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Abstract

Ecological niche models (ENMs) are often used to predict species distribution patterns
from datasets that describe abiotic and biotic factors at coarse spatial scales. Ground-
truthing ENMs provide important information about how these factors relate to spe-
cies-specific requirements at a scale that is biologically relevant for the species.
Chimpanzees are territorial and have a predominantly frugivorous diet. The spatial and
temporal variation in fruit availability for different chimpanzee populations is thus cru-
cial, but rarely depicted in ENMs. The genetic and geographic distinction within
Nigeria-Cameroon chimpanzee (Pan troglodytes ellioti) populations represents a unique
opportunity to understand fine scale species-relevant ecological variation in relation to
ENMs. In Cameroon, P. t. ellioti is composed of two genetically distinct populations that
occupy different niches: rainforests in western Cameroon and forest-woodland-sa-
vanna mosaic (ecotone) in central Cameroon. We investigated habitat variation at three
representative sites using chimpanzee-relevant environmental variables, including fruit
availability, to assess how these variables distinguish these niches from one another.
Contrary to the assumption of most ENM studies that intact forest is essential for the
survival of chimpanzees, we hypothesized that the ecotone and human-modified habi-
tats in Cameroon have sufficient resources to sustain large chimpanzee populations.
Rainfall, and the diversity, density, and size of trees were higher at the rainforest. The
ecotone had a higher density of terrestrial herbs and lianas. Fruit availability was higher
at Ganga (ecotone) than at Bekob and Njuma. Seasonal variation in fruit availability was
highest at Ganga, and periods of fruit scarcity were longer than at the rainforest sites.
Introduced and secondary forest species linked with anthropogenic modification were
common at Bekob, which reduced seasonality in fruit availability. Our findings highlight
the value of incorporating fine scale species-relevant ecological data to create more

realistic models, which have implications for local conservation planning efforts.
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1 | INTRODUCTION

Ecological niche models (ENMs) are widely used to characterize
habitat suitability for a species in a given location, and information
from these models may be used to predict the species distribution
patterns, densities, and trends (Junker et al., 2012; Sesink Clee et al.,
2015). Several recent ENM studies estimate suitable habitats of apes
using known ape distributions (Junker et al., 2012; Sesink Clee et al.,
2015; Strindberg et al., 2018) and project ape population decline due
to anthropogenic pressures and infectious disease risk, most notably
resulting from Ebola; and climate change (Sesink Clee et al., 2015;
Strindberg et al., 2018; Walsh et al., 2003). These studies rely upon
global environmental datasets that describe several abiotic and bi-
otic factors, such as tree cover, surface moisture, precipitation, and
seasonality, generally sampled at 1-km? resolution (Dimiceli et al.,
2011; Farr et al., 2007). However, it is often unclear how these vari-
ables directly relate to the resources available to species in their hab-
itats, and most importantly, how the resources used by populations
of apes correspond with these remotely sensed abiotic and biotic
variables. Understanding these relationships is an important starting
point in order to translate the relationships that exist between ENMs
based on habitat suitability, and how these models apply at a scale
that is ecologically relevant to ape communities and the resources
that they rely on for survival.

Habitats occupied by different chimpanzee populations vary
(Stumpf, 2011) and could be important in understanding socio-
ecological and genetic diversity in the species. Therefore, under-
standing the link between ENMs and chimpanzee-specific habitat
requirements is important. Four geographically distinct subspe-
cies of chimpanzees occur in Africa, from Senegal in west Africa
to Tanzania in the east (Figure 1a,b) (Caldecott & Miles, 2005).
There is a western lineage that includes Pan troglodytes verus and
Pan troglodytes ellioti and a central-eastern lineage that includes
P. t. troglodytes and P. t. schweinfurthii (Prado-Martinez et al., 2013).
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The processes that have generated the distribution and diversity
of these chimpanzee subspecies are largely unexplored (Mitchell &
Gonder, 2013). Cameroon is of particular interest in this regard, as
it constitutes an area of active chimpanzee diversification (Gonder
et al., 2011; Gonder, Locatelli, Ghobrial, & Sheppard, 2009;
Mitchell, Locatelli, Ghobrial, et al., 2015). The two main branches
of the chimpanzee phylogenetic tree split at the Sanaga River in
central Cameroon (Gonder, Disotell, & Oates, 2006; Gonder et al.,
1997; Prado-Martinez et al., 2013), and the river also marks the
separation of P.t. troglodytes and P. t. ellioti (Gonder et al., 2011;
Mitchell, Locatelli, Ghobrial, et al., 2015). There is a further popula-
tion subdivision found within P. t. ellioti. There is one genetic pop-
ulation, or gene pool, associated with the mountainous rainforest
habitats in western Cameroon, and a second genetic population
found in the forest-woodland-savanna mosaic (ecotone) in central
Cameroon (Mitchell, Locatelli, Sesink Clee, Thomassen, & Gonder,
2015). There is evidence that variation across these habitats plays
an important role not only in sex-specific community structuring
(Mitchell, Locatelli, Abwe, Ghobrial, & Gonder, 2018), but also in
the partitioning of genetic diversity within P.t. ellioti (Mitchell,
Locatelli, Sesink Clee, et al., 2015).

Several studies have shown that habitat variation impacts many
aspects of chimpanzee socioecology (Humle & Matsuzawa, 2001;
Morgan & Abwe, 2006; Whiten et al., 1999; Yamakoshi, 1998). In
general, chimpanzees are frugivores that live in fission-fusion com-
munities of 20-150 individuals (Mitani, 2006; Sugiyama, 2004).
They depend on the presence of standing trees to build nightly nests
(Stanford & O'Malley, 2008) and fruiting trees for feeding through
much of the year (Potts, Chapman, & Lwanga, 2009). Even within rel-
atively uniform rainforest habitats, chimpanzee-relevant resources
are not evenly distributed, and in heterogeneous habitats, resources

are highly clumped with considerable variation in availability through

the year (Chapman, Chapman, Zanne, Poulsen, & Clark, ; Potts et al.,
2009; White, 1994).

FIGURE 1 Distribution and phylogeny
of the genus Pan. (a) The distribution of
bonobos and chimpanzee subspecies. (b)
Phylogenetic relationships of bonobos
and chimpanzee subspecies inferred from
complete genomes (Prado-Martinez et al.,
2013)
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Fruit phenology varies seasonally and interannually within and
between forest types (Anderson et al., 2005; Marshall et al., 2009;
Potts et al., 2009). Seasonal variation in fruit availability and the
quality of terrestrial herbaceous vegetation (THV) affect chim-
panzee population and group dynamics (Tutin, Fernandez, Rogers,
Williamson, & McGrew, 1991; Tutin, Ham, White, & Harrison, 1997;
Wrangham et al., 1991). Chimpanzees in rainforest habitats have
smaller home ranges (Herbinger, Boesch, & Rothe, 2001; Morgan &
Sanz, 20006), relatively large foraging parties (Newton-Fisher, 2003;
Watts & Mitani, 2001), and a high dietary diversity in fleshy fruits
(Deblauwe, 2009; Head, Boesch, Makaga, & Robbins, 2011; Morgan
& Sanz, 2006; Watts, Potts, Lwanga, & Mitani, 2012). In drier and sa-
vanna habitats, chimpanzee home ranges are larger (Hunt & McGrew,
2002; McGrew, Baldwin, & Tutin, 1988; Pruetz & Bertolani, 2009),
they have smaller foraging parties (McGrew et al., 1988; Ogawa,
Idani, Moore, Pintea, & Hernandez-Aguilar, 2007), and lower dietary
diversity in fleshy fruits (Dutton & Chapman, 2015; Hunt & McGrew,
2002; McGrew et al., 1988).

Habitat differences are also reflected in chimpanzee nesting pat-
terns with relatively larger parties associated with rainforest com-
pared to drier and savanna habitats (Basabose & Yamagiwa, 2002;
Brownlow, Plumptre, Reynolds, & Ward, 2001; Hunt & McGrew,
2002). However, in drier habitats where chimpanzees are also sym-
patric with predators, nesting parties are larger as smaller foraging
parties congregate at nesting sites for safety (Ogawa et al., 2007).
Ecological variation has also been linked with variation in grouping
patterns between chimpanzee subspecies and bonobos: For exam-
ple, eastern chimpanzee groups are male-bonded (Wrangham &
Smuts, 1980), western chimpanzees are bisexually-bonded (Boesch,
), and bonobos are female-bonded (Stanford, 1998).

A recent study that modeled habitat suitability for chimpanzees
in Cameroon revealed that the two genetically distinctive P. t. ellioti
subpopulations reported in Mitchell, Locatelli, Ghobrial, et al. (2015)
occupy two significantly different niches that were significantly dif-
ferent from one another and from the niche occupied by P. t. trog-
lodytes in southern Cameroon (Sesink Clee et al., 2015). Suitable
habitats for P.t. troglodytes were fairly homogenous, especially in
annual rainfall, forest cover and relief. In contrast, suitable habitats
for P. t. ellioti were characterized by greater variation in precipitation
and temperature seasonality, forest cover and relief (Sesink Clee et
al., 2015). Differences in these environmental conditions were espe-
cially pronounced between the western mountainous rainforest and
ecotone habitats (Sesink Clee et al., 2015), and the differences be-
tween them broadly corresponded with the distribution of the two
genetically distinctive populations of P. t. ellioti.

However, while niche variation captured through ENMs is salient
and informative, ecological details including forest structure, species
richness, and fruit phenology that are important to frugivores can-
not be depicted through such models. The chimpanzee range across
Africa is marked by environmental and ecological variation, and dif-
ferences in chimpanzees socioecology are tied to this variation, in-
cluding feeding and nesting behaviors (Stumpf, 2011). Evidence from
Cameroon shows that environmental and ecological differences
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between habitats may be important in the evolution of chimpanzee
subspecies. Current evidence about niche differences among the
subspecies comes only from habitat suitability models from remote
sensing GIS data and is therefore only a starting point for examining
the environmental and ecological variation that may contribute to
the evolution of chimpanzee populations. In order to place habitat
suitability models into a spatial and temporal scale that is ecologically
relevant to chimpanzees, it is necessary to ground-truth them with
data regarding local environmental factors, as well as the distribution

and availability of resources that chimpanzees rely on for survival.

2 | MATERIALS AND METHODS

We collected fine scale environmental and ecological data includ-
ing variables reported previously to be important in determining re-
gional differences in chimpanzee socioecology (e.g., Stumpf, 2011)
at three locations in Cameroon: Njuma, Bekob, and Ganga (Figure 2).
These three sites represent each of the two gene pools in P. t. ellioti:
in a mostly mature rainforest at Ebo (Njuma), at a rainforest location
at Ebo that was heavily modified by small stakeholder agriculture
until it was abandoned in the 1960s (Bekob), and finally, in a for-
est-woodland-savanna ecotone at Mbam & Djerem National Park
(MDNP: Ganga).

2.1 | Study sites

2.1.1 | Ebo forest

The Ebo Forest is in the Littoral Region, Cameroon, and extends
for more than 1,500 km?, of which approximately 1,200 km? is pro-

posed as a national park. With a conservative estimate of at least

Cameroon $ \

( )

. P.t. ellioti

I:‘ P. t. troglodytes
Mbam & Djerem
National Park

. Ebo
Forest

FIGURE 2 Study sites. The gradient describes the distribution
of the two P. t. ellioti gene pools: P. t. ellioti—rainforest (white)
and P. t. ellioti—ecotone (gray) west and east of the Mbam River,
respectively, in relation to the study sites
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500 individuals of the 3,500-9,000 remaining wild individuals, the
Ebo Forest harbors an exceptionally important population of P. t. el-
lioti (Morgan et al., 2011) associated with the P. t. ellioti (Rainforest)
gene pool (Mitchell, Locatelli, Ghobrial, et al., 2015). The forest is
characterized by closed- and open-canopy semideciduous and
evergreen lowland and submontane rainforest of the Atlantic for-
est dominated by Fabaceae (Letouzey, 1985). The Ebo Forest also
harbors a rich assemblage of other diurnal primates including drills
(Mandrillus leucophaeus), Preuss's red colobus (Piliocolobus preussi),
Preuss's monkeys (Allochrocebus preussi), and gorillas (Gorilla gorilla
spp.) (Morgan et al., 2011; Morgan, Wild, & Ekobo, 2003; Oates,
Bergl, & Linder, 2004). The forest is also noted for its botanical di-
versity with several plant endemics including Palisota ebo, Ardisia
ebo, Inversodicraea ebo, Talbotiella ebo, and Gilbertiodendron ebo (van
der Burgt, Mackinder, Wieringa, & Estrella, 2015; Cheek et al., 2017;
Cheek & Xanthos, 2012; Mackinder, Wieringa, & Burgt, 2010). The
main threats to wildlife in Ebo Forest include poaching and the bush-
meat trade as well as habitat loss from logging, subsistence-shifting
agriculture and agro-industrial plantations (Morgan et al., 2011).

We selected two sites in Ebo Forest-based differences in an-
thropogenic modification (high: Bekob, and low: Njuma) but hav-
ing relatively high densities of P.t. ellioti: 0.67 chimpanzees km™2
(0.44-1.04, 95% ClI) following a standing crop nest count method
(Ndimbe, Morgan, Marino, & Abwe, 2016) (Figure 2). Njuma is to the
west of the Ebo River that traverses the forest from north to south
and is composed of closed-canopy lowland and submontane rain-
forest that was selectively logged in the late 1980s (Abwe, 2018).
Bekob is located approximately 20 km east of Njuma and harbored
villages that were relocated in the late 1950s following civil strife
at Cameroon's independence (Dowsett-Lemaire & Dowsett, 2001).
Open-canopy forests at Bekob characterize abandoned villages and
farmland in lower altitudes (~500 m above sea level) while higher
altitudes (up to 1,200 m) harbor closed-canopy submontane vegeta-
tion (Abwe, 2018; Dowsett-Lemaire & Dowsett, 2001).

2.1.2 | Mbam & Djerem National Park

Mbam & Djerem National Park (MDNP) is located >200 km north-
east of Ebo and straddles the Adamawa, Centre and East Regions
of Cameroon; and extends over 4,165 km? (Figure 2). The park
was created in 2000 as an offset to the environmental impact of
the Chad-Cameroon pipeline project (Moynihan et al., 2004). The
MDNP harbors more than 500 individuals of P. t. ellioti (Kamgang
et al., 2018; Morgan et al., 2011), with a density of 0.33 chim-
panzees km™ (0.12-0.86 Cl) (Kamgang et al., 2018) and is as-
sociated with P. t. ellioti (Ecotone) gene pool (Mitchell, Locatelli,
Ghobrial, et al., 2015). The park harbors 12 other primate spe-
cies including gray-cheeked mangabeys (Lophocebus albigena),
olive baboons (Papio anubis), guereza colobus (Colobus guereza),
putty-nosed monkeys (Cercopithecus nictitans), and crowned gue-
nons (C. pogonias) (Maisels, Ambahe, Ambassa, & Fotso, 2007,
Maisels, Fotso, & Hoyle, 2000). The vegetation of the MDNP is
a mosaic of forest-woodland-savanna (Maisels et al., 2000). The

main conservation threats at MDNP include illegal bushfires, cat-
tle grazing, poaching, and fishing (Maisels et al., 2000). Data were
collected at Ganga in the northeast of the park, situated along the

Djerem River (Figure 2).

2.2 | Data collection

Based on the previous studies of habitat suitability and niche differ-
entiation among chimpanzee populations in Cameroon (Sesink Clee et
al., 2015), as well as studies of chimpanzee socioecology from other
areas of Africa (e.g., Stumpf, 2011), we predicted that (a) the ecotone
would have less rainfall volume and seasonality compared to the rain-
forest, (b) there would be greater variation in plant species diversity
within habitats at the ecotone site, (c) plant species diversity would
be higher in the rainforest than ecotone, (d) the availability of fleshy
fruits would be higher in the rainforest than the ecotone, (e) there
would be greater seasonality in fleshy fruit availability at the ecotone
than the rainforest, and (f) the incidence of introduced and secondary
forest species would be higher at Bekob due to anthropogenic modi-
fication. Thus, we designed our data collection to allow us to examine

these variables at a fine scale at each of the three study sites.

2.2.1 | Climate

Rainfall data were collected daily at ~7.00H from January 2010 to
December 2016 at Bekob and Njuma in Ebo using traditional rain
gauges by Ebo Forest Research Project. At MDNP, rainfall data
over the same period were obtained from the Cameroon Electricity
Corporation service at Mbakaou, at the northern border of the
park. We categorized the dry season as successive months with
<100 mm cumulative rainfall each, and the wet season as successive
months with >100 mm cumulative rainfall each (Willie, Tagg, Petre,
Pereboom, & Lens, 2014).

2.2.2 | Botanical inventory

To assess plant species diversity, we established 10 transects of
2 km length each perpendicular to the main drainage and transects
followed a fixed bearing per site: Bekob (270°), Njuma (20°), and
Ganga (270°). We enumerated, measured the diameter at breast
height (DBH ~1.3 m), and identified all trees and lianas (Bekob:
5,482, Njuma: 5,017, Ganga: 4,908) with a DBH 210cm on a 5m
band (2.5 m on either side of the transect center-line). Where it was
not possible to measure DBH, for example, tall buttressed trees,
the diameter was estimated to the nearest 5 cm. From the DBH, we
calculated the basal area for trees assuming circular cross-section
of trunks (Morgan, 2001). We used The Plant List (2013) database
(http://www.theplantlist.org/) for taxonomic classification.

2.2.3 | Potential chimpanzee food resources

We assessed the basal area (BA) of woody plants at each site from
trees and lianas 210 cm DBH along transects. We further determined
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the BA of tree species that were potentially important in chimpanzee
diets (based on macroscopic fecal analysis). Finally, we determined
the stem density of tree species whose fruits were recurrent in chim-
panzee diets (based on macroscopic fecal analysis) from trees/lianas
210 cm DBH along transects at each site (Potts et al., 2009; Worman
& Chapman, 2006). Given the seasonal differences in the fruiting
phenology of different species, we compared the frequency of plant
species with synchronous and asynchronous fruiting patterns during

the wet and/or dry seasons (Potts et al., 2009) across the sites.

2.2.4 | Terrestrial herbaceous vegetation (THV)

We assessed THV species in 2 x 2 m quadrats positioned on al-
ternate sides of each transect at 100 m intervals (Morgan, 2001).
Given that chimpanzees feed preferentially on THV species from the
Marantaceae and Zingiberaceae families (Tutin et al., 1991), we noted
the presence/absence of species from these families in each quadrat.

2.2.5 | Fruit availability

We assessed fruit availability monthly by counting fallen fruits (in-
cluding partly eaten and rotting fruits) within a 1 m band along tran-
sects (Furuichi, Hashimoto, & Tashiro, 2001) across the three sites
between January 2016 and March 2017. All fallen fruits within this
band were identified to species or genus level and photographed.
Fruit species that were recurrent in chimpanzee diets based on mac-
roscopic fecal analysis were quantified in terms of number of fallen
fruits per hectare. To account for seasonality in fruit availability, we
distinguished between fruitfall for dry (Bekob & Njuma: December
to February, Ganga: December to March) and wet (Bekob & Njuma:

March to November, Ganga: April to October) seasons.

2.2.6 | Data analysis

We assembled rainfall and ecological variables and completed a
principal component analysis (PCA) to infer the variables that were
most important in distinguishing each of these three sites from one
another. The PCA was completed using R3.4.3 (R Core Team, 2017)
to infer the environmental and ecological variables that contribute
to the differentiation among the habitats available to chimpanzees
at Njuma, Bekob, and Ganga. Variables included in the analysis were
annual rainfall volume and seasonality, and ecological data from
transects including tree stem density, liana stem density, number of
tree species, mean tree size (diameter), basal area for all tree spe-
cies, basal area for tree species that were recurrent in chimpanzee
diet at each site, dry and wet season fruit availability, and frequency
of THV in the Marantaceae and Zingiberaceae families in quadrats.

We also carried out pairwise comparisons for each variable to fur-
ther distinguish the sites from one another. We calculated measures of
species diversity including Jaccard Classic and Shannon Diversity in-
dices in EstimateS, version 9.1.0 (Colwell, 2016). We used the Jaccard
Classic index to assess variation in species composition among tran-

sects/habitats (beta diversity) across each site, and Shannon Diversity
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index for species diversity (alpha diversity) among the sites (Magurran,
2013). We generated species accumulation curves to depict species
richness in relation to sampling effort across the three sites (Gotelli
& Colwell, 2001). We used nonparametric Kruskal-Wallis one-way
analysis of variance (ANOVAs) to test for overall habitat differences
among the sites including rainfall, plant species and habitat diversity,
and fruit availability. We adjusted significant values for multiple com-
parisons by using the Bonferroni correction. Mann-Whitney U tests

were used to test for intrasite seasonality in fruit availability.

3 | RESULTS

3.1 | Main factors distinguishing the three sites

In total, PC1 and PC2 accounted for 68.8% intersite variation
(Figure 3). There was a primary separation between the rainforest
and the ecotone along PC1 that accounted for 48.8% of the varia-
tion. The five components that contributed most to the differentia-
tion of the sites along PC1 included rainfall (accounting for 38.9% of
the variation between sites), number of tree species (35.7%), THV
frequency (35.6%), basal area of trees (34.8%), and tree size (31.8%).
Distinction between the sites in terms of rainfall was characterized
by higher annual rainfall at Njuma (mature rainforest) than at Ganga
(ecotone). Bekob (human-modified rainforest) received an interme-
diate amount of rainfall on average through the study period.

The number of tree species along transects at Njuma and
Bekob was higher than at Ganga, while the frequency of THV
stems (Marantaceae and Zingiberaceae) was higher in quadrats
at Ganga and distinguished the ecotone from the rainforest sites.
The separation among the sites along PC2 was linked mainly to
tree stem density (42.0%) and liana density (39.0%). The density of
tree stems in transects across Bekob and Njuma (rainforest) was
higher than at Ganga (ecotone), while the density of lianas was
higher for transects at the ecotone than the rainforest sites. To
further ascertain inter-site differences, we carried out pairwise
analysis of environmental and ecological variables among and
within the sites (Table 1).

3.2 | Intersite variation in key factors
distinguishing the three sites

Overall, the difference in mean monthly rainfall between the rain-
forest and ecotone was statistically significant: (Kruskal-Wallis:
N =252, X?=8.410, df= 2, p = 0.015). Mean monthly rainfall was
lower at Ganga than Njuma (Mann-Whitney U: N = 168, Z = -2.767,
p =0.017). There was no significant difference between Bekob and
Njuma (p = 0.098), and between Ganga and Bekob (Table 1). The wet
season at Bekob and Njuma extended between February-March
and November, and for Ganga between March-April and October
(Supporting Information Figure S1).

The number of tree families and species was higher at Bekob
and Njuma than Ganga (Supporting Information Tables S1-S3).
In terms of measures of species diversity among and within the
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sites, tree species diversity (alpha diversity) was higher for tran-
sects in the rainforest than the ecotone (Figures 4 and 5), while
variation in plant species composition among habitats/transects
within each site (beta diversity) was higher for the ecotone
than the rainforest (Figure 6). The basal area for trees across
the sites was significantly higher at Njuma (mature rainforest)
than at Bekob (human-modified rainforest) and Ganga (ecotone).
However, there was no difference among the sites in the basal
area nor the stem density of fruiting tree species that were com-
monly consumed by chimpanzees at each site.

The frequency of THV of the Marantaceae and Zingiberaceae
families in quadrats was higher at the ecotone than the rainforest
sites. Marantaceae species occurred in 11 quadrats at Bekob (5.5%),
14 at Njuma (7.1%), and 88 at Ganga (44%), while Zingiberaceae spe-
cies occurred in 17 quadrats at Bekob (18.5%), 3 at Njuma (1.5%),
and 55 at Ganga (27.5%). The encounter ratio of Marantaceae spe-
cies stems as compared to other THV and saplings was 1:120 for
Bekob, 1:68 for Njuma, and 1:14 for Ganga. The encounter ratio of
Zingiberaceae species stems to other THV and saplings was 1:57 for
Bekob, 1:340 for Njuma, and 1:26 for Ganga.

The overall density of fruitfall was higher at Ganga than at
Njuma (Z = 3.553, p < 0.001) and at Bekob (Z =-2.653, p = 0.024).
There was no difference in fruitfall between the two rainforest sites
(Figure 7). When we examined intrasite difference in seasonal fruit-
fall, there was no significant seasonal difference in fruit availabil-
ity at Bekob (N = 23, Mann-Whitney U test: Z = 89.00, p = 0.169).

Fruit availability was higher during the wet compared to the dry

A A
A

A
THV frequency

PC2 (20.0%)

Site
O Bekob
A Ganga
B Njuma

25 0.0 25
PC1 (48.8%)

FIGURE 3 Principal component analysis for ecological
characteristics of all sites. Data were collected along ten 2-km
transects at each of the three chimpanzee habitats: Ganga
(ecotone), Bekob (human-modified rainforest), and Njuma
(mature rainforest). Biplot arrows show the five most important
environmental and ecological components distinguishing
chimpanzee habitats

TABLE1 Summary of variation in environmental and ecological
variables, and measures of species and habitat diversity (alpha
diversity and beta diversity using Shannon and Jaccard indices,
respectively) across the rainforest (Bekob and Njuma) and ecotone
(Ganga)

Variable Bekob Njuma  Ganga p-value
Rainfall 2,336 3,135 2,173 0.015
Number of tree stems 5,482 5,017 4,908

Number of families 62 54 42

Number of species 301 306 184

Alpha diversity 4.28 4.35 3.73 0.001
Beta diversity 0.37 0.41 0.44 0.001
Basal area of all trees 323.87 511.74 30047 0.001
Basal area—most 4.53 4.80 4.40 0.548

consumed fruit species

season at Njuma (N = 26, Z = 126.500, p = 0.012) and Ganga (N = 19,
Z =72.000, p = 0.010; Supporting Information Table S4).

4 | DISCUSSION

In this study, we examined the specific abiotic factors and biotic
conditions predicted by niche tests from ENM comparisons that
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FIGURE 4 Variation in tree species richness (alpha diversity)
among Ganga, Bekob, and Njuma using the Shannon Diversity Index
measured from tree species along the 10 transects at each site
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relation to sampling effort across 10 botanical transects per site:
Bekob (5,482 trees), Njuma (5,017 trees), and Ganga (4,908 trees).
The species accumulation curves did not asymptote, suggesting the
need for a larger sample size
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differentiate two distinct gene pools of P.t. ellioti in Cameroon
in two rainforest locations and one ecotone habitat at a fine geo-
graphic scale using chimpanzee-relevant variables. We compared
environmental and ecological variables across Ebo Forest (rainfor-
est) and MDNP (ecotone). We also examined differences between
two rainforest sites in Ebo Forest that contrasted in levels of anthro-
pogenic modification (high: Bekob, and low: Njuma) to understand
how agriculture might also affect chimpanzee natural resource den-
sity and their potential utilization of human-modified landscapes.
The impact of both factors on suitable chimpanzee habitat might be
lost by considering ecotones and agricultural lands solely as unsuit-
able habitats, which is often an underlying assumption of ape ENMs
(Junker et al., 2012).

We first examined rainfall volume among sites, which was a
key variable that distinguished the rainforest and ecotone habitats
from one another in ENMs (Sesink Clee et al., 2015) and was also
linked with annual variation in resources available to chimpanzees
at local and species-wide scales (Stumpf, 2011). Our detailed com-
parisons among Bekob, Njuma, and Ganga were consistent with
previously published comparisons of chimpanzee ENMs (Sesink
Clee et al., 2015). The PCA revealed that annual rainfall was one
of the main distinguishing variables between the rainforest and
ecotone habitats. Rainfall was lower at Ganga (ecotone) compared
to Njuma and to a lesser extent Bekob (both rainforest). Rainfall

patterns across the year were similar, with all sites having one dry
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FIGURE 6 Variation in tree species composition (beta diversity)
among transects/habitats in Ganga, Bekob, and Njuma using the
Jaccard Classic index
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and one wet season annually. The length of the rainy season varied
between the rainforest and ecotone sites. Bekob and Njuma had
about three months of dry season compared to four-five months
at Ganga. The P. t. ellioti habitat at Gashaka Gumti National Park
(GGNP), Nigeria, has a similar rainfall pattern as Ganga (Hohmann,
Fowler, Sommer, & Ortmann, 2012; Sommer, Adanu, Faucher,
& Fowler, 2004). The wide range of chimpanzee habitats across
Africa is characterized by variation in rainfall volume and seasonal
patterns (Stumpf, 2011). Equatorial rainforest habitats receive
more rainfall, associated with more marked seasonality (Chapman,
Chapman, Wrangham, Isabirye-Basuta, & Ben-David, 1997,
Chapman, Wrangham, & Chapman, 1994; Hemingway & Bynum,
2005; van Schaik & Brockman, 2005; Stumpf, 2011). Rainfall
amounts are lower at more tropical woodland and savanna habi-
tats and associated with lower seasonality (Hunt & McGrew, 2002;
McGrew, Marchant, & Nishida, 1996; Pruetz & Bertolani, 2009;
Tutin et al., 1991). Differences in rainfall volume and seasonality
across habitats are linked with variation in plant species diver-
sity and fruiting patterns, which influence many aspects of local
chimpanzee socioecology (Doran, Jungers, Sugiyama, Fleagle, &
Heesy, 2002; Hunt & McGrew, 2002; Knott, 2005; McGrew et al.,
1988; Murray, Eberly, & Pusey, 2006; Pruetz & Bertolani, 2009;
Wrangham, Chapman, Clark-Arcadi, & Isabirye-Basuta, 1996).
Habitat diversity is a function of environmental conditions in-
cluding rainfall (Chapman, Olson, & Trumm, 2004; Hohmann et al.,
2012), relief (Nkurunungi, Ganas, Robbins, & Stanford, 2004; Proctor,
Edwards, Payton, & Nagy, 2007), soil moisture (Marshall et al,,
2009), and anthropogenic influence (Arnhem, Dupain, Vercauteren
Drubbel, Devos, & Vercauteren, 2007; Chapman, Balcomb, Gillespie,
Skorupa, & Struhsaker, 2000). Habitat heterogeneity can be advan-
tageous to frugivorous primates when the different categories are
rich in plant species that can reduce the incidence of seasonality in
fruit availability. Thus, we next investigated habitat diversity within
each of the sites. As predicted, there was greater variation in tree
species diversity among habitats at the ecotone compared to the
rainforest. Within the rainforest sites, there was greater tree species
diversity among habitats at Njuma (mature rainforest) than Bekob
(human-modified site). Variation in tree species among habitats at
Ganga could be linked to environmental conditions and anthropo-
genic modification including annual bushfires (Mitchard, Saatchi,
Gerard, Lewis, & Meir, 2009). At Ganga, closed-canopy habitats were
associated with lowland rainforest species including Pseudospondias
microcarpa, Uapaca guineensis, Canarium schweinfurthii, while open-
and closed-canopy secondary and colonizing habitats were rich in
Myrianthus arboreus and various species of Landolphia, Saba and
Ficus (Supporting Information Tables S1-S3). Species variation
within habitats at Njuma and Bekob could be linked to the wide alti-
tudinal range, spanning lowland and submontane vegetation classes.
Relics of the recent anthropogenic history at the Bekob included the
prevalence of introduced and secondary forest species at lower alti-
tudes. At Bekob, secondary forest habitats harbored several species
including Musanga cecropioides (umbrella tree), Elaeis guineensis (oil
palm), and Dacryodes spp. that are important in chimpanzee diets.
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Ingeneral, tree species diversity was higherat Bekoband Njuma
than at Ganga, consistent with the prediction of higher plant spe-
cies diversity in rainforest than ecotone habitats. Climatic condi-
tions including the length of the wet season were less variable at
the rainforest than at the ecotone, and the wider altitudinal range
at Bekob and Njuma supported lowland and submontane plant
species, respectively. Environmental conditions at MDNP are
similar to GGNP, Nigeria, and additionally, tree species richness
was similar at both sites (Fowler, 2006). Sites with high species
diversity are generally linked with greater fleshy fruit diversity in
chimpanzee diets (Head et al., 2011; Newton-Fisher, 1999; Potts,
Watts, & Wrangham, 2011; Tutin et al., 1991; Tweheyo & Lye,
2005; Watts et al., 2012) than sites with lower species diversity
(Chancellor, Rundus, & Nyandwi, 2012; Hunt & McGrew, 2002;
Stanford & Nkurunungi, 2003). The density of lianas was more
important at the ecotone compared to the rainforest sites. Fruits
from many lianas including Landolphia spp. and Saba spp. are im-
portant food sources for chimpanzees (Moscovice et al., 2007;
Piel et al.,, 2017). The frequency and diversity of Marantaceae
and Zingiberaceae species were higher at the ecotone and dis-
tinguished the site from the rainforest. These are examples of
terrestrial herbs, which are also important in chimpanzee diets
especially during periods of fruit scarcity (Boesch, Hohmann, &
Marchant, 2002; Tutin et al., 1997; Yamakoshi, 2004).

Other structural differences between rainforest and ecotone,
and within rainforest habitats were related to tree size and stem
density. Tree size and basal area were larger at Njuma than either
Bekob or Ganga. However, tree stem density was higher at Bekob
than at Njuma and Ganga. These differences could be attributed
to the degree of human modification. Most of the lower altitude
vegetation at Bekob was relatively young with smaller tree sizes at
various stages of ecological succession due to recent anthropogenic
modification. Lower stem density and basal area at Ganga could be
attributed to climatic conditions and anthropogenic influence includ-
ing annual bushfires.

Fruit availability was another key component that distinguished
the sites from one another. Counter to our prediction, there were
more fleshy fruits from trees and lianas available in the ecotone than
the rainforest. Higher fruit availability at the ecotone could be linked
to swamps along the main rivers and irradiance. The flood zone of
the Djerem River and its tributaries seasonally irrigate swamps that
store moisture that could alter the effects of the longer dry seasons
at Ganga (Maisels et al., 2000). These swamps could also be very
fertile due to alluvial deposits from annual floods, but this was not
tested. In addition, more open habitats characteristic of the ecotone
may benefit from higher irradiance, providing for greater fruit rip-
ening in upper- and lower-canopy species. Fruit production by trees
and lianas at GGNP, an ecotone habitat, was higher than at Salonga,
a rainforest habitat in DR Congo (Hohmann et al., 2012).

However, there was more marked seasonality in fruit availabil-
ity at Ganga, consistent with the prediction of greater seasonality
in fruit availability at the ecotone compared to the rainforest. The
wet season at Ganga was associated with higher fruit availability

with many tree and liana species fruiting synchronously. Conversely,
fruit phenology in the dry season at Ganga was low and limited to
a few species with asynchronous fruiting patterns. There was less
marked seasonality in fruit availability at Bekob and Njuma, where
many species produced fruits synchronously during the dry and wet
seasons, including several species that fruited asynchronously. At
Bekob, E. guineensis, M. cecropioides and other human-introduced
and secondary forest plant species produced fruits asynchronously
in the wet and dry seasons.

Chimpanzees are fruit specialists and their socioecology is largely
influenced by the spatial and temporal distribution of fleshy fruits
(Anderson, Nordheim, Boesch, & Moermond, 2002; Mitani, Watts, &
Lwanga, 2002). Given the greater seasonality in fleshy fruit availabil-
ity, the chimpanzee communities at the ecotone may be subjected to
greater seasonal shifts in dietary components compared to the rain-
forest. The consumption of fallback food resources including THV,
vertebrates, and invertebrates may be more frequent and consistent
at the ecotone than the rainforest sites, especially during the dry sea-
son. The consumption of vertebrates and invertebrates by P. t. ellioti
at Ngel Nyaki, Nigeria, increased during the dry season. The dry sea-
son was marked by lower variety in fleshy fruit availability (Dutton &
Chapman, 2015), suggesting that this could be a fallback food strat-
egy for chimpanzees at Ngel Nyaki. Seasonality in fruit availability is
a major determinant of chimpanzee grouping patterns as it is linked
with other determinants including female cycling (Anderson et al.,
2002; Mitani et al., 2002; Wallis, 1995). Low availability and/or patchy
distribution of fruits increase ranging and grouping costs (Chapman,
Wrangham, & Chapman, 1995; Wrangham et al., 1996), and chimpan-
zees at the ecotone may be subjected to wider ranging and less group
cohesion during the dry season. Low fruit availability was associated
with lower rates of gregariousness in P. t. ellioti at GGNP (Hohmann
et al,, 2012). Thus, foraging parties are expected to be smaller at the
ecotone during the dry season. Party sizes may be larger and more
stable at the rainforest sites due to lower seasonal variation in fleshy
fruit availability. Introduced and secondary forest species including
E. guineensis and M. cecropioides could play an important role in the
diets of chimpanzees at Bekob, the human-modified site. Inter- and
intrasite differences in tree species richness and seasonality in fleshy
fruit availability may also influence nesting behavior including nest
site selection, nest group size, and nesting tree choice. The location
of nesting sites at Ganga (ecotone) may reflect seasonal variation
in fruit availability compared to the rainforest with less seasonality,
while nesting tree preferences would be site specific.

These results affirm the diversity and distinctiveness in modeled
P. t. ellioti habitats in Cameroon (Sesink Clee et al., 2015). Rainforests
are often presumed to be the “ideal” chimpanzee habitat, with most
ENM studies positing that intact forests are necessary for chimpan-
zee survival, and that ecotones and anthropogenically modified sites
are not suitable for sustaining large, healthy populations (Sesink Clee
et al., 2015; Strindberg et al., 2018). Our results however show that
these “marginal” habitats have the resources to sustain large chimpan-
zee populations, a fact that would be lost with large scale habitat suit-
ability models. Harboring more than 500 individuals each of the most
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threatened chimpanzee subspecies, the Ebo Forest (rainforest) and
the Mbam & Djerem National Park (ecotone) are important strong-
holds for P. t. ellioti (Kamgang et al., 2018; Morgan et al., 2011). Despite
their proximity, there are structural differences between Bekob and
Njuma linked to anthropogenic modification, but chimpanzee densi-
ties are high at both sites. Behavioral diversity among and within these
populations is linked to habitat variation (Abwe, 2018). Fleshy fruits
are the most important dietary component in chimpanzee populations
across these sites, but the diversity and seasonality of fruit consump-
tion vary. The rainforest chimpanzee populations consistently con-
sume more fleshy fruit species throughout the year, but the incidence
of nonfruit plant parts in their diet is higher in the wet season. The
consumption of fleshy fruits is higher for the ecotone chimpanzees
during the wet season, while the dry season is associated with a higher
reliance on nonfruit plant parts including THV. The incidence of in-
troduced and secondary forest fruit species including E. guineensis
and M. cecropioides in chimpanzee diets is higher for the population at
Bekob (human-modified rainforest), especially during periods of fleshy
fruit scarcity. The consumption of meat including mammals, ants, and
termites is higher at the ecotone and is more marked during the dry
season (Abwe, 2018). Closed-canopy vegetation and steep relief were
linked to nesting site location for the rainforest chimpanzees, while
fruit availability was related to chimpanzee nesting site selection at the
ecotone. Nest group sizes for the ecotone were smaller than for the
rainforest chimpanzees. However, larger nest groups were associated
with the wet season (higher fruit availability) at the ecotone.

We speculate that adaptations to local ecological conditions in-
cluding seasonality in fruit availability may be important in promot-
ing genetic diversity within the subspecies in rainforest and ecotone
habitats, as it has already been shown that sex-specific patterns of
community and population structure are markedly different across
the rainforest and ecotone (Mitchell et al., 2018). These important
chimpanzee populations and their habitats are increasingly threat-
ened by hunting and the bushmeat trade, habitat destruction linked
to subsistence and agro-industrial plantations, pet trade, as well as
climate change (Morgan et al., 2011; Sesink Clee et al., 2015). These
observations suggest the need for a more realistic landscape plan-
ning approach to conservation planning for the remnant populations

of the species.
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