period is absent
in the next, reflecting local disappearance or temporary absence. Colonisation represents the probability that a species absent from a site

becomes present in the subsequent period, indicating re-occupancy or establishment in previously unoccupied sites.

occupancy, persistence and colonisation (Figure 1). We further hy-
pothesised that other accessibility proxies such as elevation and
terrain ruggedness would be associated with higher occupancy. By
explicitly modelling colonisation and extinction processes in relation
to hunting and landscape features, our study provides a scalable
framework for understanding how Afrotropical mammal communi-

ties persist, or fail to recover, under sustained hunting pressure.

2 | MATERIALS AND METHODS
21 | Studyarea

The Ebo forest, Cameroon (Figure 2), is part of the Gulf of Guinea
biodiversity hotspot and is one of the most important tracts of intact
forest in the Cross-Sanaga ecoregion (Potapov et al., 2017). It covers
about 1400km?, representing approximately half of the Yabassi Key
Biodiversity Area which is characterised by a rich assemblage of
wildlife and plant species (Abwe, 2018; Cheek et al., 2018). However,
it is located in a region reported to have a high hunting-induced
defaunation index (Benitez-Lopez et al., 2019; Fonteyn et al., 2023),
which mainly results from its proximity to major cities considered
regional markets for bushmeat (Fa et al., 2014; Morgan et al., 2013).
Consequently, some of its iconic mammals are now extirpated,
including the black-and-white colobus (Colobus guereza), the African
leopard (Panthera pardus), the forest buffalo (Syncerus caffer nanus)
and the giant pangolin (Smutsia gigantea) (Whytock et al., 2021). The
Critically Endangered and range-restricted Preuss's red colobus
(Piliocolobus preussi) is now also nearing local extinction (Linder
et al., 2021; Nguimdo, Abwe, Betobe, et al., 2025). Acknowledging
its biological richness, the Ebo forest was planned to become a

national park since 2006, but disagreement among stakeholders
with conflicting interests regarding its status and future endured
for almost two decades. In 2020, the Government of Cameroon
changed its plans and decided to turn it into two logging concessions,
a project that encountered global opposition (Nanda et al., 2023;
Whytock et al., 2021). Nevertheless, two decrees signed in April
2023 acted the creation of the logging concessions (Nguimdo, Abwe,
Morgan, et al., 2025). As logging activities will likely exacerbate the
already high hunting pressure (Abernethy et al., 2013), it becomes
urgent to understand the spatiotemporal patterns of various wildlife
species to ensure that spatial planning of human activities takes
their long-term persistence into consideration (IUCN, 2023; Walters
etal., 2021).

2.2 | Survey design and data collection

Long-term monitoring of wildlife and human activities in the Ebo
forest was conducted along 23 parallel recce lines placed at 4-km
intervals across the entire forest (Figure 2), totalling 345km, with a
mean length of 15km and a standard deviation of 5.17 km (Nguimdo,
Abwe, Morgan, et al.,, 2025; Whytock et al., 2021). These recce
lines were oriented perpendicularly to the main drainage system to
reduce potential habitat-related biases (Buckland et al., 2015; Rist
et al., 2009). We surveyed all recce lines once per year during the
dry season (October-April) between 2016-2018 and 2021-2023,
for a total of six survey years. No surveys were conducted in 2019
and 2020 due to the COVID-19 pandemic (Nguimdo, Abwe, Morgan,
et al., 2025). Two to three trained observers moved at approximately
1km per hour, using a handheld Garmin GPS device and a manual
compass to navigate (White & Edwards, 2000; Whytock et al., 2021).
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FIGURE 2 Map of the Ebo forest located in the Littoral Region of Cameroon, Central Africa.

The survey generally started at 07:00AM and ended latest at
05:00PM. At the end of the day, the survey team recorded the point
where they stopped with the GPS and marked it with a flagging tape
so that they could start at the exact same position the following day.
We used a pair of secateurs to ease movement in dense vegetation
while maintaining minimal damage, therefore reducing the risk
of hunters using the recce lines, and ensuring a clear distinction
between our cuts and those made by hunters. These surveys
followed the Best Practice Guidelines for Surveys and Monitoring of
Great Ape Populations (Kihl et al., 2008).

Along the recce lines, we recorded direct and indirect signs of
large and medium-sized mammals, as well as their geographic coordi-
nates as described by Whytock et al. (2021). Indirect signs were only
recorded when the survey team could confidently assign them to a
given species. For the purpose of this study, we selected ten species
and one species group (Table 1), based on their conservation status
in the landscape and the abundance of the recorded signs (Table S1;
Whytock et al., 2021). Since it is often difficult to distinguish several
duiker species (Table 1), we grouped them as ‘red duikers’ (Whytock
et al., 2021). With the exception of chimpanzees and elephants, all
other taxa included in the analyses are known to be targeted by local
hunters (Mfossa et al., 2025; Whytock et al., 2014).

We also recorded evidence of human activities, especially
hunting signs such as wire snares, shotgun cartridges, trails, signs

of passage (machete cuts and shrub breakings), audible gunshots
and direct encounters with hunters (Table S2), as described by
Nguimdo et al. (2024) and Nguimdo, Abwe, Morgan, et al. (2025). To
ensure that the same hunting signs were not repeatedly recorded
during consecutive surveys, we visually inspected them and only
documented those that were estimated to be less than 1year old
(Nguimdo, Abwe, Morgan, et al., 2025). Similarly, we did only record
hunting trails if they showed signs of use since the last annual survey,
and we collected and destroyed all shotgun cartridges (Nguimdo,
Abwe, Morgan, et al., 2025). This study was conducted with authori-
sation from the Cameroon Ministry of Scientific Research, permit
number N°000169/MINRESI/B00/C00/C10/C13.

2.3 | Data preparation

We placed 1x1km grid cells across the whole study area and
selected a total of 341 grid cells which intersected with the recce
lines (Nguimdo, Abwe, Morgan, et al., 2025). We considered these
grid cells as primary sampling units, each covering approximately
1 linear km of surveyed recce line. Within each of these primary
sampling units, we divided the recce line into 200-m segments,
representing our spatial replicates that replace temporal replicates
for the occupancy modelling (Hines et al., 2010). On each 200-m
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TABLE 1 Listof species considered within this research with their common and scientific names and conservation status in the IUCN Red

List.
Order Common name Scientific name Status Signs recorded
Proboscidea Forest elephant Loxodonta cyclotis CR Sightings, dung, tracks
Primates Chimpanzee Pan troglodytes ellioti EN Sightings, calls, nests
Red-capped mangabey Cercocebus torquatus EN Sightings, calls
Preuss's guenon Allochrocebus preussi EN Sightings, calls
Crowned monkey Cercopithecus pogonias VU Sightings, calls
Putty-nosed monkey Cercopithecus nictitans \4V) Sightings, calls
Red-eared monkey Cercopithecus erythrotis VU Sightings, calls
Mona monkey Cercopithecus mona NT Sightings, calls
Ungulates Red river hog Potamochoerus porcus LC Sightings, rooting
Blue duiker Philantomba monticola LC Sightings, dung
Red duikers:
e Bay duiker Cephalophus dorsalis NT Sightings, dung
e Ogilby's duiker Cephalophus ogilbyi LC Sightings, dung
o Yellow-backed duiker Cephalophus silvicultor NT Sightings, dung

segment and for each surveyed year, we recorded detection (1) or
non-detection (0) for each species to form the detection history
needed for occupancy analyses. We used GPS tracklog data to
determine the duration (in minutes) the field team spent on each
200-m survey segment, and this duration was used as a proxy for
survey effort.

To quantify the influence of hunting pressure on wildlife distri-
bution patterns, we recorded the presence/absence of evidence of
each hunting indicator (direct encounters, hunting trails, hunting
camps, shotgun cartridges, snare traps and signs of hunter's passage)
along each 200-m segment nested within each 1x 1 km grid cell fol-
lowing Nguimdo, Abwe, Morgan, et al. (2025). For each grid cell, we
then summed the presence records of all hunting indicators across
surveyed segments and divided the total by the length of recce line
(km) to obtain a relative abundance index of hunting signs, which we
used as a proxy for hunting intensity.

We derived topographic variables from a Shuttle Radar
Topography Mission (SRTM) digital elevation model (DEM) with
a spatial resolution of 30m, sourced from NASA's Earthdata re-
pository (https://search.earthdata.nasa.gov; Rabus et al., 2003).
From this DEM, we extracted the mean elevation of each grid
cell to capture potential environmental and anthropogenic gra-
dients associated with altitudinal variation (Brodie et al., 2015;
Whytock et al., 2021). We also used this DEM to quantify travel
costs across the Ebo forest using the r.cost function in GRASS GIS
(QGIS Development Team, 2024; Romo et al., 2022). The r.cost
algorithm calculates the accumulated least-cost distances from
source locations (surrounding villages) by propagating movement
costs across a raster cost surface which represents topographic
resistance to movement, with steeper or more rugged terrain im-
posing higher costs (Gietl et al., 2007). The resulting cost-distance
surface represents the minimum cumulative cost required to reach

each grid cell, accounting for spatial heterogeneity in movement

resistance (Gietl et al., 2007). By incorporating terrain-driven
constraints, this approach provides a spatially explicit measure of
travel difficulty that better captures landscape accessibility than
simple Euclidean distance from villages (Nguimdo, Abwe, Morgan,
et al., 2025). Additionally, we computed the mean terrain rugged-
ness index for each cell as a quantitative proxy for topographic
heterogeneity (Elsen et al., 2020; Riley et al., 1999). This index has
been shown to influence hunting patterns and habitat intactness,
with areas exhibiting greater ruggedness often experiencing lower
hunting pressure and higher vegetation intactness due to physi-
cal constraints on resource extraction (Nguimdo, Abwe, Morgan,
et al., 2025; Tagg et al., 2013). We calculated the Euclidean dis-
tance from the centroid of each grid cell to the nearest river. The
full description and rationale for including different covariates are
provided below (Table 2). We performed all spatial analyses using
QGIS 3.34 (QGIS Development Team, 2024).

2.4 | Data analysis: Dynamic occupancy model
with correlated detections

We used a Bayesian multispecies dynamic occupancy model
with correlated detections to jointly model detections and
non-detection data for the eleven mammal species. This model
combines the multi-season occupancy model with correlated
detections (Hines et al., 2014) with a hierarchical multispecies
formulation (Dorazio et al., 2010; Dorazio & Royle, 2005). The dy-
namic multispecies occupancy model estimates initial occupancy,
colonisation and persistence (or survival) probabilities for each
species i, with parameters allowed to vary as a function of envi-
ronmental and anthropogenic covariates. Persistence and coloni-
sation are modelled as a first-order Markovian process where the
probability that a site j is occupied at time t+ 1 (denoted lIJ'AJ.’M) is
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TABLE 2 Covariates included in the multispecies dynamic occupancy models, with their mean, standard deviation (SD) and minimum and

maximum values.

Parameter Predictor Description

Detection Survey effort Time spent on each 200m
(min) segment (replicate unit)

Occupancy Travel cost Cumulative cost of travelling

from villages to each grid cell

River distance  Euclidean distance from the
(km) centroid of grid cells to the
nearest river

Elevation (m) Mean elevation of grid cells

Elevation? Quadratic term of the mean
elevation

Terrain Mean elevation difference

ruggedness between adjacent pixels of

index the DEM layer in grid cells
Persistence and  Travel cost Cumulative cost of travelling
Colonisation from villages to each grid cell

Hunting Relative abundance index of

intensity hunting signs in grid cells

dependent on its occupancy probability at time t, the persistence

probability @ and colonisation probability y:
Pijerr = PiiePije + (1= Pise)Vije (1)

Given our single-survey study design along recce lines, we substituted
temporally replicated samples that are commonly used in occupancy
models (MacKenzie et al., 2002) with spatial replicates along segments
of the recce lines (Hines et al., 2010). Since segments taken along a
continuous recce line are not independent, we modelled this depen-
dency as a Markovian process where the probability of a species (or
its sign) being present on a segment is dependent on whether they
were present on the previous segment. For this, we introduced two

parameters:

0;;x = Pr (species i present on segment k | site j is occupied and

the species is not present on segment k — 1)

9',3,-,,( =Pr (species i present on segment k | site j is occupied and

the species is present on segment k — 1)

Mean + SD (min - max)

8243.2+4398.52
(496.5-19220.9)

0.73+0.54 (0.00-2.41)

468.85+262.25
(61.21-1120.28)

25.39+8.61 (7.03-58.59)

8243.2+4398.52
(496.5-19220.9)

1.93+1.81(0.00-28.00)

Rationale for inclusion

11.96+8.84 (1.00-71.00)  The time spent surveying a site influences the

detection of wildlife species

Some tropical mammals avoid anthropogenic
pressures such as hunting and habitat
degradation that are usually higher in easily
accessible areas (Beirne et al., 2019)

Rivers provide water and suitable habitat that
may attract some species (Cavada et al., 2019).
However, riverine areas might experience
increased hunting, since hunting camps are
usually established near rivers (Nguimdo,
Abwe, Morgan, et al., 2025; Pardo et al., 2022)
Vegetation may be better preserved at higher
elevation, with positive effects on some
mammals (Fotang et al., 2021)

Some mammals often show peaks in species
occurrence at intermediary elevations (Alexiou
et al., 2024)

Since they are difficult to access, rugged

areas preserve vegetation and intact habitats
for wildlife, and experience lower hunting
(Nguimdo, Abwe, Morgan, et al., 2025)

Due to higher human pressures, the chances of
species persistence may be lower in accessible
areas and wildlife may refrain from colonising
such areas (Semper-Pascual et al., 2023)

Since hunters primarily target mammals,
wildlife persistence may be lower in areas

that previously experienced hunting (Moore
et al., 2021). Similarly, such areas may be
avoided by wildlife (Nguyen et al., 2024)

An additional parameter p; represents the probability
that a species (or its sign) is detected given that it is present on a

segment:
p;;j = Pr(species i detected | species present on segment k)

The detection probability was modelled as a function of survey
duration (time spent) dj‘t’k on each 200m segment k and p;j therefore

is the detection probability per unit effort:

ﬁu,k,t =1- (1 —Pi,j)di’t'k (2
The full hierarchical model is:

z;;¢ ~Bernoulli(\¥;;;)

Yijke ~Bernoulli(6;;,2;;)

hijxs ~Bernoulli(Byjx+Vijue) (3)

where z and y are latent variables and h is the observed detection

history.
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Regression parameters for all model parameters (occupancy,
persistence, colonisation, presence and detection) were modelled
with a hierarchical random-effect structure where species-specific
parameters are sampled from a community-level distribution
(Dorazio et al., 2006, 2010). Occupancy probability ¥ was modelled
as a linear function of covariates including travel cost, distance to
river, elevation and its quadratic term and terrain ruggedness index.
Colonisation probability y and persistence probability @ were mod-
elled as functions of hunting intensity and travel cost. We modelled
hunting solely as a driver of colonisation and persistence, as it rep-
resents a proximate and temporally variable pressure influencing
short-term local extinction and recolonisation, with effects on over-
all occupancy mediated through these dynamic processes.

To allow for comparison of the effect size across different co-
variates, we standardised all continuous predictors to a mean of zero
and a standard deviation of one (Schielzeth, 2010). We checked the
correlation between all covariates using the Spearman correlation
test and considered a cut-off point of |r|20.7 above which predic-
tors were not included together in a model, as recommended by
Dormann et al. (2012). We also checked the Variance Inflation Factor
(VIF) to assess collinearity among variables, considering collinearity
among variables with VIF <3 to be acceptable (Zuur et al., 2010).

We implemented the model in a Bayesian framework in
JAGS (Plummer, 2003) using rjags version 4.17 (Plummer, 2025)
in R version 4.5.1 (R Core Team, 2025). Models were fitted with
three MCMC chains, each run for 100,000 iterations, with a
burn-in period of 50,000 and thinning interval of 25. For all co-
variates, we specified weakly informative hierarchical priors, with
community-level means following a normal distribution centred at
zero and standard deviations drawn from uniform distributions.
Convergence was assessed using visual inspection of trace plots
and the Gelman-Rubin diagnostic (Gelman & Rubin, 1992), and all
model parameters had R-hat <1.1. Posterior distributions were
used to derive species-specific and community-level estimates of
initial occupancy, colonisation, persistence and detection proba-
bilities, as well as temporal changes in occupancy dynamics. The
full model code is provided in Text S1. We considered the effect
of a covariate to be strong when its 95% Bayesian credible inter-
val (BCI) did not overlap zero, moderate when its 75% BCI did not
overlap zero, but its 95% BCl overlapped with zero, and weak when
both its 95% and 75% BCI overlapped with zero (Nguimdo, Abwe,
Betobe, et al., 2025; Nguyen et al., 2024).

3 | RESULTS

The elephant and the red-capped mangabey had the lowest oc-
cupancy probabilities, which remained relatively stable over the
years with mean occupancies of ¥=0.16 +0.04 and ¥=0.30+0.12,
respectively (Figure 3). The mean occupancy probability of the
chimpanzee was ¥=0.42+0.03 and also remained relatively stable
from 2016 to 2023. The occupancy of all other species tended to in-
crease with the highest increase observed for the red river hog, the

_ 7 of 16

Preuss's guenon, the putty-nosed monkey and red duikers (Figure 3).
However, the occupancy of the red river hog and red duikers drasti-
cally decreased after a peak in 2021, and the red-eared monkey also

showed a mild decrease around the same period (Figure 3, Table S3).

3.1 | Predictors of species occupancy

Elevation had a strong positive effect on the occupancy of all eleven
species (Figure 4). Its quadratic term also had a positive and strong
effect on the occupancy probability of elephants (=0.78; 95%
BCI=0.32 to 1.28), a positive and moderate effect on the blue and
red duikers, and a negative and moderate effect on chimpanzees
(p=-0.28; 75% BCI=-0.52 to -0.04). Meanwhile, the effect of the
travel cost on the occupancy probability was very variable among
species. It had a strong positive effect on the occupancy probability
of the elephant (4=1.01; 95% BCI=0.50 to 1.53), crowned monkey
and red river hog, and a moderate positive effect on the chimpanzee
(#=0.40; 95% BCI=-0.00 to 0.83). Interestingly, it tended to have
a negative but weak effect on the occupancy of the mona monkey
(p=-0.37; 95% BCl=-1.40 to 0.52). We found no evidence of an
effect of the covariate on the occupancy of other species (Figure 4,
Table S4).

The effect of terrain ruggedness index was also highly variable
among species, with a strong positive effect on the occupancy of
chimpanzee ($=0.92; 95% BCl=0.37 to 1.57) and a moderately
positive effect on red-capped mangabey ($=1.05; 75% BCl=0.27
to 1.91). Conversely, this covariate had a strong negative effect
on the occupancy probability of mona monkey (=-1.13; 95%
BCl=-2.52 to -0.48), and a negative and moderate effect on red
river hog (#=-0.34; 75% BCI=-0.56 to -0.11) and red-eared mon-
key (f=-1.00; 75% BCl=-1.87 to -0.21).

Greater distances to the nearest river were moderately associ-
ated with lower occupancy probabilities for the putty-nosed mon-
key (p=-0.23; 75% BCl=-0.47 to -0.03) and tended to also have a
negative, though weak effect on the chimpanzee, crowned monkey,

mona monkey and red river hog (Figure 4).

3.2 | Predictors of species persistence and
colonisation

We found very little evidence for an influence of the travel cost on
the persistence probability for almost all species (Figure 5a). Only the
chimpanzee showed a moderately positive association between per-
sistence and travel cost (3=0.74; 75% BCI=0.05 to 1.43), while the
mona monkey tended to have low persistence probabilities in areas
with high travel cost (Figure 5a). In contrast and surprisingly, hunting
seemed to have a positive relationship with the persistence probabil-
ity of eight of the eleven species (Figure 5a, Table S5). However, this
relationship was weak for most species, and only moderate for the
elephant (4=0.41; 75% BCI=0.05 to 0.83) and blue duiker ($=0.72;
75% BCI=0.12 to 1.37).

851801 SUOLIWIOD A0 3|eoljdde 8y} Aq peusenob are e O ‘SN JO Sajni 10} ARiq1T3UIIUO AB]IA UO (SUOIPUOD-PU-SWLRYW0D" A3 | IMA g 1)BUI IO/ SC1IL) SUORIPUOD pUe SWB L 8U3 885 *[9202/90/60] U0 A%eiq1T8UIIUO AB]IAM ‘90UB|20XT 812D PUE U)fesH J0j @ininsul [euolleN ‘301N Aq vEX0L ¥992-G9ET/TTTT OT/I0p/W0d" A3| 1M Afelq pUIjUOSPUINO S/ Sy WO papeojumoq ‘9 ‘9202 ‘#992S9eT



NGUIMDO et AL.

8of 16

| FElephant | Chimpanzee | _Preuss's guenon | Red-capped mangabey

1.0
0.8
0.6
-
02 ___/\_,
0.0
Crowned monkey Putty-nosed monkey Red-eared monkey
51 .0
€038
1
30.6 /_\
3
c
302
=
0.0
Red river hog Blue duiker Red duikers 016 2018 2020 2022
1.0
0.8

0.2

0.0

0'6 u/
0.4

2016 2018 2020 2022 2016 2018 2020 2022 2016 2018 2020 2022

Year

FIGURE 3 Annual occupancy estimates for the selected eleven Afrotropical rainforest mammals in the period 2016-2023 in the Ebo

forest, Cameroon, predicted with Bayesian dynamic occupancy models.

Species colonisation probability tended to be higher in areas
with high travel cost, except for the red river hog (Figure 5b). This
relationship was strong for the elephant ($=0.50; 95% BCl=0.18 to
0.82), chimpanzee (=0.44; 95% BCI=0.01 to 0.88) and red duikers
(=0.85; 95% BCl=0.28 to 1.58), and only moderate for the putty-
nosed monkey, blue duiker, crowned monkey, Preuss's guenon and
red-capped mangabey (Figure 5b). Similarly, hunting negatively af-
fected species colonisation probability, except for elephants. It had a
strong effect on the chimpanzee ($=-2.08; 95% BCl=-4.71 to -0.39),
putty-nosed monkey (=-1.38; 95% BCl=-3.10 to -0.14) and red dui-
kers (f=-1.66; 95% BCl=-3.27 to -0.57). Its effect was moderate on
crowned monkey (f=-1.11; 75% BCl=-1.99 to -0.32), red-eared mon-
key (#=-1.42; 75% BCl=-2.81 to -0.25) and red river hog ($=-0.21;
75% BCl=-0.40 to -0.03), and weak on Preuss's monkey, red-capped
mangabey, blue duiker and mona monkey (Figure 5b, Table S6).

4 | DISCUSSION

We used dynamic multispecies occupancy modelling, fitted to moni-
toring data from 2016 to 2023, to assess how landscape features
shape the occupancy of arboreal and terrestrial medium- and large-
bodied mammal species, while explicitly modelling the effect of

hunting intensity on their persistence and (re)colonisation. To our
knowledge, this is the first study that applies this methodological ap-
proach in unprotected Afrotropical rainforests. Against our expec-
tations and despite the high hunting pressure in this landscape, the
occupancy probability of most species was found to be either stable
orincreasing. This is surprising given the high hunting pressure in the
region (Fa & Brown, 2009; Nguimdo, Abwe, Morgan, et al., 2025),
and the fact that both snares and shotguns are used by hunters in
the Ebo forest (Nguimdo, Abwe, Morgan, et al., 2025), targeting
both ungulates and arboreal primates. In addition, in Ebo as well as
the broader Afrotropical region, gun hunting is increasing (Ingram
et al., 2025; Nguimdo, Abwe, Morgan, et al., 2025), contrasting with
the increase in primate occupancy found in this study. Nevertheless,
our results align with findings from Whytock et al. (2021) who re-
ported increasing abundance of hunted species in the Ebo forest,
and related it, at least partially, to long-term community-based con-
servation efforts in the landscape (Mfossa et al., 2025). This increase
seems to have slowed after 2021, possibly due to the change of the
status of the forest from a proposed national park to logging conces-
sions which may have diminished its previously perceived protection
status, thereby making it more attractive to hunters. Future surveys
would be useful to monitor wildlife occupancy and abundance in
order to confirm the observed trends.
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FIGURE 4 Effect size (B) of covariates from the dynamic occupancy model showing the influence of landscape predictors on the
occupancy probability of eleven mammal taxa. The short vertical segments represent the mean, and the thin and thick error bars show the
95% and 75% Bayesian credibility intervals, respectively.
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FIGURE 5 Effect size (f) of covariates from the dynamic occupancy model showing the influence of distance to the nearest village and
hunting on the probability of persistence (a) and colonisation (b) for the eleven mammal taxa. The dots represent the mean and the thin and
thick error bars show the 95% and 75% Bayesian credibility intervals, respectively.

41 |

Predictors of species occupancy

Travel cost generally had a positive effect on the occupancy

probability of ten of the eleven studied species. Elephant occupancy

increased strongly as accessibility decreased, consistent with

findings from Maisels et al. (2013) who reported that elephants across

Central Africa preferred areas away from roads, likely reflecting

the landscape of fear as explained by Blake and Maisels (2023).

The occupancy of other species such as chimpanzees, crowned

monkeys, and red river hogs also increased strongly with the travel

85UBD| SUOLULLIOD BAIERID) 3|cedl|dde U Aq pauenob 88 Sap e YO 88N J0 SBIN1 10 ARIq 1T 8UIIUO A8|IM UO (SUOHIPUOD-PUR-SLLBIALIOY B 1M ARe1q 1 jeul|uoy/Sdiy) SUORIPUOD PUe SWB L 81 88S *[9202/90/€0] Uo A%iqiT8uljuO A8|IM ‘80uB|BoX3 318D PUe UifeeH JojainHisu| euoleN ‘JOIN AQ #E70L 7992-G9ET/TTTT OT/I0pAL0 A3 Im Areiq1jpul|uo's eu.nokaq/sdiy Wwouy pepeojumoq ‘9 ‘9202 ‘7992S9ET



NGUIMDO ET AL.

100f 16

cost. This may be related to village-centred defaunation which
has been well documented in tropical regions (Beirne et al., 2019),
since areas near villages are likely to have lower travel costs and
are easily accessible to hunters. For instance, in the Udzungwa
Mountains in Tanzania, Cavada et al. (2019) reported increased
mammal community occupancy away from human settlements.
These results may illustrate the generally higher hunting pressure
and habitat degradation in highly accessible areas near villages and
roads (Branch et al., 2022; Espinosa et al., 2014).

Travel cost had a moderate to strong positive effect on the oc-
cupancy of five species, and a positive but weak effect on five other
species. Nguimdo, Abwe, Morgan, et al. (2025) showed that, due to
Ebo's high topographic heterogeneity, the cost of travelling was a
better predictor of hunting activities than the simple Euclidean dis-
tance to roads and villages. However, for some mammal species,
habitat preferences may be more important than anthropogenic
pressures such as hunting (Rist et al., 2009; Rovero et al., 2014). For
instance, the occupancy probability of the mona monkey tended to
be higher in more accessible areas. The species has been described
as a generalist adapted to most habitats including human-dominated
landscapes (Olaleru et al., 2023), forest edges and degraded habitats
(Bowers-Sword, 2020), with a high tolerance for hunting (Linder &
Oates, 2011; Waltert et al., 2002).

As predicted, the occupancy of all eleven species, both terrestrial
and arboreal, was positively and strongly influenced by increasing ele-
vation. However, the effect of elevation on wildlife distribution is very
context-specific and can vary between species and regions (Nguyen
et al., 2024; Rovero et al., 2014; Snider et al., 2024). In the Ebo forest
where the maximum elevation is around 1250m, research has shown
that forest cover increases with elevation (Whytock et al., 2021).
Likewise, in the Kom-Wum Forest Reserve located in the same ecore-
gion, Fotang et al. (2021) reported that forest intactness increased
with elevation, translating into more chimpanzee presence at high el-
evations where forest cover is better preserved. The southern part
of the Ebo forest has lower elevations (Figure 2), was logged in the
past, and likely witnesses higher hunting pressure from immigrant
hunters (Nguimdo, Abwe, et al., 2026). Meanwhile, the northern part
has higher elevations and is recognised as one of the last Intact Forest
Landscapes in the Gulf of Guinea (Potapov et al., 2017). Previous stud-
ies have shown that elephants mainly occur in the northeastern part
of the Ebo forest where elevations are highest (Whytock et al., 2021),
which also corresponds to the distribution range of the relic gorilla
population of the Ebo forest (Mfossa et al., 2022).

Elevation also plays a role in the spatial distribution of hunting
pressure, with higher elevations correlated with lower accessibil-
ity to hunters. For instance, Nguimdo, Abwe, Morgan, et al. (2025)
found a negative relationship between the presence of snares and
elevation and a positive effect of elevation on gun hunting in the Ebo
forest, suggesting that hunters mostly set snares at lower elevations
to reduce the physical effort needed to revisit the snares, while hunt-
ing with guns at higher elevations. Interestingly, in central Vietnam
where only snares and traps are used, Tilker et al. (2024) found a
positive relationship between snaring and elevation, suggesting that

hunters have moved away from low-elevation areas which have wit-
nessed higher defaunation. The strong positive effect of elevation
on wildlife occupancy observed here indicates that low-elevation
areas, especially to the south of the Ebo forest, have also lost most
of their wildlife as a result of higher accessibility to hunters and other
land uses such as logging.

We found that the terrain ruggedness index had a very variable
influence on the occupancy of both terrestrial and arboreal mammal
species, with a strong positive effect on the occupancy of chimpan-
zees, red-capped mangabeys and putty-nosed monkeys, mirroring
previous research in the same landscape (Bowers-Sword, 2020;
Nguimdo, Abwe, Betobe, et al., 2025). In the Western Ghats biodi-
versity hotspot in India, Pillay et al. (2022) also found a consistent
positive effect of terrain ruggedness on the occupancy of mammal
species across different functional groups. Rugged areas are gener-
ally less accessible to humans and may therefore preserve more intact
habitats (Tagg et al., 2013; Whytock et al., 2021), while experiencing
lower hunting pressure (Nguimdo, Abwe, Morgan, et al., 2025). In
contrast, terrain ruggedness had a negative effect on the occupancy
of mona monkeys and red river hogs. Rugged areas have been re-
ported to serve as dispersal barriers for some mammal species such
as the black-and-white ruffed lemur (Varecia variegata) in Madagascar
(Mancini et al., 2023). By preserving primary forests, rugged areas
may be unsuitable for secondary forest species such as the mona
monkey (Bowers-Sword, 2020). In addition, these areas may also be
unsuitable to species such as the red river hog which is known to
prefer swampy habitat that is usually found in areas with flat terrain
(McCollum et al., 2017). There was weak evidence of any effect of
terrain ruggedness on the occupancy of other species including el-
ephants, Preuss's guenons, crowned monkeys, red-eared monkeys
and duikers. These mixed results have also been reported by other
studies (Nguyen et al., 2024; Wong et al., 2022). We argue that the
varying species-specific responses to terrain ruggedness observed in
our study area are certainly related to a trade-off between avoidance
and adaptations to hunting pressures and habitat preferences.

4.2 | Predictors of species persistence and
colonisation

Hunting pressure is often assumed to be highest in the most acces-
sible areas, particularly near villages where defaunation is expected
to be more pronounced. However, our results challenge this assump-
tion. Surprisingly, the persistence probability of ten of the eleven
mammal species studied was only weakly influenced by the travel
cost. This suggests that persistence rates are relatively consistent
across the accessibility gradient, possibly related to the highly het-
erogenous topography of the Ebo forest, with pockets of highly rug-
ged forest near villages. But our result could also mean that species
most sensitive to hunting have already been extirpated from areas
close to villages. Only the persistence probability of chimpanzee was
moderately positively influenced by accessibility, corroborating pre-
vious research (Kamgang et al., 2018).
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More surprisingly, we found that hunting intensity tended to have
a positive relationship with most wildlife persistence probability, al-
though the effect was generally weak, except for elephant and blue
duiker for which it was moderate. This contradicts previous studies,
such as Brodie et al. (2015) who reported strong negative impacts
of hunting on mammal populations in northern Borneo. However,
our results align with findings from Southeast Asia, where Tilker
et al. (2024) found that snaring was highest in remote areas where
wildlife occurrence was also high. Similarly, while our study revealed
a positive association between elevation and wildlife occupancy,
Nguimdo, Abwe, Morgan, et al. (2025) found that shotgun hunting
also increased with elevation. These observations suggest a shift in
hunting patterns: more accessible areas may have already been de-
pleted of wildlife, prompting hunters to venture deeper into remote
and rugged habitats which are now acting as the last refuges for many
species. This is highly concerning, as it indicates that very few, if any,
forest areas are exempt from hunting pressure, and that hunting may
now be targeting wildlife populations in their last refuges, which play
a crucial role in maintaining species persistence through dispersal into
edge areas (van Vliet et al., 2010). This might lead to local extinctions
in the near future, especially for large-bodied or behaviourally inflexi-
ble mammals that cannot adapt to increased hunting pressure.

In contrast, the patterns of wildlife colonisation generally aligned
with expectations. Sites located with high travel cost tended to have
higher colonisation probabilities for nearly all species, with the excep-
tion of the red river hog. However, for the red-eared monkey and the
mona monkey, there was weak evidence for the effect of travel cost.
Similarly, hunting also negatively influenced colonisation, with most
species, except the elephant, showing reduced colonisation proba-
bilities in areas which exhibited hunting intensity during the previous
survey year. For elephants which are not targeted by hunters in this
landscape, inaccessible sites had more chances to be (re)colonised, and
hunting only had no effect on site colonisation. This result aligns with
previous findings in this landscape that showed that elephants are in-
sensitive to hunting pressure, as most trails are used by both hunters
and elephants, but preferred areas that are away from roads and villages
(Whytock et al., 2021). Chimpanzees in particular exhibited a strong
negative relationship between hunting intensity and site colonisation
and a strong positive relationship with travel cost, consistent with pre-
vious studies that investigated the distribution of the species in human-
dominated landscapes (Fotang et al., 2021; Strindberg et al., 2018).
Overall, these patterns suggest that despite the increasing occupancy
and longing persistence of some species, hunting impedes the recoloni-
sation of habitats, thereby limiting the potential for population recovery

of most species, at least in areas with recent hunting history.
4.3 | Conservation implications for unprotected
Afrotropical forests

Defaunation in easily accessible areas of African rainforests is push-

ing hunting pressure deeper into more remote and topographically
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challenging parts of forests (Batumike et al., 2020; Coad et al., 2019).
This shift in hunting patterns undermines traditional assumptions
that remote areas can serve as natural refuges for wildlife. Our
findings, which reveal a weak positive relationship between hunt-
ing and species persistence, suggest that some wildlife populations
may already be confined to their last refuges, reflecting both long-
term adaptations to hunting, and their inability to further respond
spatially to current and future hunting pressure. The higher species
occupancy in highlands and in inaccessible and rugged areas may al-
ready reflect their response to previous hunting pressure in the land-
scape. Despite the stable and even increasing occupancy observed
for some species, the local extinction of some iconic species in the
Ebo forest such as the leopard, the black-and-white colobus and the
giant pangolin reported by Whytock et al. (2021) underscores the
severity of past hunting and is a reminder of its consequences: Not
all species have the ecological flexibility to persist in increasingly re-
stricted habitats. With increasing hunting in the most remote parts
of unprotected landscapes as is the case in the Ebo forest (Nguimdo,
Abwe, Morgan, et al., 2025), topographical heterogeneity alone may
no longer be sufficient to safeguard viable wildlife populations. The
recent conversion of the Ebo forest into logging concessions is likely
to worsen the situation by increasing forest access, further exac-
erbating hunting pressure in formerly remote areas. The long-term
persistence of mammals in such landscapes will depend on the inte-
gration of sustainable logging practices with robust hunting regula-
tions (Tobler et al., 2018).

In Central Africa, village-based hunting typically occurs within
10km of settlements, but the use of hunting camps enables ex-
ploitation of areas over 40km away (Abernethy et al., 2013). Similar
patterns have been observed in Ebo, where hunters penetrate deep
into the forest (Whytock et al., 2014), further diminishing the ef-
fectiveness of spatial refuges. Effective conservation planning must
acknowledge the spatial extent and complexity of hunting practices,
recognising hunting as a multifaceted phenomenon that impacts
various species differently (Rist et al., 2009). Conservation strate-
gies must be species-specific and context-sensitive, and understand
species sensitivity to different hunting methods, to determine prag-
matically which species may be suitable for regulated subsistence
hunting and which hunting tools should be restricted to reduce eco-
logical harm. Moving forward, conservation in unprotected rainfor-
est landscapes must also focus on securing a network of no-hunting
zones that can function as source populations to sustain species
across the broader matrix of hunted areas (Gilroy & Edwards, 2017;
Novaro et al., 2005).

In many unprotected rainforest landscapes across Africa,
community-based conservation initiatives already safeguard bio-
diversity (Mfossa et al., 2025) by reducing hunting pressure and
enhancing species persistence (Coad et al., 2019). These initiatives
should be expanded and strengthened to ensure the long-term via-
bility of wildlife within unprotected landscapes through the creation
and maintenance of no-hunting zones that would serve as wildlife

refuges.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Text S1. Code for a dynamic multi-species occupancy model with
correlated detections.

Table S1. Number of detections of each species on 200m segments
along recce lines.

Table S2. Number of detections of each Hunting signs on 200m
segments along recce lines.

Table S3. Species-specific occupancy probability (Mean) per year
(2016-2023) with the standard deviation (SD) and the lower and
upper limits of the 95% credible interval.
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Table S4. Beta coefficients (Estimate), standard deviation (SD) and
95% and 75% credible intervals of the effect of covariates on the
occupancy of different wildlife species.

Table S5. Beta coefficients (Estimate), standard deviation (SD) and
95% and 75% credible intervals of the effect of covariates on the
persistence probability of different wildlife species.

Table Sé6. Beta coefficients (Estimate), standard deviation (SD) and
95% and 75% credible intervals of the effect of covariates on the

colonisation probability of different wildlife species.
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