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ARTICLE INFO ABSTRACT

Keywords: Across the planet, biodiversity is facing ever-growing threats including habitat loss, climate
Ecotone change, overexploitation, and pollution. Pangolins of the order Pholidota are the only scaly
Cameroon

mammal species worldwide and are considered the most trafficked wild mammals in the world,

o being widely exploited for their meat and scales. The giant pangolin (Smutsia gigantea, GP) is one
Manis gigantea . . . . . . . .
Species distribution modeling of the least studied species of this order, with little being known about their response to envi-
Suitable habitat ronmental and anthropogenic variables, as well as their distribution patterns in forest-savannah
transition areas. Our study aimed to increase ecological knowledge about GP by investigating the
environmental factors associated with the distribution of suitable habitat for GP within a pro-
tected forest/savannah transition area of Cameroon. Using data on the locations of GP resting
burrows collected using line transects and employing a maximum entropy (MaxEnt) modelling
approach, we explored GP habitat suitability within a forest-savannah transition area of
Cameroon. Our model revealed a good level of accuracy based on the average test area under the
Receiver Operator Curve metric. The jackknife test found that Euclidian distance to the national
park’s boundaries, normalized difference vegetation index, elevation, and distance to river were
the most important predictors determining the distribution of GP burrows. Areas predicted to be
suitable for GP burrows were patchily distributed within dense forests, ecotone and savannah,
with 19.24% of the study area being suitable and 1% very suitable. Overall, our study shows the
possible importance of habitat suitability modeling for understanding GP distribution, as well as
planning and prioritising their conservation actions.
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1. Introduction

Biodiversity is facing ever-growing threats including habitat loss, climate change, overexploitation, and pollution (IPBES, 2019;
Pimm et al., 1995). Modern extinction rates have reached a critical point, with extinction rates as a result of human activities being
8-100 times higher than expected, dubbed the "sixth extinction crisis" (Ceballos et al., 2015). The extinction rates of species and the
relative effects of factors causing extinction risk vary across regions, particularly in relation to changes in land cover (Rodrigues et al.,
2014). Owing to anthropogenic activities, many wildlife species are at risk of extinction (Owens and Bennett, 2000; Thomas et al.,
2004), with the extinction risks of vertebrates increasing (Ceballos et al., 2015). Some mammal species have intrinsic traits, such as low
reproductive rates and low population densities that make them more susceptible to anthropogenic factors such as overexploitation,
habitat loss and degradation (Malakoutikhah et al., 2020; Owens and Bennett, 2000; Sharma et al., 2014; Thomas et al., 2004).

Knowledge of the geographic distribution, ecological and biological characteristics of species, as well as the factors affecting these
parameters, are fundamental for conservation planning and forecasting of future actions (Ferrier et al., 2002; Funk and Richardson,
2002; Rushton et al., 2004), and can play a vital role in ecological restoration (Austin and Meyers, 1996; Guisan and Thuiller, 2005;
Larson et al., 2004; Martinez-Meyer et al., 2006). This information is also needed to understand the ecological and evolutionary
determinants of biodiversity distribution patterns (Brown and Lomolino, 1998; Graham et al., 2006; Ricklefs, 2004; Rosenzweig,
1995).

Species distribution models (SDMs), also called Ecological Niche Models or Climate Envelope Models, are quantitative methods
that combine data on the known occurrence of a species with predictor variables, statistical models, and computer algorithms to 1)
compute values for each predictor and the way it affects the species of interest at each site of known occurrence, and then 2) identifies
suitable areas based on these predictor variables (Carpenter et al., 1993; Duan et al., 2014; Elith and Leathwick, 2009; Fielding and
Bell, 1997a; Wisz et al., 2008). Species distribution models are a rapidly growing field of research (Brotons, 2014), which are
increasingly used to support decision-making in various fields such as ecology, biogeography, biodiversity conservation and natural
resource management (Franklin, 2010, 2013; Guisan and Thuiller, 2005; Guisan et al., 2013; Newbold, 2010). Species distribution
models have been proven to assist in directing field surveys (see Peterman et al., 2013), assessing the effects of climate change on
species, and improving conservation planning (Fitzgerald et al., 2018; Guillera-Arroita et al., 2015; Zellmer et al., 2019), clearly
demonstrating the cornerstone role that SDMs are nowadays occupying in species conservation.

Robust ecological knowledge of the potential distribution and suitable habitats of species whose populations are decreasing over
their distribution range is of paramount importance for planning their long-term conservation (Akrim et al., 2017). The giant pangolin
(GP; Smutsia gigantea), which occurs in parts of West, Central, and East Africa (Kingdon et al., 2015; Hoffmann et al., 2020), is such a
species. Of the eight species of pangolins worldwide, the giant pangolin is the largest, with a body mass exceeding 30 kg and a total
body length between 140 and 180 cm (Hoffmann et al., 2020; Kingdon, 2015). The GP is classified as Endangered on the IUCN Red List
of Threatened Species (Nixon et al., 2019), and is also listed on Appendix I of the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES). Despite the afforded protection, GP survival is still threatened by two main anthropogenic
threats: overexploitation for meat and scales, and the degradation and loss of its primary habitats (Hoffmann et al., 2020; Ingram et al.,
2019; Nixon et al., 2019). Given these threats, a general lack of research, and the need to better plan long-term GP conservation, the
IUCN Species Survival Commission Pangolin Specialist Group highlighted the urgent need for research to better understand the overall
ecology, habitat preferences and current distribution of GPs (Challender et al., 2014).

For all pangolin species, occurrence is considered to be determined mainly by food availability (presence of ants and termites),
appropriate temperature, and presence of a permanent water source (Chao et al., 2020). In addition, other factors such as distance to
human settlement and distance to roads might also be important predictors of pangolin occurrence (Akrim et al., 2017; Bruce et al.,
2018; Waseem et al., 2020). For Indian (Manis crassicaudata) and Chinese (Manis pentadactyla) pangolins for example, elevation,
average temperature, distance to human settlements, land cover class, slope, aspect, and precipitation have all been shown to be
determinant factors of their distribution (Dorji et al., 2020; Sharma et al., 2014; Thomas et al., 2004). Indian and Chinese pangolins
reportedly prefer digging their burrows in areas with moderate canopy cover and slope, not far from human settlements and water-
courses, at a moderate elevation between 500 and 1750 m above sea level (Karawita et al., 2018; Suwal et al., 2020; Waseem et al.,
2020). Dorji et al. (2020) also found that Chinese pangolins preferred digging their burrows on clay and sandy loam soils as they form
soft layers that are easy to dig in, thus highlighting the importance of soil for pangolins as it permits them to find food, shelter, and also
regulate their body temperature by retreating into burrows (Redford, 1987; Sun et al., 2021).

The GP distribution range is limited to tropical sub-Saharan Africa, where it is known to inhabit primary and secondary forests,
forest-savannah mosaics, swamps, gallery forests, wooded savannah and wet grasslands (Hoffmann et al., 2020; Nixon et al., 2019). It
is also considered to prefer areas near permanent water sources with minimal human activities (Hoffmann et al., 2020; Nixon et al.,
2019). Khwaja et al. (2019) found that elevation and distance to river affect GP occupancy, however, compared to their Asian relatives,
it remains unclear how other environmental variables, such as soil type, temperature, vegetation type, elevation, aspect, precipitation
and slope may affect the distribution of the GP. This lack of information has direct consequences on accurately determining this
species’ conservation status and habitat preferences, thus hindering efforts to map priority areas where conservation actions (e.g.,
habitat restoration and protection efforts) could be implemented.

Cameroon hosts three of the four African pangolin species, including the GP (Hoffmann et al., 2020; Kingdon, 2015). Studies on the
GP in Cameroon have traditionally focused on relative abundance and distribution based on indirect signs and camera-traps (Bruce
et al., 2018; Ichu et al., 2017, Mouafo, 2018; Amin et al., 2023). So far, no study has examined the habitat suitability and potential
distribution of GP using a SDM approach in mosaic forest-savannah transition areas. In an attempt to fill this gap in knowledge, two
main research questions were asked, namely: (i) what are the environmental variables shaping GP distribution, and how do these
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variables affect the distribution of GP? and (ii) what is the proportion of suitable habitat for GP and how is it distributed within the
study area? From these questions, we hypothesized that:

- the distribution of GP is affected by elevation, vegetation types and distances to human settlements and nearest watercourse
(Hoffmann et al., 2020; Waseem et al., 2020), as well as soil type given that GP is a burrowing species, and

- suitable habitat for GP burrowing is patchily distributed across habitat types, with GPs showing a preference for densely forested
areas.

Based on these research questions, this study aimed to contribute to a better understanding of GP ecology as pre-requisites to
developing area-based and species-specific conservation strategies.

2. Materials and methods
2.1. Study area

This study was undertaken in Mbam et Djerem National Park (MDNP), a 416,512 ha protected area situated between 5°30 “and
6°14 N, and 12°20 “and 13°15 E in central Cameroon (MINFOF, 2007). Its climate has two seasons of almost equal length: the rainy
season from mid-April to mid-October and the dry season from mid-October to mid-April. The average rainfall is 1900 mm/year, with
an annual average temperature of 24 °C (MINFOF, 2007). The relief is almost flat, but there is an elevational drop from 930 m to 650 m
a.s.l. from the north to the south of the park. The area lies within the Guinea-Congolian/Sudanian regional transition zone, between the
Sudanian regional center of endemism in the north and the Guinea-Congolian forest block in the south (Pye, 1985). The park’s
vegetation varies from savannah in the northwest through forest-savannah mosaics to closed canopy humid forest in the south-west
(Mitchard et al., 2009). The fauna thus consists of species from both savannah and forest ecosystems with approximately 65
mammal species recorded (Maisels et al., 2000; MINFOF, 2007). Approximately 30,000 people are distributed in 75 villages bordering
the MDNP and depend on farming, fishing, and hunting for their livelihoods (Bobo and Weladji, 2011; MINFOF, 2007; RGPH, 2005).

Our study site (Fig. 1) is located in the southern branch of the MDNP and occupies approximately 507 km?, representing
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Fig. 1. Study area in the Mbam et Djerem National Park showing human settlements, rivers, and the areas predicted to be suitable for giant
pangolins (Smutsia gigantea).
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approximately 12% of the MDNP.

It is bordered in the North by the Djerem River, in the South by the Gbing River, in the East by the Mékié River and in the West by
the Oussomisson River, as well as by the National Road 15 and two villages, Ngoum and Léna. The site is a typical mosaic habitat with
the succession of young pioneer forests, gallery forests, wooded savannahs and shrub savannahs. A clear ecotone is evident between
the gallery forests and the wooded savannahs or shrub savannahs. Due to its proximity to two villages and the recently constructed
National Road 15, our study site has ongoing human disturbance and illegal hunting activities as demonstrated by anthropogenic signs
frequently encountered during our surveys.

2.2. Data collection

2.2.1. Survey design and GP occurrence data

Following meetings held with local people, and conservation staff of MDNP, a pilot study was conducted in August 2017 on three 2-
km long transects to identify potential sites to place transects. From this pilot study, we decided to adopt a systematic sampling
procedure by placing transects perpendicular to rivers where possible, given the variation of habitat types we observed. We first
established eight principal transect lines with lengths varying from 14 km to 22 km and separated from each other by a distance of
2-6 km. We then established 2-km long transects following the principal transect line, with each transect separated from the next to
ensure independence in our observations. Because of their elusive nature, pangolins in general are difficult to observe directly, and as
such, indirect evidence is often used to identify their presence (Mahmood et al., 2014; Perera and Karawita, 2020). Furthermore, to
solve the problem of accurate identification of indirect signs of GP, which is sometimes problematic due to their similarity with those of
aardvark (Orycteropus afer) and the likelihood of GP using an abandoned aardvark burrow (Hoffmann et al., 2020), we relied both on
local knowledge and verifiable evidence as employed in previous studies on pangolins (Karawita et al., 2018; Mouafo, 2018; Nash
etal., 2020; Newton et al., 2008). This was to ensure that a burrow in question was that of a GP and/or had recently been used by a GP.
As the study area is a mosaic of forest and savannah, transects were placed perpendicular to the nearest river so that they crossed
different habitat types. Major habitat types crossed by transects were: gallery forests, young pioneer forests (ecotone), savannah
(wooded and shrub), closed undergrowth mixed forests and marshes. Between 2018 and 2021, two independent studies were carried
out on a set of 34 transects to collect indirect occurrences of GP. The first study (November 2017 and March 2018) focused on the
southern part of the study area, targeting 14 transects, while the second study (June and September 2020) targeted the northern part of
the study area, and covered 20 transects. Using two observers on both sides of each transect with varying widths depending on the
visibility of the habitat surveyed, we searched for the presence of GP through the identification of feeding and resting burrows. This
study used only confirmed ‘active’ resting burrows (i.e., with evidence of use) of GP to be sure to capture information about the species
distribution patterns. Sixteen camera-traps placed at a height between 30 and 60 centimeters above the ground, and in different habitat
types were also used when collecting data to reduce the likelihood of erroneously recording burrows not used by GP.

This research was approved by the University of Dschang. All required authorizations for field work were obtained from the
Ministry of Forestry and Wildlife through the Conservator of MDNP.

2.2.2. Environmental data

Four categories of environmental variables (Table 1) were used for modeling: (i) vegetation variables (Advanced Vegetation Index —
AVI, Normalized Vegetation Difference Index —- NDVI, Modified Normalized Difference Water Index - MNDWI and Shadow Index - SI);
(ii) geophysical variables (Digital Elevation Model - DEM, slope, aspect, hill shade, distance to permanent rivers and streams) (iii) soil
variables (bulk density, carbon exchange capacity, clay content, coarse fragments, nitrogen, organic carbon density, pH index

Table 1
Predictor variables retained in the final Environmental Niche model for giant pangolins (Smutsia gigantea) with their code description and
contribution (%) to the model, ranked from highest to lowest.

Variable code Variable description (Unit) Contribution (%)
eucdist_pnmd1 Euclidian distance to MDNP’s borders (meters) 41.3
ndvi_pnbd Normalized difference vegetation index 15.2
pnbd_dem Elevation (meters) 8.1
eucdist_river_ pnmd Euclidian distance to the nearest river (meters) 6.6
ph_water pH index measured in water solution 5.9
coarse_fragment Concentration of coarse fragments in the soil (em®/dm®) 5.1
clay_content Clay content in a kilogram of soil (g/kg) 4.4
pnbd_aspl Aspect (degrees) 3
sand Sand content in a kilogram of soil (g/kg) 2.4
nitrogen Nitrogen concentration in the soil (g/kg) 2.2
silt Silt content in a kilogram of soil (g/kg) 2
cec7 Carbon exchange capacity (mmol/kg) 1.5
org_car_density Organic carbon density (kg/m®) 1
avi_pnmd Advanced vegetation index 0.9
pnbd_slopl Slope (degrees) 0.4
pnbd_hilll Hills shade 0
soilorgcarbl Soil organic carbon stock (g/kg) 0
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measured in water solution (the value of pH is multiplied by 10; Hengl et al., 2017), sand, silt, soil organic carbon, soil organic carbon
stock and organic carbon density), and (iv) anthropogenic variables (distance to human settlements, distance to road, and distance to
the park’s boundaries). Geophysical and soil variables were chosen for their proven ability to affect species distributions at a broader
scale (Austin, 2007; Elith and Leathwick, 2009; Guisan and Thuiller, 2005), while vegetation indices and anthropogenic variables have
the ability to affect species distribution at finer scales (Benton, 2009; Lewis et al., 2017; Wiens, 2011), with GP preferring habitats with
low human pressure (Bruce et al., 2018; Hoffmann et al., 2020). For example, we chose NDVI as it is commonly used as an indicator of
vegetation state in a particular area, and because of its proven ability to predict both herbivore and non-herbivore species distribution
and abundance over time and space (Myneni et al., 1995; Pettorelli et al., 2005, Rouse et al., 1973; Running, 1990). In addition,
another motivation for the use of these variables was for comparability with models produced for other pangolin species (Dorji et al.,
2020; Sharma et al., 2020; Suwal et al., 2020, 2021). Since our study area was relatively small, we anticipated climate to be uniform
across the study area, which lead to excluding climatic data from our modeling process.

To obtain distance-based variables (distances to river, human settlements, park boundaries and distance to road), a shapefile of
each feature type were created using ArcGIS version 10.3.1 and used to create raster files of Euclidian distance from the corresponding
features (Tédonzong et al., 2020). Following the procedure described in Tédonzong et al. (2020), the Landsat 8 scene necessary for
deriving vegetation indices and the DEM from the NASA Shuttle Radar Topography Mission (SRTM) version 3.0 were downloaded from
the Earth explorer website (https://earthexplorer.usgs.gov), and used at 30 m resolution. For the topographic variables (elevation,
aspect, slope and hills), the DEM was used as the base file and processed accordingly in ArcGIS version 10.3.1. Finally, in order to
obtain raster files corresponding to our study area, we used the function “extract by mask” in ArcGIS to select the corresponding cells.

Soil variables were obtained from the SoilGrids 250 m database (https://www.soilgrids.org; Hengl et al., 2017). We used 11 soil
variables that provide predicted values for the surface soil layer (0-15 cm depth). These included: four soil texture variables (pro-
portion of clay, sand, silt, coarse fragment), which are related to soil drainage and seven chemical variables related to nutrient
availability (the cation exchange capacity (CEC), bulk density, nitrogen content, organic carbon density, soil organic carbon, soil
organic carbon stock and pH).

All environmental data were masked to the full extent of the study area and all layers were resampled at a resolution of 30 x 30 m
using ArcGIS. We computed a Pearson correlation coefficient matrix to assess the strength of association among variables, setting the
correlation threshold at r = |0.7| (Dormann et al., 2013). When variables were highly correlated (>|0.7|), we used the usdm package in
R to calculate the variable inflation factor (VIF) of each variable and sequentially discarded the correlated variable with the highest VIF
using a stepwise analysis until the maximum correlation between variables was < |0.7| (Dormann et al., 2013; Naimi et al., 2014).
Based on the spatial resolution of 30 m, we conducted the spatial thinning to reduce the spatial autocorrelation of points using the
SDMtoolbox in ArcGIS; this analysis considers a single point out of all occurrences in each grid cell (Brown, 2014). Although the
selection of the resolution is known to be subjective and arbitrary (Anderson and Raza, 2010), the spatial resolution of 30 m was
selected due to the heterogeneity of our study site (variation being in the order of decametres), the size of the study site, and the fact
that we wanted to capture variation at the micro level which could not be possible if the standard resolution of 1 km was used.

2.3. Modeling approach

Suitable habitat for GP was estimated using a maximum entropy approach relying on occurrence points and comparisons between
predictor variable values at presence localities and those at randomly selected background sites using the software MaxEnt version
3.4.4 (Phillips et al., 2006). MaxEnt is one of the most robust approaches based on a machine-learning process that predicts the
presence of a species in a geographic space based on the presence-only occurrence points of the species without considering absence
points. To overcome the problem of absence points which are necessary to model a species distribution, MaxEnt creates and randomly
selects false absence points (background data) by considering the species to have the same likelihood of occurring across the study area
(Lahoz - Monfort et al., 2014; Merow et al., 2013; Phillips and Dudik, 2008). A few limitations of the MaxEnt approach have been
discussed, among which are the occurrence sampling bias and the use of false absence points instead of true absence points (Elith et al.,
2011; Kramer-Schadt et al., 2013; Phillips and Dudik, 2008; Radosavljevic and Anderson, 2014). Despite these limitations, MaxEnt has
many advantages such as the use of few occurrence points to yield good results and the prevention of model over-fitting (Mohammadi
et al., 2019; Phillips and Dudik, 2008; Spiers et al., 2018).

Since MaxEnt modeling is a machine learning process which simulates a known real model with potential complexity based on a
certain algorithm, its accuracy cannot be determined with precision, thus requiring preventative measures to be taken to reduce model
over-fitting (Yan et al., 2021). Preventing over-fitting can then be done by wisely selecting parameters used to set the program. For
example, an optimal model might be selected by setting the appropriate regularization multiplier (RM) and the corresponding feature
combination (FC) (Phillips et al., 2006; Yan et al., 2021). MaxEnt provide five feature modes (Linear (L), quadratic (Q), product (P),
hinge (H), and threshold (T)) which can be used alone or in combination depending on the sample size (Elith et al., 2011). The L feature
is always running, the Q feature starts to run with at least 10 occurrences, the H function requires a minimum of 15 occurrences, and
the P and T features require > 80 samples (Elith et al., 2011; Yan et al., 2021). Although default MaxEnt settings of the RM are based on
226 species over 6 regions, many studies have shown that it is necessary to select an individual regularization multiplier according to
the species of interest and the data structures (Phillips and Dudik, 2008; Elith et al., 2011; Muscarella et al., 2014). The regularization
multiplier can affect how focused the output distribution is, with a smaller RM value resulting in a localized output distribution that fits
the given occurrence records well, but is vulnerable to over-fitting, while a larger RM value will produce a prediction that can be
applied more widely (Merow et al., 2013; Zhu et al., 2018; Yan et al., 2021).

We initially used the default settings of MaxEnt, but set the output format to logistic, the maximum number of iterations to 1000,
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LQHP feature types (since our sample size was greater than 80), and a 20-fold random cross-validation to estimate errors around fitted
functions. For the RM, we used a step-by-step approach by successively running models with different RM values (0.5, 1.0, 1.5, 2.0, 2.5
and 3.0) to constrain MaxEnt, and prevent over-fitting of the models (Phillips et al., 2008, Breiner et al., 2015). The individual
contribution of environmental predictors was assessed using the jackknife test (Pearson et al., 2007; Thorn et al., 2009), while we used
the AUC (which is directly proportional to the accuracy of the model prediction) to assess the predictive power of our modeling process
(Fielding and Bell, 1997b; Marmion et al., 2009; Muscarella et al., 2014; Yan et al., 2021). The AUC is generally between 0 and 1 and
values of AUC greater than 0.9 were considered as excellent, 0.8 — 0.9 as very good, 0.7-0.8 as good, 0.6-0.7 as fair, and values < 0.6
were considered poor (Aratjo et al., 2005; Duan et al., 2014).

Prior to running the models, vegetation types were grouped as follow: dense forests (gallery forests, closed undergrowth mixed
forests, and marshes), savannah (wooded and shrub) and ecotone (pioneer forests), based on land cover data available for the area. The
predicted habitat suitability for GP was grouped into four classes: 0.0-0.25 (highly unsuitable habitat), 0.25-0.5 (unsuitable habitat),
0.50-0.75 (suitable habitat), 0.75-1 (highly suitable habitat); (Campos et al., 2015; Morris et al., 2016). We then overlaid the raster file
obtained from the MaxEnt output onto the study site and calculated the total number of cells of each category of habitat suitability
within each vegetation type using the raster calculator in ArcGIS 10.5 (Thapa et al., 2018).

3. Results
3.1. Model performance and contribution of environmental variables

A total of 234 burrow occurrences were used to model suitable habitats of GP in our study area, 95% of which were used for training
and 5% for testing. Of the 28 variables selected for modelling GP habitat suitability, 11 variables whose correlation coefficient value
was > |0.7| were excluded prior to analysis (Supplemental Material 1). Variables that were used in the final model are shown in
Table 1.

Estimates of the receiver operating characteristic (ROC) showed that the AUC for the replicates ran were 0.768 + 0.043, which
revealed a good level of accuracy in the prediction of the model. The jackknife test of the variable’s contribution to the model showed
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Fig. 2. Response curves (red line) and their standard deviations (blue shade) showing the effects of A) Euclidian distance to park’s boundaries
(euclid_pnmd1), B) Normalized difference vegetation index (ndvi_pnbd), C) Elevation (pnbd_dem), and D) Euclidian distance to the nearest river
(Euclid_river_pnmd) on the predicted habitat suitability for giant pangolins (Smutsia gigantea) of giant pangolin burrows in the study area.
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that, among the 17 variables used to train the model, Euclidian distance to MDNP’s boundaries, NDVI, elevation, Euclidian distance to
the nearest river, water pH, and the concentration of coarse fragments in the soil were the environmental variables that contributed the
most to the model (>5% contribution; Table 1).

3.2. Response of habitat suitability to environmental variables

Our model predicted suitability for GP burrows between 2.4 km and 23 km from the park’s boundaries, with a peak at 12 km from
the park’s borders (Fig. 2A. Giant pangolins preferred more open habitats (NDVI values of 0.06-0.57), with burrow habitat suitability
predicted to decrease with an increase in NDVI value (indicating increasingly forested habitats; Fig. 2B). The model predicted the
entire elevational range present at our study site (650-1050 m a.s.l.) to be suitable for GP burrows, with a peak around 760 m a.s.l.
(Fig. 2C). Suitable areas for GP burrows were predicted to occur within 100-2000 m from rivers, with a peak around 300 m from rivers
(Fig. 2D).

Predicted suitable pH values ranged between 5.252 and 5.52, with the predicted most suitable areas for GP burrows observed when
the pH value was 5.35 (Supplemental Material 2 A), suggesting that GPs prefer to burrow in acidic soils. Finally, suitable habitats were
predicted for coarse fragment concentration values between 110 and 210 cm®/dm?, and the most suitable habitats were observed for
concentration values of 155 cm®/dm® (Supplemental Material 2B).

3.3. Prediction of giant pangolin habitat suitability

The study site (MDNP) used to predict the habitat suitability for GP burrows comprised of moderate to dense forests (gallery forests,
closed undergrowth mixed forests and marshes; 60.32%), savannah (33.18%) and finally ecotone (6.5%). Predicted suitable habitat for
GP burrows was patchily distributed across the study area (Fig. 1), and only 1% of the study area could be considered as highly suitable
for GP burrow placement, while 19.24% was predicted to be suitable, 40.53% as unsuitable, and finally 39.23% of the area was
predicted to be very unsuitable.

4. Discussion

Giant pangolins are one of the least studied species of the order Pholidota, rendering knowledge about their ecology very scarce
(Hoffmann et al., 2020). Our study aimed to contribute to the enhancement of ecological knowledge about GPs by investigating
variables affecting the distribution of GP burrows and determining the habitat suitability of GP within a forest-savannah mosaic area of
Cameroon. Our modelling approach based on maximum entropy (Phillips et al., 2006) enabled us to better understand how envi-
ronmental variables shape the distribution of GPs and affect their predicted habitat suitability. Overall, our results suggest that
modelling habitat suitability of species can be an approach that conservationists and wildlife managers can take advantage of,
especially when it comes to targeting areas where conservation actions are mostly needed under limited resources.

4.1. Relationships between response variables and giant pangolin habitat suitability

Among the 17 environmental variables retained for the model, Euclidian distance to the MDNP’s boundaries (EDPB) and
Normalized Difference Vegetation Index (NDVI) were the major predictors of GP habitat suitability in our study area, while elevation,
Euclidian distance to river (EDR), and possibly water pH and the concentration of coarse fragments in the soil were also found to be
predictors to a lesser degree. The distance to the MDNP’s boundaries was the most important of these variables, with suitable habitat
for GP burrow placement being observed between 2,500 m and 24,000 m. This is contrary to findings in Nepal (Shrestha et al., 2021),
where no significant difference between pangolin burrow distribution and distance to a park’s boundaries, which can be an indicator of
human pressure, was found. Park boundaries are typically closer to human settlements, and therefore often have higher levels of
anthropogenic activities, as it is the case in our study site. The apparently unsuitable habitats observed from 0 to 2,500 m from the
MDNP’s boundaries might be explained by anthropogenic activities carried out around the park. Based on the management plan of
MDNP, there is a buffer zone of approximately 6 km from the villages to the park’s boundaries within which local people have the right
to carry out their daily activities, including farming and hunting (MINFOF, 2007). These anthropogenic activities may disturb GP
habitat and behaviour, possibly rendering it unsuitable for GP. Therefore, suitable habitats observed between 2,500 and 23,000 m
from the park’s boundaries might be due to the edge effect on GP, which has been shown in protected areas to negatively affect some
resident wildlife populations (Woodroffe and Ginsberg, 1998), and especially pangolins (Boakye et al., 2016). Beyond 23,000 m, we
observed a decrease in habitat suitability, a situation which may be explained by the habitat change from mosaic forest-savannah to
dense forest or because we were approaching the limits of our selected study area It would be worth investigating habitat suitability of
GPs beyond the limits of our study site to be able to make a clear comparison.

Vegetation structure (here measured using NDVI) has been recognised to affect species distributions and dynamics (Pettorelli et al.,
2011), and we found it to be the second most important predictor of GP burrow habitat suitability. Predicted suitable habitats were
obtained for NDVI values between 0.06 and 0.57, suggesting that GPs prefer habitat with low to moderate vegetation cover densities.
Although they have different ecologies to GP, this is similar to the results obtained for Chinese and Indian pangolins, whose abundance
was mainly reported in areas with low to moderate canopy covers (Acharya et al., 2021; Suwal et al., 2020). Giant pangolins are known
to inhabit primary and secondary forests, savannah and forest-savannah mosaic habitats of Central, West, and East Africa (Hoffmann
et al., 2020; Kingdon, 2015; Nixon et al., 2019). Our study area is a mosaic of forest and savannah, with canopy cover varying from
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open to closed. These areas may be preferred by the species because of the high abundance of ants and termites, shown to be important
for Temminck’s pangolin (Smutsia temminckii); (Swart et al., 1999; Pietersen et al., 2016; Panaino et al., 2022), and the ease of digging
in such habitats (Hoffmann et al., 2020; Nixon et al., 2019). In addition, aardvark and GP are considered to be ecologically similar
species as they share the same habitat types, both feed on ants and termites, and dig burrows in which to rest, with aardvark generally
using their burrows for a relatively short period of time, after which time they can be occupied by GP (Hoffmann et al., 2020; Kingdon,
2015). Despite potential direct and indirect interactions between the two species (Morin et al., 2020), it is thought that GP may
sometimes use abandoned aardvark burrows for resting (Hoffmann et al., 2020). The correlates of this behavior remain unclear, and it
would be worth investigating the interactions between the two species to better understand their ecological interactions for improved
planning of conservation actions.

Elevation was the third most important variable predicting the distribution of GP. Similar results were obtained by Khwaja et al.
(2019). The same was also observed for the Indian pangolin with elevation being the major variable affecting the species’ presence
(Dorji et al., 2020; Waseem et al., 2020). The predicted suitable elevation range (710-940 m a.s.l.) falls in the GP species elevation
range, which is recognized to vary from slightly above sea level to more than 2,200 m a.s.l. (Hoffmann et al., 2020; Nixon et al., 2019).
However, beyond 940 m a.s.l., predicted GP habitat was unsuitable, suggesting that GP would not prefer higher elevation as was
observed by Khwaja et al. (2019) for GP occupancy which also decreased with increasing elevation. This differs from results obtained
for Indian pangolin whose highest predicted habitat suitability was found at elevations ranging between 1,450 and 1,600 m a.s.l.
(Acharya et al., 2021). The apparent unsuitability of such elevations for GP might be explained by the scarcity of permanent water
sources at such elevations, as the species is considered to prefer living near permanent water sources (Hoffmann et al., 2020; Nixon
et al., 2019). The low suitability of habitat observed at higher elevation for GPs in our study area might also be due to the fact that, at
higher elevation, soil was typically rocky, making it hard to dig, thus potentially limiting GP activity.

Euclidian distance to the nearest river was the fourth most important variable contributing to GP burrow occurrence, with the
species showing a preference for areas closer to rivers (Fig. 3).

Though this variable contributed only 6.6% to model performance, it might explain observations made during field work, where
occurrence of GP decreased with increasing distance to the nearest river. This also supports the notion that the species prefers living
near permanent water sources (Hoffmann et al., 2020; Nixon et al., 2019), as was also reported for the Chinese pangolin (Chao et al.,
2020), and GP occupancy (Khwaja et al., 2019). In our study, higher predicted habitat suitability was recorded for distances less than
300 m from rivers. This further supports the results of Khwaja et al. (2019) who found a similar trend for GP occupancy, with the
highest occupancy being observed for a mean distance from the river of 1.9 km. This may be due to the habitat preference of the
species, which prefers mosaic habitats comprising lowland tropical moist and swamp forests (Hoffmann et al., 2020; Nixon et al.,
2019). In our study site, high variability of habitat types is observed as one moves away from the river, with a succession of gallery
forest and transition habitat types which are rich in resources and have soil suitable for digging both feeding and resting burrows,
followed by savannah and dense forests. It is important however to highlight that, as distance to the nearest river was a minor
contributing variable to model performance it is possible that these results may be more incidental than explanatory.

Water pH and coarse fragments in the soil also contributed to model performance to a lesser degree. Giant pangolins preferred
slightly acidic soil, which may be linked to prey availability. For example, soil pH and type, as well as nutrient availability, are major
correlates of ant and termite abundance (Davies et al., 2003; Mugerwa et al., 2011; Roisin and Leponce, 2004). Acidic soils with very
low pH have limited nutrients necessary for plant establishment, leading to limited availability of adequate food resources which
constrain the survival of termites and ground dwelling ants (Chao et al., 2020; Irshad et al., 2015; Mugerwa et al., 2011; Jacquemin
etal., 2012; Staab et al., 2014), thus limit the availability of prey which is a correlate of GP distribution (Hoffmann et al., 2020). Giant
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Fig. 3. : A camera-trap photo of a giant pangolin (Smutsia gigantea) taken early in the morning in a gallery forest near a river in MDNP (Credit:
Alain Delon).
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pangolins preferred soils containing moderate to high quantities of coarse fragments. These coarse fragments are important for soil and
water management, and presence of higher amounts at the subsurface may improve drainage and aeration, thus increasing the
biodiversity of the soil (Khetdan et al., 2017; Zhang et al., 2019), and possibly improving the ease of digging. The diet of GP, consisting
primarily of ground-dwelling ant and termite species (Difouo et al., 2020), may explain the apparent preference of GP for areas with
such coarse fragments soil concentration for foraging. Given their minor contributions to model performance, it is possible that these
results are more incidental than explanatory, and it will be worth investigating in details the effects of these two variables GP’s burrow
creation.

5. Conclusion and recommendations

Information on the ecology of GP remains scarce over its distribution range, thus preventing their effective conservation planning
and management. Despite the caveats of this study, our results clearly showed that species distribution modelling can be used as an
important tool to better understand species distribution patterns, and environmental variables responsible for such patterns. We found
that habitat suitability of GP burrows was patchily distributed within dense forests, ecotone and savannah habitat types of MDNP, with
20% of the study area being predicted as suitable or highly suitable for the species. This corroborates findings by other authors about
GP inhabiting these same habitat types (Hoffmann et al., 2020; Mouafo, 2018; Nixon et al., 2019; Sandri et al., 2022). However, we
recommend carrying out similar studies in dense forests and savannah and comparing the findings with ours. Our model predicted GP
distribution to be highly affected by the distance to MDNP’s boundaries and vegetation density, and to a lesser extent by elevation,
distance to the nearest river, water pH, and the concentration of coarse fragments in the soil. The decrease in habitat suitability close to
MDNP’s edge is an indication that GP distribution is influenced by human activities and edge effects. Giant pangolin distribution is
determined by a combination of both abiotic and biotic factors and those identified in this study may be just a small portion of the
ecological factors affecting GP distribution in our study area. This study represents only a small part of what is needed to ensure
long-term conservation of GP within the MDNP landscape. To better conserve GP in MDNP, we recommend the following research
activities:

1) Carry out field surveys to estimate GP abundance within both suitable and unsuitable predicted habitats as a validation process of
our model;

2) Carry out the same study in the undisturbed core zone of the park and compare the results with our findings from the disturbed
area;

3) Determine the relationship between GP and aardvark habitat suitability as the two species have similar ecologies, and often share
the same habitats.

To support GP conservation actions at MDNP, we additionally recommend that the following actions be implemented: 1) involve
local communities bordering the study in the management and conservation process; and, 2) raise awareness in local communities on a
regular basis about the importance of GP in the ecosystem and the necessity to preserve them.
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