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Abstract

As a result of extensive data collection efforts over the last 20-30 years, there is
quite a good understanding of the large-scale geographic distribution and range lim-
its of African great apes. However, as human activities increasingly fragment great
ape spatial distribution, a better understanding of what constitutes suitable great
ape habitat is needed to inform conservation and resource extraction management.
Chimpanzees (Pan troglodytes troglodytes) and gorillas (Gorilla gorilla gorilla) inhabit
the Lobéké National Park and its surrounding forest management units (FMUSs) in
South-East Cameroon. Both park and neighboring forestry concessions require reli-
able evidence on key factors driving great ape distribution for their management
plans, yet this information is largely missing and incomplete. This study aimed at map-
ping great ape habitat suitability in the area and at identifying the most influential
predictors among three predictor categories, including landscape predictors (dense
forest, swampy forest, distance to water bodies, and topography), human distur-
bance predictors (hunting, deforestation, distance to roads, and population density),
and bioclimatic predictor (annual precipitation). We found that about 63% of highly
to moderately suitable chimpanzee habitat occurred within the Lobéké National
Park, while only 8.4% of similar habitat conditions occurred within FMUs. For go-
rillas, highly and moderately suitable habitats occurred within the Lobéké National
Park and its surrounding FMUs (82.6% and 65.5%, respectively). Key determinants
of suitable chimpanzee habitat were hunting pressure and dense forest, with spe-
cies occurrence probability optimal at relatively lower hunting rates and at relatively
high-dense forest areas. Key determinants of suitable gorilla habitat were hunting
pressure, dense forests, swampy forests, and slope, with species occurrence proba-
bility optimal at relatively high-dense and swampy forest areas and at areas with mild
slopes. Our findings show differential response of the two ape species to forestry

activities in the study area, thus aligning with previous studies.
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1 | INTRODUCTION

Chimpanzees and gorillas are large-bodied primate species frequently
occurring at high densities within dense tropical forest and wood-
land savanna across equatorial Africa (Tutin & Fernandez, 1993).
Their large-scale abundance, distribution, and range make this re-
gion of specific interest to great ape conservation.

Chimpanzees are divided into four subspecies: the western
chimpanzee (Pan troglodytes verus), the central chimpanzee (Pan
troglodytes troglodytes), the eastern chimpanzee (Pan troglodytes sch-
weinfurthii), and the Nigeria-Cameroon chimpanzee (Pan troglodyte
ellioti). Pan troglodytes verus occur within forested areas in West
Africa, with a population estimate of approximately 52,800 indi-
viduals (Heinicke et al., 2019). Pan troglodytes troglodytes live along
forested areas within Central Africa, with population estimates of
approximately 140,000 individuals (Maisels et al., 2016). Pan trog-
lodytes schweinfurthii are found within forested areas in East Africa,
with population estimates of about 181,000-256,000 individuals
(Plumptre et al., 2016). Pan troglodyte ellioti ranges from Cameroon,
west of the Sanaga River, to Nigeria, with population estimates of
between 6,000 and 9,000 individuals (Morgan et al., 2011; Oates
et al., 2016).

Gorillas are divided into the Eastern and Western gorillas, each
with two distinct subspecies. They include Gorilla beringei graueri
and Gorilla beringei beringei for the Eastern subspecies (mountain
gorillas) and Gorilla gorilla gorilla and Gorilla gorilla diehli for the
Western subspecies (lowland gorillas). Gorilla beringei beringei and
Gorilla beringei graueri inhabit Albertine rift montane forests along
the Virunga Mountains of Uganda, Democratic Republic of Congo,
and Rwanda with population estimates of approximately 1,000 in-
dividuals (Hickey et al., 2018; Roy et al., 2014) and 3,800 individ-
uals (Plumptre et al., 2016), respectively. Gorilla gorilla gorilla and
Gorilla gorilla diehli inhabit dense forests and lowland swamps and
marshes of central, west, and east Africa. The former has a popula-
tion size of approximately 302,973-460,093 individuals (Strindberg
et al.,, 2018) while the latter is estimated at roughly 250-300 in-
dividuals, located in forested areas of approximately 12,000 km?
(Bergl, 2006; Oates et al., 2003, 2007; Sunderland-Groves
etal.,, 2003).

In general, the population status of chimpanzees and goril-
las is unstable (except for the mountain gorillas). These great
apes are facing continuous decline (Brooks et al., 2006; Estrada
et al., 2017; Plumptre et al., 2010; Strindberg et al., 2018) mainly
due to hunting (e.g., Araljo et al., 2004; Humle et al., 2016; Kuehl
et al., 2009; Oates, 1996; Peres & Lake, 2003) and habitat loss
(e.g., Chapman & Peres, 2001; Devos et al., 2008; Estrada, 2013;
Gippoliti & Dell'Omo, 2003; Humle et al., 2016; Isabirye-Basuta
& Lwanga, 2008; Sa et al., 2012; Yuh et al., 2019). In addition, the

occurrence, distribution, and range of chimpanzees also depend
upon the extent of forest cover and composition (Yuh et al., 2019),
topography (Fitzgerald et al., 2017), climatic variability (Kosheleff
& Anderson, 2009; Pruetz, 2007; Reed & Fleagle, 1995), and other
human disturbance conditions, for example, increasing human
population density (Strindberg et al., 2018), road constructions,
and built-up areas (Estrada et al., 2017). Similar effects are also re-
ported with gorillas (e.g., Estrada et al., 2017; Reed & Fleagle, 1995;
Strindberg et al., 2018; Watts, 1988). These factors interactin a com-
plex way to determine great ape habitat suitability across their range
(Junker et al., 2012; Plumptre et al., 2010). However, much is still un-
known on the difference in spatial variability of suitable chimpanzee
and gorilla habitats across various nature reserves where they occur
sympatrically. Much is also unknown on how both species respond to
the most critical factors that influence their habitat suitability across
various nature reserves. Furthermore, the effects of hunting (consti-
tuting one of the most important human disturbance factors causing
species decline) have not been fully documented in ape distribution
or habitat suitability mapping. Thus, mapping and comparing the spa-
tial variability of suitable ape habitats within cohabited reserves, as
well as evaluating species response to critical environmental factors,
will provide baseline information to aid conservation.

Chimpanzees are highly territorial and as such find most suitable
habitats within highly protected areas or National Parks (Heinicke
et al., 2019) largely dominated by dense evergreen or swampy for-
ests (Poulsen & Clark, 2004) and with low human disturbance (Stokes
et al., 2010; Strindberg et al., 2018). Thus, key determinants of suit-
able chimpanzee habitats range between dense forested areas, sa-
vanna mosaics (Heinicke et al., 2019), and proposed habitat corridors
(e.g., distance to built-up areas such as roads, railways, settlements,
etc. (Heinicke et al., 2019; Laurance et al., 2015). Contrary to chim-
panzees, gorillas are highly tolerant to forest disturbance and show
reduced territoriality, finding most of their suitable habitats within
both National parks and certified logging concessions or forest
management units largely dominated by swamps or terrestrial her-
baceous vegetations (Morgan et al., 2018; Strindberg et al., 2018).
Thus, key determinants of suitable gorilla habitats range between
swampy forests, grasslands or herbaceous vegetations, and pro-
posed habitat corridors (Strindberg et al., 2018).

Chimpanzees (Pan troglodytes troglodytes) and gorillas (Gorilla go-
rilla gorilla) inhabit the Lobéké National Park and its surrounding for-
est management units (FMUs) in South-East Cameroon. Both park
and forestry concession management require reliable evidence on
suitable species habitats (i.e., habitat areas with high species spatial
variability), as well as on key factors driving species spatial distri-
bution for their management plans, yet this information is largely
missing or incomplete. To address this concern, there is a need to

map species habitat suitability and evaluate their response in order
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to allow conservation to focus on critical species sites (i.e., essential,
priority, or highly suitable species sites) while developing long-term
sustainability plans on areas of high human disturbance.

One of the most useful tools that have been widely used in pre-
dicting and mapping suitable species habitats is species distribution
models (e.g., MaxEnt; Phillips et al., 2006). These models relate sets
of species occurrence data to biophysical and environmental factors
deemed relevant for predicting species distribution across a given
geographic scale. These models have been applied in some primatol-
ogy studies to map species spatial distribution and habitat suitabil-
ity across large geographic scales. For example, Junker et al. (2012)
have used the MaxEnt species distribution model to predict the re-
cent decline in suitable environmental conditions for African Great
Apes. Fitzgerald et al. (2017) have used the MaxEnt model to predict
habitat suitability for chimpanzees in the Greater Nimba landscape
of Guinea. Plumptre et al. (2010) have used the MaxEnt model to
map the occurrence of Eastern chimpanzees and identify suitable
areas for establishing surveys.

In this study, therefore, we aimed at (a) using the MaxEnt species
distribution model to predict and map chimpanzee and gorilla habi-
tat suitability at the Lobéké National Park and its surrounding forest

management units (FMUs), under the influence of environmental
and anthropogenic factors that have been shown to affect species
distribution; (b) quantifying habitat suitability for both species, and
at identifying the most critical factors that influence species hab-
itat suitability; (c) evaluating the differential response of species,
and as well, propose measures for species habitat protection and
management.

We thus hypothesize that (a) chimpanzees find highly suitable
habitats within National Parks while gorillas also find suitable hab-
itats within forest management units; (b) dense forest areas act as
key determinants of suitable chimpanzee habitats while suitable go-
rilla habitats are mostly influenced by swampy forests.

2 | METHODS
2.1 | Thestudy area
The study area is situated in South-Eastern Cameroon and covers

the Lobéké National Park and its surrounding forest management
units (Figure 1). The area lies between latitudes 2°05' to 2°30'N
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FIGURE 1 Map of the study area. Map shows the Lobéké National park and its surrounding FMUs
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and longitudes 15°33' to 16°11'E, with altitudes ranging from 500
to 820 m above sea level. The study site is bounded to the East by
the Sanaga river which serves as Cameroon's international border
with the Central African Republic and the Republic of Congo. It thus
forms part of a trans-boundary regional protected area network that
includes two other National Parks: the Nouabale-Ndoki National
Park in Congo-Brazzaville and the Dzanga-Ndoki National Park in
the Central African Republic. This network of trans-boundary pro-
tected area is funded by the Central African Forest Commission
(COMIFAC) and managed by WWEF, GIZ, and WCS Cameroon.

The Lobéké National Park covers a total surface area of
217,334 ha while the FMUs cover total 717,550 ha, divided into
seven blocks (Table 1). The national park is a protected area under
IUCN category Il managed by a conservator from the Ministry of
Forestry and Wildlife (MINFOF), Cameroon. The FMUs are logging
concessions (but not protected areas) attributed to logging compa-
nies for certified timber exploitation and comanaged by local com-
munities, hunting synergies, and the government.

Both the national park and FMUs are covered by 3 categories of
habitats, including dense or mature primary forests, swampy forests,
and grasslands or lowland vegetation (Yuh et al., 2019). Within these
habitat categories are found a large variety of plant and animal spe-
cies. Examples of plant species include Ceiba pentandra, Terminalia
superba, and Triplochiton pterygota. Examples of animal species in-
clude Chimpanzees, western lowland gorillas, forest elephants, leop-
ards, Buffalos, etc. (Nzooh Dongmo, N'Goran, Ekodeck, et al., 2016).

Bordering the study area to the west are villages inhabited by the
Baka community, whose daily activities include commercial hunting,
logging, and farming. According to Nzooh Dongmo, N'Goran, Etoga,
et al. (2016), hunting rates are significantly high across the entire
study area.

Several road types also exist within the study area for easy ac-
cess by the Baka community and the general public. Road types
include forest roads, primary and secondary logging roads, public

roads, and provincial and divisional roads.

2.2 | Data acquisition

2.2.1 | Acquisition and preparation of Great
Apes data

Presence data for Great Apes (chimpanzee and gorilla) were obtained
from the IUCN SSC APES database (http://apes.eva.mpg.de/). The
data contain presence points on great ape nests (both fresh and old)
collected within the Lobéké National Park and its surrounding FMUs
for the years 2001-2005, 2014, and 2015 by a team of WWF bio-
monitoring experts, using line transect distance sampling (Buckland
et al., 1993, 2001; Thomas et al., 2010), following the IUCN best
practice guidelines for the survey of great apes (Kuhl et al., 2008).
Nesting data were most relevant for the study as ape nests are most
often used for estimating population size and abundance (e.g., Kihl
et al., 2008; Moore & Vigilant, 2013; Pruetz et al., 2002; Strindberg
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et al., 2018), as well as map suitable habitats to aid conservation
(Junker et al., 2012; Plumptre et al., 2010; Strindberg et al., 2018).

In the field sampling approach, a total of eight teams were formu-
lated with each team comprising of 8 field assistants. Within these
assistants were GPS and topofil operators, data entry assistants,
and decameter operators. GPS and topofil operators made ground
observations and measured transect distances. Data entry assis-
tants recorded all ape observations both on the ground and on tree
canopies, and decameter operators recorded all human activities
and measured perpendicular distances for each observation made.
These task distributions aided in avoiding double counting along
transect walks.

In general, a total of 1,551 km transect distance were covered
during the entire data collection period. From this distance, 288 km
was covered at the Lobéké National Park while 1,263 km was cov-
ered at the surrounding FMUs. Stratification of the landscapes for
data collection was done following Cameroon's decree N °© 0221/
MINFOF of 02 May 2006 defining standards for wildlife inventory
(Figure S1).

During transect efforts, chimpanzee and gorilla nests were re-
corded. Other signs were also recorded such as vocalization, feeding
remains, feces, footprints, and tracks. Nest sampling was done in-
dividually per species so as to avoid overestimation that could arise
through group measurements. For each sampled nest, perpendicular
distances were measured while nest decay stage or age, including
height, type, and number were recorded. Gorilla nests were differ-
entiated from chimpanzee nests through signs of feces, odor, hair,
and ground nesting. Ground nesting was more robust for differenti-
ation (Tutin & Fernandez, 1984) as chimpanzees do not build ground
nests in this region.

We merged all nest datasets in ArcGIS and then established a
1km x1km cell grid within the study area in order to eliminate all
duplicated points (nests), thereby reducing sampling bias. From the
merged data, we extracted all chimpanzee nests (N = 468) sepa-
rately from gorilla nests (N = 1,736). These extractions were based
on the different data collection periods. For the periods 2001-2005,
N = 176 for chimpanzees and N = 557 for gorillas, for the years 2014
and 2015, N = 236 and N = 56 for chimpanzees, and N = 872 and

TABLE 1 List of protected areas covering the study area

Total surface

The study area Protected area area (ha)

National Park Lobéké National Park 217,334

Forest management ZIC 31 or UFA 10-064 115,917

units or ZIC 30 or UFA 10-012 74,504
concessions

ZIC 29 or UFA 10-009 177,317

and 10-010

ZIC 28 or UFA 10-007 81,770

ZICGC1 or UFA 10-011 55,309

ZICGC 2 or UFA 10-013 128,541

ZICGC 3 or UFA 10-063 83,818
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N = 307 for gorillas. These datasets served as our species occur-
rence data (presence data) required for habitat suitability modeling
(Figure 2).

2.2.2 | Acquisition and preparation of
environmental and human disturbance factors

To attain our research objectives, we acquired three main predictor
categories, divided into 18 predictor variables and obtained from a
variety of sources (Table 2). They include human disturbance, land-
scape, and bioclimatic predictors. Human disturbance predictors
comprised mainly of hunting, deforested areas, distance to roads, dis-
tance to built-up areas, and population density (Plumptre et al., 2010;
Strindberg et al., 2018; Zhao et al., 2018). Landscape predictors
comprised primarily of topography (aspect, slope, and elevation),
distance to water bodies, forest cover (dense forest and swampy
forest), and grassland vegetation (e.g., Fitzgerald et al., 2017; Yuh
et al., 2019). Bioclimatic predictors comprised mainly of mean annual

(a) Chimpanzee nest distribution

0 5 10 20 30 40
O s Kilometers

temperature, annual precipitation, maximum temperature of the
warmest month, minimum temperature of the coldest month, pre-
cipitation of driest month, precipitation of wettest month, seasonal
temperature, and seasonal precipitations (Franklin, 2010; Mantyka-
Pringle et al., 2012; Manzoor et al., 2018; Molloy et al., 2013; Phillips
et al., 2006). Because of the small study area size (Figure 1) and
minimal variation in most bioclimatic predictors (Figure S4), we se-
lected only annual precipitation as the main bioclimatic factor for
our analysis, considering that the area showed variation in precipi-
tation rates and that annual rainfall influenced chimpanzee spatial
variability in parts of western Cameroon (Sesink Clee et al., 2015).
Furthermore, datasets for deforestation, swampy forests, and dense
forests were selected for the year 2015. We used these datasets for
the year 2015 because studies by Yuh et al., (2019) have shown that
the forest covers of Lobéké are still intact (about 93%), with only ap-
proximately 7% forest cover loss between the years 2001 and 2015.

Because we intended to insure spatial independence of all pre-
dictor variables, we carried out a Pearson's correlation test in R

in order to eliminate strongly correlated datasets so as to insure

(b) Gorilla nest distribution

Data Year
2001-2005
2014
2015

D FMU boundaries

FIGURE 2 Sample distribution of Great Ape nests for the data collection periods 2001-2006, 2014, and 2015: (a) chimpanzee nest

distribution; (b) gorilla nest distribution
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predictive accuracies and best model performances. We thus found
strong correlations between pairs of predictors, that is, between
grassland and hunting pressure, and between distance to roads and
distance to built-up areas (Table S1). The criteria for selecting strong
correlations were based on r values 2.5. Based on the correlation
results, we selected eleven spatially independent predictors for our
predictive modeling (Table 2, Figures 3 and 4).

From the three predictor categories in raster format, we inter-
polated human disturbance and landscape factors at a 500 x 200 m
moving window size, by applying the focal statistics tool in ArcGIS
(Table 2, Figures 3 and 4). The reason for interpolation at this win-
dow size was to predict unknown raster values in areas with no data
in each predictor type. All datasets were thus projected to a similar
coordinate reference system (WGS 84, UTM zone 33N) and because
of different spatial resolutions, we processed them in order they
have a similar and fine spatial resolution of 30 m as well as similar
spatial extents.

(c)
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(d Dense forest (e) Swampy forest

|

. High : 4579

2 o

w High : 508911

I .
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2.3 | Data analysis

2.3.1 | MaxEnt modeling

We applied a maximum entropy (MaxEnt) modeling approach (Phillips
et al., 2006) to map the habitat suitability of great apes under the in-
fluence of all 11 predictors. MaxEnt is a modeling software designed
explicitly for modeling species distribution under a set of gridded en-
vironmental conditions and georeferenced occurrence localities. The
model predicts explicitly the probability that each pixel within a set
of environmental layers contains suitable conditions required for spe-
cies occurrence. The model presents the advantages of using pres-
ence-only data and performs well with incomplete data, small sample
sizes, and gaps (Elith et al., 2006). In the modeling process, there-
fore, we separately used all chimpanzee and gorilla nest occurrence
points (N = 468 for chimpanzees and N = 1,736 for gorillas) as training
datasets and then applied 10,000 background points in each model.

Elevation

o .

L

] High : 818
B Low : 340

(f) Distance to
water bodies

FIGURE 3 Sample preparation of
landscape predictors. Data prepared

at a 100,000 ha spatial scale using a
neigborhood moving window approach:
(a-c) represent topographic variables,
that is, (a) aspect; (b) slope; (c) elevation.
(d-f) represents land cover variables: (d)
dense forests; (e) swampy forests; and (f)
distance to water bodies
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FIGURE 4 Sample preparation of
human disturbance and bioclimatic data.
Data prepared at a 100,000 ha spatial
scale using a neighborhood moving
window approach (except for climate
data): (a) hunting pressure; (b) distance
to roads; (c) population density; (d)
deforestation; (e) annual precipitation

B Low: 133

(d) Deforestation

+

. High : 463
M Low: 0

We ran the models under 500 iterations, with the program selecting
predictors by default with respect to the number of presence points
(Phillips et al., 2006). We replicated the model runs ten times and
then validated model performances using AUC values determined by
the receiver operator characteristics (ROC) (Phillips et al., 2006). The
final model outputs were chimpanzee and gorilla habitat suitability
maps, species response curves, and contributions of each predictor
to species occurrence. The generated suitability maps were further
splatted into the eight protected areas covering the study area for
comparison purposes (Figures S6 and S7). Furthermore, response
curves were analyzed to compare the response of both species to key

environmental factors determining species habitat suitability.

2.3.2 | Quantifying species habitat suitability

To quantify and compare species habitat suitability thereby evalu-

ating the differential response of species to forest management, we

(@ Hunting pressure

(b) Distance (c) Population
to roads
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,;}15- - "‘; -!_:‘

. 5

e  High : 1000
B Low 522

(¢) Annual precipitation
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reclassified the generated ape probability maps into four classes
of equal intervals in ArcGIS, with probability values ranging from
0 to 1. Probability values ranging between O and 0.2 were used
to represent unsuitable species habitats; those ranging between
0.2 and 0.4 represented low suitability; 0.4-0.6 represented mod-
erate suitability; and >0.6 represented high suitability (Table S2,
Figure S8). The reclassified raster maps were further converted to
vector data from which we applied the geometry tool in ArcGIS to
quantify and compare suitable and unsuitable areas occupied by
both species.

3 | RESULTS
3.1 | Model evaluations

Our prediction results show that both models performed rela-

tively well (i.e., better than fit) after 10 replicates. For chimpanzee
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predictions, the average AUC value after 10 replicates was 0.712
(Figure 5), while for gorilla predictions, the average AUC value was
0.655 (Figure 6).

3.2 | Contributions of predictor variables

The results of the model outputs (Table 3) show that the most im-
portant (key factors) that contributed to chimpanzee habitat suit-
ability were dense forests (31.6%) and hunting pressure (22.8%).
The total contribution of these two factors summed up to 54.4%.
Of the remaining 45.6%, deforestation and distance to water bod-
ies played quite considerable roles, that is, contributed 10.5% and
10.1%, respectively.

Key factors that influenced gorilla habitat suitability were hunt-
ing pressure (21%), dense forest (17.2%), slope (13.9%), and swampy
forests (11.3%). The total contribution of these four factors summed

up to 63.4%, while the remaining 36.6% were less important factors.

3.2.1 | Effects of single environmental predictors
(key factors)

The variable response curves from the MaxEnt model outputs
(Figures 7 and 8) show that the probability of finding suitable
chimpanzee habitats was optimal at relatively lower hunting rates

(Figure 7a) and at relatively high-dense forest areas (Figure 7b).
This shows that chimpanzees are highly affected by high hunting
pressure within the study area but their probability of occurrence
increases with increase dense forest areas. With gorillas, they also
showed relatively strong response to highly dense and swampy for-
est areas (Figure 8a,c) but responded differentially to high hunting
rates as compared to chimpanzees (Figure 8b). They also show high
probability of occurrence or find suitable habitats in areas of mild
slopes (Figure 8d).

3.3 | Mapping and quantification of species habitat
suitability

The results of our study show that suitable and moderately suitable
chimpanzee habitats cover 11.7% and 51.4% of the entire national
park, while low and unsuitable habitats cover 34% and 2.9%, respec-
tively. For the FMUs, high and moderately suitable chimpanzee habi-
tats average 1.4% and 7%, while low and unsuitable habitats average
47.2% and 44.4%, respectively (Figu