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A B S T R A C T

Tropical forests in Central Africa host unique biodiversity threatened by human degradation of habitats and
defaunation. Forests allocated to conservation, production and community management are expected to have
different conservation values. Here, we aimed to identify the determinants of the conservation value of tropical
forests in southeastern Cameroon, by disentangling the effects of forest allocations, proximity to human set-
tlements, and local habitat. We inventoried two taxonomical groups: mammal species with camera traps (3464
independent detection events) and dung beetle species with pitfall traps (4475 individuals). We used an in-
tegrated analytical approach, examining both species richness and composition. For both mammals and dung
beetles, species richness decreased from the protected area to the community forests, and the logging concession
showed intermediate richness. Species richness of both groups was negatively correlated to the proximity to
human settlements and disturbance, with a decreasing gradient of body mass and the loss of the most threatened
species. The replacement (i.e., spatial turnover) of both mammal and dung beetle species among forest alloca-
tions suggest an integration of conservation initiatives to a large number of different sites, with a priority on
protected and remote areas of high biodiversity. These results confirm the high conservation value of protected
areas and their essential role in conservation strategies, ecologically connected with well-managed production
forests with variable conservation value mainly depending on accessibility. Community forests located close to
villages are much more degraded but not totally defaunated and still provide bushmeat to local populations.

1. Introduction

Tropical forests host at least two thirds of the Earth's terrestrial
biodiversity (Gardner et al., 2009), while covering only 6 to 7% of the
land surface (Dirzo and Raven, 2003). But intensified anthropogenic
activities lead to deforestation (loss of forest cover) and forest de-
gradation (loss of ecosystem services). These threats induce an irre-
versible and drastic biodiversity loss across tropical ecosystems
(Gardner et al., 2009) with major ecological consequences (Malhi et al.,
2014; Poulsen et al., 2013).

In explicit geographical zones, planning and zoning processes define
several forest allocations with different allowed practices (Oyono et al.,
2014). The area allocated to biodiversity conservation has increased

since the middle of the twentieth century (Watson et al., 2014). Despite
these efforts, protected areas in the tropics are subjected to an erosion
of biodiversity (Laurance et al., 2012; Tranquilli et al., 2014) associated
with a rapid human population growth at protected area edges
(Wittemyer et al., 2008). Covering a major proportion of tropical areas,
production forests may also play a buffering role for biodiversity con-
servation (Clark et al., 2009; Gibson et al., 2011; Nasi et al., 2012; Putz
et al., 2012). Responsibly managed production forests (with a man-
agement plan and under reduced-impact selective logging) can harbour
a level of biodiversity that is similar to those observed in undisturbed or
protected forests (D.P. Edwards et al., 2014; Gibson et al., 2011; Putz
et al., 2012). But all production forests are not managed equally:
companies certified by responsible management standards (e.g., Forest
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Stewardship Council, FSC, or Programme for the Endorsement of Forest
Certification, PEFC) are relatively scarce, especially in Central Africa,
and many production forests are managed under conventional logging.
Engaging local populations in management has also been suggested as
an alternative to state-managed conservation in protected areas (Berkes
et al., 1994; Duguma et al., 2018; Kellert et al., 2000; Minang et al.,
2019). As an alternative to industrial logging in Central Africa, com-
munity forests have been shown to contribute to social and economic
development with livelihood improvement (Lescuyer et al., 2019). The
participation of local communities can improve sustainability if they
are aware of the risks of unsustainable management for the long-term
provision of goods and services (Blomley, 2013; Maryudi et al., 2012;
Ribot, 2003). Different forest allocations pose different threats and
opportunities for biodiversity conservation. Thus, the effects of dif-
ferent forest allocations on biodiversity needs to be evaluated
(Panlasigui et al., 2018), specifically in Central Africa, among protected
areas, production forests, and community forests (Poulsen et al., 2011).
Besides forest management, the influence of human settlements on
biodiversity also needs to be quantified since intensified human activ-
ities, such as hunting, agriculture or artisanal logging, are directly as-
sociated to proximity to villages (Beirne et al., 2019) and roads
(Kleinschroth et al., 2019). These disturbances modify forest ecosys-
tems at the landscape-scale and at the local-scale of species habitat.
Decoupling the effects of these different drivers on different groups and
at different scales is of high importance for designing adequate con-
servation strategies (Poulsen et al., 2011).

Quantifying forest conservation value implies considering taxo-
nomic groups sensitive to environmental disturbance and contributing
to major ecological processes, such as mammals and insects (Nichols
et al., 2009). On the one hand, mammal species are the main target of
hunting, leading to a massive defaunation in Central Africa (Abernethy
et al., 2016; Ziegler et al., 2016) and many species of iconic megafauna
(such as the chimpanzee, Pan troglodytes) are classified as endangered
on the IUCN Red List (www.iucnredlist.org). The extirpation of hunted
species leads to empty forests that still appear structurally intact but
where most ecological functions are altered: trophic webs are disrupted,
seed dispersal is limited hampering tree recruitment and forest re-
generation, and other cascading effects (Abernethy et al., 2013; Poulsen
et al., 2018; Redford, 1992; Terborgh et al., 2008). On the other hand,
insects are key components of tropical forest ecosystems (Nichols et al.,
2008). Specifically, dung beetle species are reported as excellent cost-
effective ecological indicators in tropical biodiversity surveys at various
scales (Cajaiba et al., 2017; Gardner et al., 2008; Klein, 1989). They are
sensitive to even small disturbances such as reduced-impact or selective
logging (Bicknell et al., 2014; Nichols et al., 2007; Nummelin and
Hanski, 1989). Dung beetles contribute to a variety of important eco-
logical processes including nutrient cycling and fertilization, plant
growth, and seed dispersal (Nervo et al., 2017; Nichols et al., 2008).

Our objective was to identify the determinants of the conservation
value of tropical forests in southeastern Cameroon. We specifically
aimed to disentangle the effects of (i) forest allocation (protected area,
FSC-certified logging concession, and community forest), (ii) proximity
to human settlements (roads and villages), and (iii) local habitat (forest
degradation, canopy openness and distance to the nearest river) on the
richness and uniqueness of local biodiversity. We hypothesized that
conservation value is mainly driven by human activities rather than by
local habitat characteristics, and specifically by forest management and
proximity to human settlements. In northern Republic of Congo,
Poulsen et al. (2011) indeed showed a higher influence of human dis-
turbance (hunting, logging) at landscape-level on animal populations
than local-scale effects (forest structure, canopy cover, fruit abundance,
topographic and floristic changes). Here, we examine the variation in
species richness between and within forest allocations (alpha and
gamma diversities) for two taxonomic groups inventoried and sampled
using appropriate methods: mammal species with camera traps and
dung beetle species with pitfall traps. We also examine the uniqueness

of species assemblages by (i) partitioning beta diversity (Baselga, 2010)
into its turnover component (spatial replacement of species between
sites of completely different compositions) and its nestedness compo-
nent (loss of species between sites), and by (ii) conducting multivariate
analysis (ordination) that integrates information on species traits and
conservation status. Based on an integrated and comparative analysis of
forest biodiversity in the specific landscape of the Dja area, we discuss
the lessons learned for reconciling tropical forest conservation and
management at a larger scale, in Central Africa.

2. Material and methods

2.1. Study area

The study was conducted in southeastern Cameroon (latitude
varying from 2°49′ to 3°44′ N, longitude from 12°25′ to 14°31′ E, mean
altitude of 743 m). Forests in this area are assigned to Moist Central
Africa (Fayolle et al., 2014). The annual rainfall is approximately
1640 mm with two distinct rainy seasons and a mean annual tem-
perature of 23.1 °C (Hijmans et al., 2005).

Cameroon was the first country in Central Africa to implement a
national zoning plan and to impose management plans for logging
concessions and community forests after the 1994 Cameroonian
Forestry Law. Three forest allocations (protected area, logging conces-
sion, and community forest) are well represented in Cameroon (88% of
the National Forest Estate) and in Central Africa (Fig. 1A and Appendix
A), and are adjacent to each other in the study area (Fig. 1B). These
areas are diversely affected by industrial and artisanal logging, hunting,
and slash-and-burn agriculture activities (Abernethy et al., 2016;
Poulsen et al., 2011).

The Dja Biosphere Reserve is the largest protected area in the
country, managed for biodiversity conservation and listed as a Habitat/
Species Management Area under IUCN's Protected Area Categories
System. It has been listed as a ‘Man and Biosphere Reserve’ since 1981
and as a UNESCO World Heritage site since 1987. In the core area
(526,000 ha), agriculture, gathering and hunting are prohibited. In the
buffer zone (approximately 200,000 ha but not precisely delimited yet),
local populations can engage in non-industrial sustainable activities
(Appendix A).

The logging concession granted to the PALLISCO Company is
managed since 2004 under 30-year forest management plans. Timber
harvest is highly selective: on average in 2018, only 0.65 stems and
9.6 m3 were cut per hectare. Out of the 388,949 ha granted to the
company, 341,708 ha were certified by the Forest Stewardship Council
(FSC) in 2008, committing to best practices for: (i) the economic ef-
fectiveness and viability of forest management, (ii) the ecological in-
tegrity of the forests through reduced-impact logging, protection of
wildlife, protection against pollution, and (iii) the social equity for
workers and local populations. User rights are given to bordering po-
pulations for deadwood and NTFP collection. Hunting activities are
highly regulated (see details in Appendix A).

The community forests (CF) of Medjoh (4964 ha), Avilso (3433 ha)
and Eschiambor (5069 ha) are located between the logging concession
and the protected area (Fig. 1B). CFs are small forest areas situated
along roads and villages and are dedicated to the exclusive use by local
communities for timber harvesting, deadwood collection, NTFP gath-
ering, hunting, and agriculture (Appendix A). They are managed via a
‘Simple Management Plan’ written by the communities themselves and
under the supervision of the Forest administration.

2.2. Biodiversity inventory

We inventoried mammals and dung beetles using respectively
camera traps (Ahumada et al., 2013) and pitfall traps (Larsen and
Forsyth, 2005). Sampling sites were distributed in the three forest al-
locations, at a distance of at least 500 m from forest edge. In the logging
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concession, areas with different logging histories were evenly sampled
to consider biodiversity recovery after logging. In the protected area, all
sampling sites were located in the northwestern part of the Reserve
(Fig. 1B), where vegetation types are the most similar to the logging
concession and community forests (Sonké, 1998).

Mammal species were inventoried using a total of 44 camera traps
(model ‘Trophy Cam HD Aggressor’) set up during the rainy season
from February to June 2017 and distributed as follows: one grid of 11
cameras in the protected area, two grids of 11 cameras each in the
logging concession (one in a zone logged 23 to 27 years before and the
other in a zone logged 17 years before), and one grid of 11 cameras
distributed among the three community forests (Fig. 1B). Distances
between two camera grids were between 9.3 and 112.3 km. Cameras
were installed at a density of one camera per 2 km2 according to the
recommendations of the TEAM Network (2011). We placed cameras on
trees at 30–50 cm above ground level and oriented in the direction of
animal trails with a sufficient field of view to capture full-body images
of mammals. The camera-based monitoring lasted 87–99 days and we
standardized the data acquired by each camera to the first 87 inventory
days. Herbaceous vegetation was systematically cleared in a radius of
4 m around the camera, insuring comparable detection probability
among all cameras. All cameras were set to take three consecutive shots
per trigger. After the inventory, we only used the images acquired by 29
cameras (nine in the protected area, five in the zone logged 20–30 years
before, nine in the zone logged 10–20 years before, and six in the
community forests) because 15 cameras were either stolen/broken or

did not operate properly during the entire inventory period. Images
obtained from camera traps were analyzed with the Camera Base
software linked to Microsoft Access (Tobler, 2015). Detection events
separated by at least 10 min were considered independent. We identi-
fied mammals to species when possible and recorded the number of
individuals for each independent detection event. Based on the in-
dependent detection events, we produced occurrence and abundance
matrices (with species as columns, and either cameras or dates as rows).
The mean adult body mass (mean of the body mass given for males and
females in Kingdon et al., 2013) and the IUCN status were collated for
all inventoried species.

Dung beetles were inventoried using 72 baited pitfall traps from
February to April 2016 and distributed along transects of four traps as
follows: six transects in the protected area, six transects in the logging
concession, and six transects in the community forests (two transects in
each community forest). The six transects in the logging concession
were distributed as follows: two transects in a zone logged 20 to
26 years before, two transects in a zone logged nine years before, and
two transects in a zone logged three years before. To avoid inter-
ferences between traps on the same transect, we separated two traps by
250 m, which is four times the distance recommended by Larsen and
Forsyth (2005). Distances between two transects were between 1.4 and
116.9 km. Each pitfall trap consisted of a bucket (280 mm diameter and
270 mm deep) buried flush to the ground, containing 1 l of odourless
soaped water and baited with 16 g of human faeces, and protected from
rain by a plastic tarp of ~1 m2. We collected dung beetles after 48 h and

Fig. 1. (A) Location of the study area among logging concessions and protected areas in Central Africa. The gray background corresponds to ‘Dense forest cover’ and
includes lowland, submontane, montane, and swamp forests as defined by Mayaux et al. (2004). (B) Study area in southeastern Cameroon. Sampling sites of
mammals (camera traps) and dung beetles (pitfall traps) in the three forest allocations are shown as orange and cyan points, respectively. (C) Illustration of a camera
trap (with an example of a picture of Cercocebus agilis) and a pitfall trap (with an example of the individuals collected in a trap after 48 h of trapping). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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preserved them in 70% ethanol. We identified dung beetles to species
when possible and we assigned a unique morphospecies number when
identification was uncertain. After having generated a list of all in-
dividuals collected, we produced occurrence and abundance matrices
(with species as columns and traps as rows). The mean adult body
length was computed for all inventoried species and morphospecies.

2.3. Correlates of biodiversity

The values of eight variables were collated for each sampling site,
comprising three variables for forest allocations, two variables for
proximity to human settlements, and three variables for local habitat.
We tested the degree to which these eight variables influenced mammal
and dung beetle species richness and composition. For forest alloca-
tions, we created three distinct dummy binary variables (i) ‘protected
area’, (ii) ‘logging concession’, and (iii) ‘community forests’. We gave a
value of one to the forest allocation to which the sampling site belongs,
and null values for the two other forest allocation variables. The
proximity to human settlements was computed by: (iv) the distance to
the nearest road, and (v) the distance to the nearest village. In terms of
habitat variables, we used: (vi) the forest degradation (proportion of
pixels classified as degraded forest in the surroundings of each sampling
site based on Sentinel-2 satellite imagery and supervised classification;
see Appendix B for methodological details), (vii) the percentage of ca-
nopy openness above dung beetle traps (mean of five values obtained
around each trap with hemispherical photographs; see Appendix B for
methodological details), and (viii) the distance to the nearest river. All
distances were computed in meters, with the ‘Near’ tool in ArcGIS
software.

2.4. Biodiversity analysis

All analyses were performed within the R environment (R Core
Team, 2018). We used individual-based rarefaction curves (Gotelli and
Colwell, 2001) for each sampling site (camera traps for mammals and
pitfall traps for dung beetles) to visualize the variation in species
richness within and between sampling sites. We also generated sample-
based rarefaction curves (Gotelli and Colwell, 2001) to identify any
differences in species richness among forest allocations (package
‘vegan’, Oksanen et al., 2018). We extracted the species richness (alpha
diversity) of each sample-based rarefaction curve for a common number
of 435 camera-days for mammals and 24 traps for dung beetles for
comparison among forest allocations. We also extracted 10 values of
species richness for each sampling site from individual-based rarefac-
tion curves, for a number of individuals (or independent detection
events for mammals) equal to 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100
(for the curves that reached these numbers of individuals). The con-
sideration of ten values of species richness extracted for ten different
numbers of individuals allowed to consider the overall shapes of in-
dividual-based rarefaction curves rather than only one value of species
richness extracted for only one subjective number of individuals. Then,
the relationships between the ten values of extracted species richness
(response variables) and the eight variables defined above (correlates of
biodiversity for mammal and dung beetle sampling sites separately,
predictor variables) were analyzed using the sparse Partial Least
Squares method (sPLS, using package ‘mixOmics’, Lê Cao et al., 2009).
This method identifies the best predictor variables for species richness
of mammals and dung beetles, based on the criterion of the highest
Variable Importance in the Projection (VIP). The main advantage of the
method consists in the integration and variable selection combined si-
multaneously in a one-step analysis. In addition, tested variables can be
correlated and can contain NA values. Then, Pearson's correlations were
computed to further quantify the individual associations between spe-
cies richness and relevant predictor variables identified by the sPLS.

Based on the occurrence matrix for both mammals and dung beetles,
codifying the presence (1) or absence (0) of species (columns) in forest

allocations (rows), we partitioned beta diversity into turnover and
nestedness components to compare the whole of forest allocations
(multiple-site dissimilarities), and pairs of forest allocations (pairwise
dissimilarities) using the package ‘betapart’ (Baselga and Orme, 2012).
Whereas the ‘turnover’ component represent a spatial replacement of
species among sites, ‘nestedness’ and specifically ‘nested’ sites indicate
that some sites constitute a subset of other species assemblages, where
some species were lost or are just absent (Baselga, 2010). For mammals,
the same number of camera traps were deployed in each forest allo-
cation but ended into slightly unbalanced design because some cameras
were stolen or broken in the field. We then developed a bootstrap ap-
proach with 1000 iterations to deal with the unbalanced sampling in
the camera trap data. For each iteration, we randomly subsampled for
each forest allocation five cameras out of the total number of retrieved
cameras (up to nine), and we considered the detected species by these
five cameras as present in the forest allocation (whatever the number of
detections). This allowed generating an occurrence matrix with four
lines, corresponding to the forest allocations, and with 26 columns,
corresponding to the mammal species. On this occurrence matrix, we
computed the multiple-site dissimilarity (among all forest allocations)
and the pairwise dissimilarities (among pairs of forest allocations) with
their turnover and nestedness components. We finally computed the
average for the two beta diversity components (nestedness and turn-
over) for the two approaches (multiple-site and pairwise) across the
1000 iterations.

In order to visualize the differences in species composition among
forest allocations, we performed a Nonmetric Multidimensional Scaling
(NMDS), for mammals and dung beetles separately, based on abun-
dance matrices and Bray-Curtis distances (package ‘vegan’, Oksanen
et al., 2018). Abundance data were square root transformed and sub-
mitted to Wisconsin double standardization, due to large and highly
variable abundance values. We plotted sites as triangles (with colors
corresponding to forest allocations) and species as points (with size
proportional to the mean adult body mass for mammals, and mean
adult body length for dung beetles), as well as the IUCN conservation
status for mammal species. The eight correlates of biodiversity pre-
viously mentioned were also plotted as supplementary variables de-
scribing sampling sites.

3. Results

3.1. Species richness

For mammal species, we obtained 3464 independent detection
events and identified a total of 26 species (gamma diversity) including
iconic species, such as the chimpanzee (P. troglodytes) and the giant
pangolin (Manis gigantea). For dung beetle species, we collected and
identified 4475 individuals and identified a total of 71 species (gamma
diversity) belonging to 21 genera.

Individual-based and sample-based rarefaction curves for both
mammals and dung beetles showed a decrease of species richness from
the protected area to the community forests, the logging concession
being intermediate between the two (Fig. 2). Sample-based rarefaction
confirmed the slight differences in richness among forest allocations
(Fig. 2B and D). Individual-based rarefaction curves of the logging
concession overlapped with those of the other forest allocations,
showing that the logging concession could locally be as rich as the
protected area or as depauperate as the community forests. For mam-
mals, the alpha diversity of each forest allocation was 23 species in the
protected area, 17 species in the zone logged 20–30 years before, 21
species in the zone logged 10–20 years before, and 18 species in the
community forests. For dung beetles, the alpha diversity of each forest
allocation was 58 species in the protected area, 49 species in the log-
ging concession, and 41 species in the community forests.

For both mammals and dung beetles, sPLS quantified the relation-
ships between the eight correlates of biodiversity and species richness
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values derived from individual-based rarefaction curves for 10 to 100
individuals. The most important predictors of species richness were
‘community forests’ (VIP = 1.74, negative correlation) and the distance

to the nearest village (VIP = 1.48, positive correlation) for mammal
species; the distance to the nearest road (VIP = 1.65, positive corre-
lation) and ‘protected area’ (VIP = 1.58, positive correlation) for dung
beetle species (Table 1 and Appendix C).

3.2. Species composition

Beta diversity was partitioned among forest allocations for both
mammal and dung beetle species (Fig. 3). Among both mammal and
dung beetle species, a strong turnover component was revealed, in-
dicating a replacement of species among sites (for mammals, β = 0.25
with turnover component = 0.15; for dung beetles, β = 0.36 with
turnover component = 0.25). We observed proportionally higher
nestedness patterns for mammal species (40% of beta diversity) than for
dung beetle species (31% of beta diversity). For mammals, the species
composition in the zone logged 20–30 years before the inventory was
nested to the species composition in the three other forest allocations,
with various levels of turnover. The species composition of the com-
munity forests was nested to that of the zone logged 10–20 years before,
which was nested to that of the protected area, but showing simulta-
neously some turnover among forest allocations (list of species in

Fig. 2. Individual-based and sampled-based rarefaction curves for mammals (A and B) and dung beetles (C and D). For mammals, the individual-based rarefaction
curve considered individuals as the independent detection events (A) and the sampled-based rarefaction curve used camera-days on the horizontal axis (B). The alpha
diversity at the scale of each forest allocation is provided for 435 camera-days (B) and for 24 pitfall traps (D). The gamma diversity is also provided and comprises the
variety of inventoried species for mammals (B) and for dung beetles (D). The colored shaded areas on sampled-based rarefaction curves (B and D) correspond to the
rarefied species richness ± its standard deviation.

Table 1
Values of VIP (Variable Importance in Projection) obtained from the sPLS ex-
plaining mammal and dung beetle species richness with correlates of biodi-
versity. The two highest VIP values are shown in bold for each taxonomic
group. The sign in brackets indicate the direction of the effect of each predictor
variable on species richness.

Correlates of biodiversity (X) Species richness (Y)

Mammals Dung beetles

Distance to the nearest road 0.66 (+) 1.65 (+)
Distance to the nearest village 1.48 (+) 0.80 (+)
Distance to the nearest river 0.24 (+) 0.44 (−)
Forest degradation 0.24 (−) 0.50 (−)
Canopy openness / 0.34 (−)
Protected area 0.43 (+) 1.58 (+)
Logging concession 1.02 (−) 0.37 (+)
Community forests 1.74 (−) 1.21 (−)
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Appendix D). For dung beetles, the species composition of the com-
munity forests was nested to the logging concession, which was nested
to the protected area, showing a proportionally higher turnover among
forest allocations than mammals (list of species in Appendix E).

A clear distinction in species composition between the protected
area and the community forests was identified for both mammals and
dung beetles, with an intermediate and heterogeneous composition in
the logging concession (Fig. 4). The NMDS for mammal species
(Fig. 4A) showed a clear gradient from degraded community forests
associated with mainly rodents and small-bodied species (negative
scores on NMDS 1) to richer sites with bigger animals in the protected
area and in remote areas from villages (positive scores on NMDS 1). A
similar gradient was found for dung beetle species along the first axis
(Fig. 4B), going from degraded forests with high canopy openness
(mainly community forests) to remote areas in the logging concession
and in the protected area. NMDS stress value was 0.22 for mammals
and 0.24 for dung beetles.

4. Discussion

Here, we conducted the first cross-taxonomic assessment of the
conservation value of diverse forest allocations in Central Africa, using
an integrated framework for biodiversity analysis at the landscape
scale. We identified an influence of forest allocation on biodiversity
patterns. However, proximity to human settlements and disturbance

was the main determinant of forest conservation value. We also found
differential responses to forest disturbance across mammals and dung
beetles.

4.1. Limitations of the study

Due to logistical and financial field constraints, we only sampled a
single protected area and a single logging concession and our study
design was thus pseudoreplicated (Hurlbert, 1984). Therefore, our re-
sults should only be considered and interpreted at the local scale of our
study system in its particular social-environmental context in south-
eastern Cameroon, without any generalization (Cottenie and De
Meester, 2003).

The sampling sites were spatially aggregated in grids (camera traps)
and transects (pitfall traps) and were not distributed across the entire
protected area and logging concession. Then, our sampling sites could
not be totally representative of the overall spatial diversity of these two
forest allocations. However, it is worth mentioning that we identified a
total of 26 mammal species, which is the exact same number of species
reported by Bruce et al. (2018) in a larger camera trap grid in the
Northern Sector of the Dja Reserve. This protected area is reported to
host 109 different mammal species of which 35 species are terrestrial
and have a body mass higher than 0.5 kg (Kingdon, 2015): we missed
some species and some of them are extremely rare and possibly locally
extinct.

Fig. 3. Beta diversity partitioning in turnover and nestedness components for mammal species (A), and for dung beetle species (B). The total beta diversity, turnover,
and nestedness values given in the boxes correspond to multiple-site dissimilarities (overall comparisons among forest allocations), whereas other values represent
pairwise dissimilarities between two particular forest allocations. The arrows are oriented in the direction of nested sites, with the arrow thickness proportional to the
nestedness component, and the arrow darkness proportional to the turnover component.
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Our mammal and dung beetle inventory protocols did better detect
some species than others, as most inventory techniques do. The ability
of camera traps to detect animals is correlated with species body size
(Rowcliffe et al., 2011; Tobler et al., 2008). Abundances of small
mammal species might have been underestimated, but detection events

of mammal species of body mass lower than 1 kg, including mice, rats
and squirrels, represented not less than 61% of all detection events.
Concerning pitfall traps, we also used a standardized sampling design
which can be used in a wide variety of contexts (Larsen and Forsyth,
2005). All sampling sites were evenly distributed among forest

Fig. 4. Nonmetric Multidimensional Scaling
of the abundance matrix for mammal spe-
cies (A) and dung beetle species (B).
Colored triangles correspond to sampling
sites in different forest allocations. Gray
points correspond to species, with point size
proportional to the mean adult body mass
for mammals (A) or the mean adult body
length for dung beetles (B). Arrows show
the projection of supplementary variables:
distance to the nearest road, distance to the
nearest village, distance to the nearest river,
forest degradation, canopy openness (only
for dung beetles in B), and species richness.
In A, mammal species names written in red
are listed in the IUCN Red List of
Threatened Species as ‘Near Threatened’
(NT), ‘Vulnerable’ (VU), or ‘Endangered’
(EN), others being assessed as ‘Least
Concern’. Artwork of mammal species in A
is adapted from Kingdon et al. (2013). (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)
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allocations (same sample coverage) with the same sampling protocols
and similar conditions. We hypothesized comparable detection prob-
ability under closed canopies, though slight differences in forest
structure and composition. There is no element in our knowledge that
was supposed to modify detection probability among forest allocations
and we did everything we could not to influence it. For instance,
cameras were oriented toward animal trails, with a clear angle, and
with cleared herbaceous vegetation, according to the TEAM Network's
recommendations (2011). Thus, we consider that the observed differ-
ences among forest allocations revealed true differences in mammal
and dung beetle species diversity.

4.2. Differential response of mammals and dung beetles

For mammal species composition, our results showed a loss of
species with proximity to human settlements. It was related to a gra-
dient of decreasing body mass and conservation value, with less large
and threatened species remaining near villages. As shown by Beirne
et al. (2019), distance away from villages is directly correlated to
hunting pressure. The community forests and the zone logged
20–30 years before were composed of a subset of species present in the
more diverse sites and were more strongly impacted by hunting prac-
tices because of their proximity to villages. The highly detrimental ef-
fect of proximity to hunters' access points (i.e. settlements and roads)
has been previously demonstrated up to 40 km inside the forest
(Benítez-López et al., 2017), as have the impacts on mammal popula-
tions (Benítez-López et al., 2017; Clark et al., 2009; Koerner et al.,
2017; Laurance et al., 2006). In the logging concession, the distribution
of mammal populations is much more influenced by the development of
the logging road network and increased accessibility to hunters and
poachers than by the direct effects of logging (Brodie et al., 2015;
Robinson et al., 1999; van Vliet and Nasi, 2008). Increasing hunting
pressure induces a steady decline in total biomass of all vertebrates,
with a particularly rapid decline of large-bodied preferred game species
such as primates and ungulates (Koerner et al., 2017; Poulsen et al.,
2011), as found here. Only small rodents (Kurten, 2013) and other
small generalist species (van Vliet and Nasi, 2008) could be more re-
silient to hunting pressure (Benítez-López et al., 2017; Koerner et al.,
2017; Wright, 2003). Here, and as also observed by Laurance et al.
(2006) in Gabon, the pangolin and small rodents are more abundant in
logged forests and forests close to villages than in undisturbed forests.
This can be due to the density compensation phenomenon resulting
from the extirpation of competitive species (Peres and Dolman, 2000).

Each of the three forest allocations showed distinct dung beetle
species composition, indicated by the high turnover component of beta
diversity among sampled areas. Large dung beetle species were more
abundant in the protected area than in the two other forest allocations.
As revealed by our results, several studies also showed that human-
driven forest disturbances impact dung beetle species composition,
particularly by reducing the abundance of large-sized species (F.A.
Edwards et al., 2014; Nichols et al., 2013). Our analyses showed the
high local influence of proximity to roads and associated logging,
agricultural and habitat disturbances on dung beetle species composi-
tion. Dung beetle species have been identified as indicators of closed-
canopy forests (Watkins et al., 2017). Impoverished samples of the
communities are obtained in any clearings created for road construc-
tion, largely degrading dung beetle habitat quality (Hosaka et al.,
2014). Dung beetle community composition is also affected by forest
fragmentation (Nichols et al., 2007), as seen here in degraded com-
munity forests impacted by agriculture and with relatively higher ca-
nopy openness. In contrast to mammals, dung beetles are known to be
particularly sensitive to the environmental effects of selective logging
(Bicknell et al., 2014). As shown here, a negative influence of roads on
dung beetle populations has already been demonstrated up to 170 m
into the forest interior due to micro-habitat variation, with associated
declines of ecological functions (Edwards et al., 2017; Hosaka et al.,

2014) such as dung and seed removal (Andresen, 2003; Slade et al.,
2011).

4.3. Conservation value of forest allocations

In the face of major environmental issues in Central Africa
(Abernethy et al., 2016), our results confirmed the importance of pro-
tected areas in the conservation of large-bodied and threatened
mammal species, as well as most forest dung beetle species (as also
shown by Davis and Philips, 2005). Even if many protected tropical
forests experience alarming biodiversity losses (Laurance et al., 2012),
the long-term presence of conservation activities can reduce threats
(Tranquilli et al., 2014). In the Dja Biosphere Reserve, conservation
activities include law enforcement through anti-poaching patrols and
awareness campaigns, scientific research, and tourism, which together
can lower threats in African protected areas (Tranquilli et al., 2014).
Additionally, in the northern sector of the Reserve motor vehicles
cannot easily cross the Dja River reducing accessibility for commercial
poachers.

We found that production forests can harbour similar species rich-
ness and composition to that of protected areas. Vulnerable pangolin
species (Manis spp.) were even found more frequently in the logging
concession than in the two other forest allocations (Appendix D). It has
already been demonstrated that selective logging has modest impacts
on most taxonomic groups (e.g., species richness of birds, mammals,
invertebrates, and plants according to Putz et al., 2012) and only
slightly reduces biodiversity levels (Clark et al., 2009; Gibson et al.,
2011). In particular, Burivalova et al. (2014) suggested that most
taxonomic groups would be resilient to selective logging at intensities
lower than 10 m3 ha−1, as applied in the FSC-certified concession
studied here. However, here we reported high spatial heterogeneity of
biodiversity in the logging concession that we related to local dis-
turbances induced by roads. Indeed, as a side effect of logging, the road
network can make some areas highly accessible and deeply impacted by
human activities (logging, hunting and poaching), whereas remote
areas remain nearly intact (Poulsen et al., 2009).

Community forests were found to be particularly depauperate, with
a dominance of small-sized mammal species and poor dung beetle
communities. The low conservation value of these forests is due to the
high proximity to villages and roads (Beirne et al., 2019). Human
presence is associated with hunting pressure, fire, and forest fragmen-
tation induced by slash-and-burn agriculture. Yet some mammal species
were found to be more abundant in these young secondary forests, such
as the African palm civet (Nandinia binotata) that lives in umbrella trees
(Musanga cecropioides). Community forests cannot yet be considered as
totally defaunated, even though human populations intensively use
them for a multitude of ecosystem services, including bushmeat pro-
vision (Lhoest et al., 2019).

4.4. Conservation implications

Our results confirm that the road network and associated forest
accessibility have major detrimental effects on biodiversity. The area
damaged by logging roads typically reaches 0.6 to 8.0% of forest area in
tropical countries (Kleinschroth and Healey, 2017) and 1.26% in the
studied logging concession in 2018. Roads are a financially costly ele-
ment of logging activities, and both concession holders and biodiversity
conservation would benefit to improve the design and planning of
logging roads (Edwards et al., 2017). It has been previously suggested
to: (i) implement strategic planning and long-term spatial prioritization
(Kleinschroth et al., 2019) in order to limit the size and expansion of
logging road networks (Laurance et al., 2009; Putz et al., 2008); (ii)
define a minimum volume of timber extracted per unit length of logging
road to justify road construction (Edwards et al., 2017); (iii) close
logging roads after timber extraction to facilitate forest recovery and
discourage hunters from penetrating the forest (Bicknell et al., 2015;
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Clark et al., 2009; Kleinschroth et al., 2016); and (iv) avoid building
any roads suitable for motor vehicles inside protected areas (such as in
the Dja Biosphere Reserve) and only planning appropriate pedestrian
access where needed.

Our study identified a strong decline of mammal species richness in
proximity to villages in southeastern Cameroon. The hunting pressure
surrounding rural communities is known to be extremely high in
Cameroon. Several effective solutions must be implemented to halt the
defaunation crisis in Central Africa, including: (i) law enforcement
(Critchlow et al., 2017) comprising anti-poaching operations (Benítez-
López et al., 2017) and a better control of access in logging concessions
and protected areas (van Vliet and Nasi, 2008); (ii) participatory re-
pressive enforcement program (Beirne et al., 2019; Clark et al., 2009;
Vermeulen et al., 2009); (iii) ban of hunting of sensitive species (ac-
cording to the IUCN status) and regulation of hunting of the most re-
silient and locally abundant species such as the blue duiker (Phi-
lantomba monticola) or the African brush-tailed porcupine (Atherurus
africanus) (Nasi et al., 2011; van Vliet and Nasi, 2008); (iv) provision of
alternative sources of proteins (local fish farming, aviculture, supply of
butcher's meat, vegetal proteins, edible insects) at affordable prices,
with a minimization of their negative environmental impacts (Rentsch
and Damon, 2013; Wilkie et al., 2005).

Conservation strategies have to be designed and coordinated at a
large scale (landscape, national or continental scale) in balance with the
need for economic development and bushmeat provision (Poulsen
et al., 2011). High values of turnover among forest allocations for both
mammal and dung beetle species in our results support a devotion of
conservation initiatives to a large number of different sites, with a
priority on protected and remote areas of high biodiversity. Production
forests in the surroundings of protected areas have a crucial buffer role
to play. In particular, adapted management aimed at minimizing the
degradation of high conservation value forests is an important re-
quirement of FSC certification. If strictly protected forest patches are
not connected with production forests in a larger forest matrix, no
conservation intervention is likely to be sufficient (D.P. Edwards et al.,
2014). Connected to protected areas, production forests offer the
chance to conserve many ecosystem services, functions, and species
(Clark et al., 2009). They cover a high proportion of forest lands and
show lower opportunity costs than protected areas. It is vital for bio-
diversity that protected and production forests be maintained as forest
lands rather than being converted to agriculture or plantations char-
acterized by much lower conservation values (Chazdon et al., 2009).
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