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Abstract

To inform regional conservation planning, we assessed mammalian and avian biodiversity in the Djéké Triangle, which is an
intact forest with long-term research and tourism focused on western lowland gorillas (Gorilla gorilla gorilla). This critical
region serves as a conservation conduit between the Nouabalé-Ndoki National Park (NNNP) in the Republic of Congo and
the Dzanga-Ndoki National Park in Central African Republic. Wildlife inventories were conducted to determine if biodi-
versity in the Djéké Triangle (initially part of a logging concession) was equivalent to the NNNP. Camera traps (CTs) were
deployed to estimate species richness, relative abundance, naive occupancy, and activity patterns of medium-to-large species
in mixed species and monodominant Gilbertiodendron forests that comprise the majority of regional terra firma. Species
inventories were collected from CTs positioned on a grid and at termite nests throughout the Djéké Triangle and compared
to CTs placed in the Goualougo Triangle located within the NNNP. From 10,534 camera days at 65 locations, we identified
34 mammal and 16 bird species. Allaying concerns of wildlife depletion, metrics of species richness in the Djéké Triangle
surpassed those of the Goualougo Triangle. Many species were observed to occur across habitats, while others showed
habitat specificity, with termite mounds indicated as an important microhabitat feature. Our comparisons of animal activity
budgets in different habitat types provide important reference information for other populations and contexts. In conclu-
sion, this study provided empirical evidence of the high conservation value of this region that contributed to increasing the
protected status of the Djéké Triangle.
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measures targeting the wellbeing of primates can also be
of benefit to co-occurring species (Macdonald et al. 2013).
Other studies have claimed, however, promoting research and
protection of one species over others poses risks, including
falling short on conservation expectations (Sun et al. 2022). In
this study, we show how the conservation impact of long-term
study sites focused on great apes was extended to facilitate
biodiversity assessments and land preservation.

Primates, including great apes, have long played primary
roles as ambassadors for conservation including land pres-
ervation initiatives (Mittermeier 1986, 1988; Wrangham
et al. 2008). Three decades ago, this strategy was adopted by
a team of local and international primatologists conducting
research and surveys to lobby for the eventual creation of the
Nouabalé-Ndoki National Park (NNNP) in northern Republic
of Congo. These scientists envisioned gorillas and chimpan-
zees as the centerpieces of the protected area conservation
strategy, and so supported the initiation of several long-term
research sites with an emphasis on particular species. These
included the Mbeli Bai Project in the NNNP, the Goualougo
Triangle Ape Project in the forests south of the NNNP, and
the Mondika Gorilla Project in the Djéké Triangle west of
the NNNP. While the initial focus of these projects was to
increase knowledge about gorillas and chimpanzees, long-
term aspirations included studying broader primate commu-
nity and ecosystem dynamics. These research sites are also
uniquely positioned to conduct biodiversity monitoring more
broadly for mammalian and avian taxa, which not only pro-
vides essential ecological information to contextualize studies
of primates but also contributes to larger scale conservation
efforts. Biodiversity assessments and subsequent monitoring
are both time consuming and resource intensive, but essential
in providing empirical means to assess the efficacy of conser-
vation policies and practices. In this case, we show how such
information contributed to elevating the protected status for
the Djéké Triangle, a strategic and environmentally impor-
tant forest enclave with the potential for long-term sustainable
sources of funding for the NNNP.

In addition to surveying biodiversity, gaining a better
understanding of habitat use is also crucial to successful
wildlife management. Improved understanding on primate
ecologies and activity patterns shaping resource partition-
ing and realized niches could also inform proposed linkages
between guilds (Bourliere 1985), which is of particular rel-
evance with regard to the semi- terrestrial primates found
across the Ndoki landscape. Parity between habitat type and
floral heterogeneity can also be a diversifying force in habitat
use. This is particularly relevant in the Sanhga Tri National
(TNS) landscape, where two main terra firma habitat types
are widespread. These include Mixed Species Forest (MSF)
that is characterized by high floral diversity (Harris 2002) and
Gilbertiodendron dewevrei forest (GDF), a monodominant
habitat with a single tree species comprising 75-88% of the
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basal area (Hart 1990). In contrast to MSF, GDF thrives in
predominantly low-lying moist and infertile soil environments
and constitutes an estimated 20% of the closed canopy terra
firma habitat in the region (Hall et al. 2019). Assessments of
GDF imply a low productivity habitat with scarce resources
for wildlife (Hart 2001). Apart from periods of mast seed
production that coincide with dramatic increases in the pres-
ence of primates and other wildlife in GDF (Blake and Fay
1997), the contribution of these monodominant forests to spe-
cies co-existence warrants further investigation. Based on the
lower abundance of GDF and distribution along waterways,
we predict that larger and more terrestrial taxa will be more
frequetly associated with both MSF and GDF than smaller or
more arboreal taxa who tend to have smaller ranges.

While often overshadowed by the differences in habitat,
the microhabitat features within these forest types are known
to influence forest dynamics and harbor important resources
for some species. For example, epigeal mounds constructed
by termites have profound impacts on the composition,
structure, and chemical makeup within the immediate loca-
tion of the earthen structures (McComie and Dhanarajan
1993). The secondary consequences of alterations of the
soil extend to vegetation heterogeneity and forest structure
in the vicinity of the mounds. In several African savanna
ecosystems, termite mounds were shown to positively
impact floral diversity and the establishment of particular
plant types on varying spatial scales (Crooks 2002; Boogert
et al. 2006; Traore et al. 2008; Moe et al. 2009). In addition,
soil macro-invertebrate abundances may also be elevated
(Choosai, et al. 2009) altering the availability of resources
and ultimately the distribution of mammalian and avian taxa
that forage on these invertebrates. This could be particularly
interesting in northern Congo where chimpanzees frequent
termite nests, but the importance of this resource to other
species is unknown.

While transect methodology has proven effective in moni-
toring large forest vertebrates such as elephants and great
apes (Morgan et al. 2006; Stokes et al. 2010; Maisels et al.
2013), it tends to under-represent the presence of other for-
est dwelling species such as small- to medium- sized fauna
(Bowkett et al. 2006; van Vliet and Nasi 2008; Fragoso et al.
2016). The NNNP, which is within the Sangha Tri National
Landscape (TNS) landscape, is estimated to harbor more
than 50 species of mammals (including 12 primates) and
429 species of birds (Maisels 2001). Most of these species
are challenging to study during landscape-scale assessments,
so it is no surprise that knowledge gaps still exist in funda-
mental aspects of their distribution, habitat use, and activ-
ity patterns. Fortunately, the widespread adoption of remote
observations via camera traps (CTs) has addressed some of
these challenges and expanded the taxonomic scope of spe-
cies monitoring in cost-effective ways (Nichols et al. 2011;
Howe et al. 2017; Agha et al. 2018). Systematic survey data
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from CTs yield traditional biodiversity monitoring metrics
(e.g., species richness, relative abundance, and occupancy
estimates: O'Brien et al. 2010; Fonteyn 2022) while also cre-
ating opportunities to document behavior relevant to accu-
rately assessing the abundance of elusive species (Bessone
et al. 2020).

Accurate and precise biodiversity monitoring is an
essential aspect of conservation management, particularly
in areas impacted by humans. The southern section of the
Djéké Triangle is aligned with the hunting zone of nearby
villages. Extending the research focus from flagship species
to a broader range of taxa can provide indicators of ecosys-
tem health and information for land use planning. This is
increasingly relevant as overexploitation is recognized as
a widespread driver of primate abundance and overall ver-
tebrate diversity (Bennett et al. 2007; Fa and Brown 2009;
Nasi et al. 2012; Abernethy et al. 2013; Cawthorn and Hoff-
man 2015; Ripple et al. 2017; Benitez-Lopez et al. 2019). In
Africa, roughly 35.5% of the biodiversity loss documented
from 1970 to 2016 on the continent was attributed to over-
harvesting (WWF/LZS 2020). The impacts of hunting
offtake are not spatially homogeneous across this region,
with some remote, less-disturbed forests maintaining intact
species assemblages while less distant and heavily exploited
forests show shifts in species presence (Dupain et al. 2012;
Fa et al. 2015; Ziegler et al. 2016). For some game species,
such as duiker, overexploitation is argued to lead to pre-
dictable changes in the faunal community (Yasuoka et al.
2015). There are concerning indications that overharvest-
ing of small, medium, and large duiker is already underway
within the Kabo concession (Mockrin 2008; Brncic et al.
2018). Further, preliminary evidence from the Kabo con-
cession (west sector including the Djéké Triangle) has also
indicated extremely low encounter rates of guenons and
mangabeys (Brncic et al. 2018). Poulsen et al. (2009) sur-
mised the high diversity of species documented in bushmeat
surveys recorded in the Kabo forestry management unit and
neighboring concessions potentially signaled a tipping point
towards depletion of the wildlife. If measures are not taken
to stem the unsustainable rates of defaunation, it is projected
that many species will vanish by 2050 (Fa et al. 2003) and
overall biodiversity will spiral downward (Schipper et al.
2020).

Similar forecasts of decline have been made for pristine
or 'Intact Forest Landscapes' (IFL) across Africa (Potapov
et al. 2017). Such loss has far-reaching consequences for not
only human livelihoods and food security, but floral diver-
sity, regeneration, and structure of forests (Vanthomme et al.
2010; Effiom et al. 2013; Hempson et al. 2015). While habi-
tat degradation and loss constitute the largest threats to bio-
diversity (WWEF/LZS 2020), the Congo Basin still contains
significant stands of forest with high environmental struc-
tural integrity (Hansen et al. 2020). Tracts of intact forest

estate outside of protected areas in the Republic of Congo,
including the Djéké Triangle, have previously been identi-
fied as targets for enhanced conservation planning. However,
up to date information is needed to validate indices of intact-
ness, condition, human pressure, and biodiversity that are
used to identify such areas (Grantham et al. 2020).

Due to the interest in elevating the conservation status
of the Djéké Triangle, we expanded the historic focus of
research on great apes to conduct a broader assessment of
biodiversity with a particular emphasis on game species
and those at highest risk of extinction. More specifically,
we compared measures of species richness, relative abun-
dance indices (RAI), and naive occupancy (NO) from cam-
era trapping in the Djéké Triangle with surveys conducted
in the Goualougo Triangle (located inside the boundaries of
NNNP). Since both of these forests are intact, we expected
to find similar species assemblages. However, there has
been more human pressure on the wildlife of the Djéké
Triangle which could result in decreased representation of
game species. We also expected to find lower species diver-
sity in monodominant Gilbertiodendron forest than Mixed
Species Forest. Within these habitats, we compared obser-
vation of CTs placed in grid locations to those at termite
nests. We anticipated that epigeal termite mounds would
attract a wider variety of birds and mammals that consume
insects than would otherwise be observed on CTs. Further,
we examined activity patterns of particular species (e.g.,
duiker species) to fill knowledge gaps that could facilitate
future surveys and identify meaningful changes over time.
The findings of these biodiversity assessments were used to
lobby for elevating the protection status of the Djéké Trian-
gle by including it in the NNNP.

Methods
Study site location

This inventory was conducted within the forests adjacent
to and within the NNNP, an integral partner in the TNS.
Camera trap surveys were conducted at two sites: the
Djéké Triangle and the Goualougo Triangle (Fig. 1). The
Djéké Triangle (100 km?) is an unlogged “conservation
set-aside” forest in the Kabo Forest Management Unit
(FMU) (2°15'-2°24" N; 16°16'-16°21'E). Conserva-
tion set-aside status does not allow by law for industrial
extraction such as timber exploitation. However, this
designation is not by presidential decree meaning this
land use status and protection can be downgraded. The
southern border of the Djéké Triangle aligned with an
adjacent village hunting zone that is part of a community
development area. The Djéké Triangle is also home to the
Mondika Gorilla Project (MDK) that has been ongoing
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Fig.1 The Sangha Trinational Conservation Complex includes
national parks in Cameroon, the Central African Republic, and the
Republic of Congo. The inset map shows camera placement in the
study areas including the Djéké Triangle within the Kabo forestry

since the mid-1990s investigating western lowland goril-
las (Gorilla gorilla gorilla). At a distance of 30 km from
the Djéké Triangle, the Goualougo Triangle (310 km?)
lies within the NNNP. A comparable biodiversity inven-
tory was conducted in the study area of the Goualougo
Triangle Ape Project (GTAP), which is the site of long-
term applied conservation research on the behavioral
ecology of sympatric central chimpanzees (Pan troglo-
dytes troglodytes) and western lowland gorillas.

The two most widespread terra firma habitat types
were recognized in this study and based on species com-
positions described by Harris (2002): MSF and Mono-
dominant GDF. MSF has a diverse flora and a canopy
that is not always continuous. Families typical of this
habitat type include Meliaceae, Leguminoseae, Irvingi-
aceae, Sterculiaceae, and Ebenaceae. It is semi-deciduous
and occurs on terra firma areas. GDF is a single-species
formation of G. dewevrei that features a continuous herba-
ceous understory from sparse to dense patches. It occurs
along watercourses as well as on interfluvial plateaus.

Camera trapping surveys
Camera trap data were collected using Bushnell Trophy Cam

units in the Djéké from 2017 to 2020, and at Goualougo
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concession and hunting zone. Zone B1 of the Goualougo Triangle is
located within the Nouabalé-Ndoki National Park. Mixed and G. dew-
evrei forests types are also highlighted

from 2019 through 2020. Video recordings were collected
using camera traps placed at a specific grid location (here-
after referred to as “grid cameras”) or at termite mounds
(hereafter referred to as “termite cameras”). Comparable
recording settings were used when deploying the Brown-
ing Dark Ops, BTC-6PXD units and Bushnell Trophy Cam
HD units in the field. In total 19 grid cameras stationed for
3057 days and 15 termite mound-based units for 4332 days
were employed in the Djéké Triangle. At Goualougo, a total
of 29 camera units recorded data for 3145 days.

Termite cameras

In both the Djéké and Goualougo Triangle study areas, we
placed CTs at above-ground epigeal mounds of Macrotermes
muelleri or subterranean termite mounds constructed by
Macrotermes lilljeborgi. CTs were oriented towards the
base of a termite mound typically associated with a wildlife
trail. Macrotermes are known to be sources of protein for
chimpanzees and other wildlife in this region.

Grid cameras

Camera units were systematically placed at the midpoint of
1 km X 1 km spatial grids in the Djéké Triangle. To facilitate
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standardization of data collection with efforts underway
across the region, we adopted the Pan African Programme:
The Cultured Chimpanzee (PanAf) biodiversity monitoring
protocols in placing grid cameras along animal trails and
near forest features known to attract wildlife such as particu-
lar species of tree and sources water that support particular
aquatic vegetation (http://panafrican.eva.mpg.de/). Cameras
were placed 45 cm above the ground and oriented towards
animal trails in an effort to survey medium- to large-sized
mammals and birds. There is a recognized bias in species
sampling when using ground-based camera trap surveys
against more arboreal taxa but this height placement was
selected to be comparable to large-scale monitoring pro-
grams in the region.

Species identification

All videos recorded on CTs were retrieved monthly and
screened for species identification. We used the Kingdon
Field Guide to African Mammals (Kingdon 2015), the
Birds of the World database (Billerman et al. 2022), and
the IUCN Red List of Threatened Species (IUCN 2022) to
classify species and obtain their conservation status. In cases
where individuals were not identifiable to the species level,
effort was made to label them at the level of the taxonomic
group. For example, individuals of the taxonomic group
Viverridae, where species level identification was not pos-
sible, were identified as “genet”. When neither species nor
taxonomic group identification were possible, the event was
labeled “unidentified”. In cases where species identification
was questionable, experts were consulted. An experienced
observer conducted training on species identification. Con-
sidering the challenges of identifying wildlife from camera
trap footage, we compiled a Visual Reference Guide for
Identifying Bird and Mammals in Camera Traps (Supple-
mentary Material S1) and Reference Videos for Identifying
Bird and Mammals in Camera Traps (Supplemental Mate-
rial S2) which highlight various species in different views
and lighting. As multiple observers were involved in data
extraction from camera trap footage, we conducted tests of
interobserver reliability to ensure accuracy in species identi-
fication (Zett et al. 2022). Interobserver reliability was con-
ducted using 100 video clips that contained a diverse and
representative group of taxa, with >80% agreement being
the threshold for data collection. Techniques to reliably iden-
tify particularly rare species were discussed during training
sessions and research meetings for this project.

Statistical analysis

To facilitate comparison of species richness across sites and
habitat types, we constructed species-area curves (sensu

Gotelli and Colwell 2001; Hedwig et al. 2018) using the
specaccum function in the R package ‘vegan’ version 2.5-7
(Oksanen et al. 2015). We constructed species richness
curves for each site and habitat type using random permu-
tations of recordings (method random with 100 permuta-
tions in specaccum) as recommended by Gotelli and Colwell
(Gotelli and Colwell 2001). Species richness was calculated
for each site and camera placement option. Only observa-
tions that were resolved to the species level were used for
construction of the species accumulation curves.

We calculated the relative abundance index (RAI) and
naive occupancy (NO) using the same methods as Hedwig
and colleagues (Hedwig et al. 2018). The RAI was calcu-
lated as the number of camera events per 100 camera-trap-
ping days (Rovero et al. 2014). Resampling of the same indi-
vidual at the same location within a particular time frame
was avoided (e.g., Tobler et al. 2008; Mugerwa et al. 2013),
and following the procedure of Hedwig et al. (Hedwig et al.
2018), we considered all recordings of a species within
5 min at the same location to be the same animal and there-
fore the same recording. We calculated naive occupancy as
the proportion of camera trap locations where each species
was found. Relative abundance index and naive occupancy
were calculated for all data resolved to each taxonomic level
(class, order, family, genus, and species), by camera (grid or
termite) and habitat type (MSF or GDF). We used Wilcoxon
signed rank tests to test for differences between habitat types
(sensu Hedwig et al. 2018).

We calculated a modified duiker index following Yas-
uoka et al. (2015) for camera trap locations to assess the
percentage of duikers from a region outside the NNNP with
a faunal community subject to hunting. For each camera
unit, a detection rate was obtained and corresponds to the
mean number of independent events over a 24-h period. The
duiker index is referred to as the duiker percentage following
Marrocoli et al. (2019), as this measure uses the percentage
rather than ratio of duiker. For each camera unit and associ-
ated detection rate and number of independent events, we
calculated a duiker index. In this study, we applied this to
blue duiker Philantomba monticola and four red duiker spe-
cies including Cephalophus callipygus, Cephalophus dorsa-
lis, Cephalophus leucogaster and Cephalophus nigrifrons.

Finally, we used the hours of detection from camera trap
triggers in order to determine activity patterns for select ani-
mals (sensu Barlow et al. 2016; Cappelle et al. 2021). Using
the R package ‘activity’, we converted the recording times
to radian time-of-day data, and then fit that data with a Von
Mises kernel density distribution using the function ‘“fitact’
in activity, which fits a smoothed circular distribution and
confidence limits to the (now circular) radian time-of-day
data in order to estimate the proportion of the time during
a full 24-h camera-day where an animal was active (Row-
cliffe et al. 2014). This analysis was performed for species
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with adequate observations to fit the curves, for both duikers
(Cephalophus callipygus, Cephalophus dorsalis, Cephalo-
phus leucogaster, Cephalophus silvicultor and Philantomba
monticola) and threatened mammals (Gorilla gorilla, Pan
troglodytes, Loxodonta cyclotis and Phataginus tricuspis).
All analyses were done in R version 4.2.1 (R Core Team
2022).

Results

From December 2016 to March 2020, a total of 10,534
camera trap days at 65 locations were accumulated over
the two sites (Table 1). The grid camera inventory at Djéké
registered 3057 camera trap days while the termite camera
sampling accumulated 4332 days of effort. Termite camera
sampling effort at Goualougo was comparable, with 3145
camera trap days registered. Sampling effort across habitat
types is reported in Table 2. A total of 16 species represent-
ing 16 genera of birds and 34 species representing 28 genera
of mammals were recorded across the two sites (see Table 3
for complete listing of birds and Table 4 for complete list-
ing mammals). Ungulates were the most frequently detected
mammalian group, with blue duiker (Philantomba monti-
cola) and Peters’s duiker (Cephalophus callipygus) being
the most commonly documented species. Rodents were the
second most documented group, with African brush-tailed
porcupine (Atherurus africanus) being the most recorded
species on CTs. CTs positioned at termite mounds detected
34 species in the Goualougo Triangle and 41 species in the
Djéké Triangle, particularly species that consume insects
including the endangered chimpanzee. In the Djéké forests,
termite mound-based cameras recorded a similar number of
species as the grid camera method in neighboring forests.

Impact of site, survey method and habitat
on species richness

Overall species richness was slightly higher in the Djéké
Triangle than Goualougo (Fig. 2). Cameras stationed at ter-
mite mounds in the Goualougo Triangle recorded marginally
lower species richness than those stationed in the forests of
Djéké in slightly fewer camera trap days, though differences
fell within 95% confidence intervals (Fig. 2).

There were no discernible differences in species rich-
ness between MSF and neighboring GDF in the Djéké and
Goualougo Triangles.

Relative abundance index and naive occupancy

At both Djéké and Goualougo sites, we obtained observa-
tions for 50 species, from which we calculated RAIs and
naive occupancies (See Table 3 for birds and Table 4 for
mammals). These included species identified as important
to either sustainable hunting or conservation: Philantomba
monticola, Cephalophus callipygus, Atherurus africanus,
Loxodonta cyclotis and Gorilla gorilla gorilla. Of the avian
fauna, there were six species of Passeriformes, comprising
the largest representation among the birds.

Naive occupancy estimates obtained at grid and termite
cameras in the Djéké and Goualougo sites for threatened
species such as forest elephants, great apes, African golden
cats, and pangolins varied depending on species and cam-
era placement option (Fig. 3). Grid-based cameras at Djéké
recorded the highest occupancy estimates for elephants,
African golden cats, and both species of great ape, whereas
camera traps stationed at Djéké termite mounds recorded ele-
vated levels of both species of pangolin. Several species of
Cetartiodactyla also registered high naive occupancy levels,

Table 1 Camera trap days,

Study Camera location type ~ Number of Total cam- Mean days  Bird species =~ Mammal
camera numbers, gnd nun}ber cameras era days per camera species
of mammal and bird species
sampled for each study and Goualougo  Termite nest 29 3145 108.45 9 25
camera type Djéké Grid 19 3057 160.89 10 27

Djéké Termite nest 14 4203 300.21 12 29
Table 2 Carrllera tra[zl days,b Study Habitat Number of  Total cam- Mean days Bird species Mammal
camera numbers, and nimber cameras era days per camera species
of mammal and bird species
sampled for each study and Goualougo  Gilbertiodendron 13 1363 104.8462 4 19
camera type .

Goualougo Mixed Forest 16 1782 111.3750 8 25

Djéké Gilbertiodendron 10 1509 150.9000 8 25

Djéké Mixed Forest 23 5751 250.0435 13 30
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Table 4 (continued)

Comparing forest types

Comparing camera placements

Comparing sites

Species

Order

NO

RAI

NO

RAI

NO

RAI

GT

Dj¢ké

Djéké GT

Djéké

Djéké

MSF GDF MSF GDF MSF GDF

GDF

Grid Termite MSF

Termite

GT Djéké GT  Grid

Djéké

0.00
0.00
0.00
0.08
0.69
0.31
0.69
0.31
0.00

0.00
0.06
0.00

0.

0.0
0.0

0.00 0.17

0.00
0.06
0.00

1.

0.00
0.00
0.07
2.65

2.

0.07
0.02
0.02

2.

0.05 0.21

0.07
0.02
0.00
1.36
6.19
1.78

22.41

0.03
0.00
0.07
3.30
2.19
4.22
16.58

0.00
0.

0.00 0.12

0.06
0.01
0.03
2.18
4.50
2.81
19.96

Cercopithecus nictitans

0.00 0.04
0.00 0.04

03 0.00 0.07
0.11

0.03 0.03
0.00 0.06

092 091

Lophocebus albigena

0.1

0.00

0.00
0.

Galagoides demidoff

Gorilla gorilla

56

0.07 091

57

05
09
75

095 0.86

34

0.94
0.62
0.88

0.3

249 0.96

12.57
4.77

25

5.

0.89 0.86

0.83
0.48
0.

8.20 0.88

3.02 0.82
17.33  0.94

Pan troglodytes

0.73 0.83
4.77

3.05

2.
23.23

1.00 0.57

Loxodonta cyclotis

Proboscidea

0.8

1.00

749 26.94

1.00

0.89
0.74 0.86

79

Rodentia

1

140 029 091

1.59
0.73

6.35
0.23

4.69
0.17

6.28

0.56

0.31
0.07

092 0.79

5.36
0.33

Atherurus africanus

0.12

0.6

0.00 0.22

0.22

047 0.14

0.13 0.33

Orycteropus afer

Tubulidentata

including Philantomba monticola, Cephalophus callipygus,
Cephalophus dorsalis, Cephalophus leucogaster, Cephalo-
phus silvicultor and Potamochoerus porcus.

Comparing RAls and naive occupancy across forest
types

We did not detect differences in relative abundance between
forest types in either the Djéké Triangle (Wilcoxon test;
V=617, p value=0.5783) or Goualougo Triangle (Wil-
coxon test; V=191, p=0.0698). However, differences in
RAIs were detected for specific species between the two
forest types surveyed. Across both Djéké and Goualougo,
higher RAI values for many species were associated with
MSF than neighboring GDF. Cephalophus callipygus and
Philantomba monticola were found to have the highest RAI
values of all species in GDF as well as MSF. The African
brush-tailed porcupine (Atherurus africanus), which is com-
monly hunted in the region, was detected more often in MSF
in Djéké. Among threatened species, the grey-cheeked man-
gabey (Lophocebus albigena) was only recorded in MSF
and the central chimpanzee (Pan troglodytes) was detected
more frequently in MSF. Habitat selectivity for MSF was
also documented in the avian fauna, as the spot-breasted ibis
(Bostrychia rara) and the African wood owl (Strix wood-
fordii) were only recorded in MSF in the Djéké Triangle
as well.

Naive occupancy of many species in Djéké and
Goualougo indicated overall similar widespread presence
across locations in MSF and neighboring GDF habitats
(Tables 3 and 4). However, several threatened species were
found more frequently, or entirely, in one forest type or the
other (Fig. 4).

Duiker percentages and activity patterns by forest
type

As indicated by the above RAI measures, there were far
more frequent recordings of blue duikers than red duik-
ers in the un-hunted and unlogged Djéké Triangle. Cal-
culated duiker percentages for each of the 19 camera
traps stationed in the Djéké forests revealed similar val-
ues (Table 5). Duiker percentages were also comparable
between MSF and GDF.

As expected, activity patterns varied across duiker spe-
cies (Fig. 5). Philantomba monticola and Cephalophus cal-
lipygus appear to be largely diurnal, with peaks in activity
around sunrise and sunset. Cephalophus dorsalis and Ceph-
alophus silvicultor were nocturnal and showed only periodic
activity during the day, while Cephalophus leucogaster was
active during both day and night.

Tests comparing Philantomba monticola, Cephalo-
phus callipygus, Cephalophus dorsalis and Cephalophus
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Fig.2 Species richness in Djéké

and Goualougo based on grid-

and termite mound-stationed 401
cameras over the sampling

period. Species richness curves

are bracketed by 95% confi-

dence intervals

w
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leucogaster activity patterns between contexts and sites
indicated few significant differences between the estimates.
For some of the species, this could be a product of sam-
ple size. However, species such as Philantomba monticola
and Cephalophus dorsalis were among the most commonly
observed mammals and the site-specific insight into their
activity times makes biological sense. Both species showed
similarly active times at grid-based cameras as well as those
stationed at termite mounds.

Conservation status and activity patterns
of threatened mammals

The IUCN Red List Index is a comprehensive and objective
tool to assess the relative risk extinction poses for species
(IUCN 2022). Critically Endangered taxa included African
forest elephants (Loxodonta cyclotis) and western lowland
gorillas (Gorilla gorilla gorilla). Endangered species included
central chimpanzees (Pan troglodytes troglodytes), tree pango-
lins (Phataginus tricuspis) and giant ground pangolins (Smut-
sia gigantea). Vulnerable species included leopard (Panthera
pardus), golden cat (Caracal aurata) and grey-cheeked man-
gabeys (Lophocebus albigena). We also detected nine other
species classified as Near Threatened: two species of otter
(Aonyx capensis congicus, Hydrictis maculicollis), forest buf-
falo (Syncerus caffer nanus), bongo (Tragelaphus eurycerus),
yellow-backed duiker (Cephalophus silvicultor), bay duiker
(Cephalophus dorsalis), and white-bellied duiker (Cephalo-
phus leucogaster). A notable difference was also documented
between the Djéké and Goualougo study sites in numbers of

@ Springer
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Djéké Termite Nests Goualougo Termite Nests

Least Concern species, with Djéké cameras capturing a greater
number of species than in Goualougo (Table 6).

Activity patterns for each species indicate patterns of tem-
poral availability for detection by CTs, which are relatively
consistent across mixed species and monodominant Gilbertio-
dendron forests (Fig. 6). Findings also indicate the great apes
(Gorilla gorilla and Pan troglodytes) are predominately diur-
nal, though multiple observations of Pan troglodytes occurred
at night. As expected, Loxodonta cyclotis were recorded on
camera traps during all hours. While there were insufficient
recordings to estimate activity patterns, most recordings for
Panthera pardus, as well as both species of pangolin (Phatagi-
nus tricuspis and Smutsia gigantea) were recorded during the
night. Captures of Caracal aurata occurred both during the
day and night. Only two captures of Lophocebus albigena were
recorded; both occurred during the day.

Discussion

In this study, we compared species richness and relative
abundances of medium to large mammals and birds in the
Djéké Triangle to an area within the NNNP to inform con-
servation planning. The representation of species in the
Djéké Triangle exceeded that of the Goualougo Triangle
and demonstrated the rich biodiversity of this intact forest.
Contrary to previous findings that large mammal visitation
is largely restricted to the mast-fruiting in GDF, we docu-
mented comparable species richness in both GDF and MSF
across this region. However, some species showed a stronger
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Fig.3 Naive occupancy for selected species (left to right. Top row: gorilla, chimpanzee, forest elephant. Bottom row: African golden cat, tree
pangolin, and giant pangolin) by study site (Djéké (DT) or Goualougo (GT)) and camera placement (Grid (G) or Termite Nest (N))

preference for one of these habitat types. CTs placed at ter-
mite nests complemented grid-based surveys by providing
a different perspective on species distribution and activity
patterns within the forest ecosystem. Several species that
were rarely observed on grid-based cameras frequented ter-
mite mounds. Based on the taxonomic diversity and regu-
lar visitation, we argue that termite colonies and their nest
structures should be considered high conservation attributes.
While the flagship species approach was integral in advanc-
ing this conservation agenda, the systematic assessments to
confirm the broader species richness across mammalian and
avian taxonomic groups in the Djéké Triangle was important
in lobbying for inclusion of this area into the NNNP. Fur-
ther, the long-term investment in research and biodiversity
monitoring that led to this change in the land-use status has
created conditions that support the development of a sustain-
able gorilla-based tourism program in the Djéké Triangle.
Global initiatives established to monitor trends in popula-
tions of species around the planet such as the Living Planet
Index (LPI) (Loh et al. 2005) and Biodiversity Intactness

Index (BII) (Scholes and Biggs 2005) rely on monitoring
data to provide indicators of overall trends in ecosystem and
biodiversity health over large spatial scales. Simultaneously,
there is a scientific imperative to increase our understand-
ing of the factors shaping species abundances at local levels
to inform local decision-making processes and species-
specific action plans (e.g., Strier et al. 2021). Our com-
bined approach of implementing CTs to assess biodiversity
at long-term flagship sites provides a low-cost method for
monitoring elusive and understudied species (Barlow et al.
2016). Over the last decade, the number and variety of CT
studies across tropical Africa has substantially increased.
Many of these have focused on documenting the behavior
of a single species and/or targeted density estimation of
particular mammals. For example, the PanAf Programme
camera trapped at different study locations across the Congo
Basin to document chimpanzee behavioral variation and esti-
mate biodiversity across sites (http://panafrican.eva.mpg.
de/). In this study, we show that long-term sites focused on
great apes can facilitate broader biodiversity assessments

@ Springer
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Fig.4 Naive occupancy for selected species (Left to right. Top row:
gorilla, chimpanzee, grey-cheeked mangabey. Bottom row: African
brush-tailed porcupine, spot-breasted ibis, and African wood owl)

and monitoring. Further, CTs deployed to study the behavior
and cognition of chimpanzees produced comparable results
to those deployed in a systematic grid and also new insights
into the activity of other species (such as pangolins) who
regularly visit these locations. Both environmental contexts
presented here yielded important information about activity
patterns of selected species, supporting previous investiga-
tions in the potential utility of drawing upon different camera
applications to support larger more informed biodiversity
monitoring programs (O'Brien 2008; Tobler et al. 2008;
Fonteyn et al. 2021). The elevated species richness docu-
mented in the Djéké compared to the Goualougo may be
related to higher incidences of rarer species being recorded
on grid-based cameras at the site. We did not achieve com-
plete surveys for all mammals or birds at the respective sites
nor consider the undetected species in our species richness
calculations (see e.g., Kéry and Royle 2008). Our CT sur-
vey did detect the presence of primates such as Lophocebus

@ Springer

by study site (Djéké (DT) or Goualougo (GT) and forest type (Mixed
Species Forest (MSF) or Monodominant Gilbertiodendron Forest
(GDF)

albigena, Cercocebus agilis, Cercopithecus cephus and Cer-
copithecus neglectus which were not recorded during the
most recent transect census of the Kabo concession’s west
sector (Brncic et al. 2018). Several rare observations of other
species such as golden cat (Caracal aurata), giant pangolin
(Smutsia gigantea), and the spot-breasted ibis (Bostrychia
rara) were also obtained in this study which prompts further
CT efforts to assess their occurrence across the region.
Studies of single species employed as surrogates or indi-
cators for coexisting wildlife have been faulted for largely
focusing on general overlap with other species, rather than
other facets of community interaction such as commonalities
of habitat use (Roberge and Angelstam 2004). Greater diver-
sity of habitat types can elevate opportunities for species
and support higher species diversity (e.g., Lindenmayer et al.
2000). However, findings from this study on GDF and MSF
showed similar mammal species estimates as surveys of sites
featuring a greater variety of habitat and microhabitat types.
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Table 5 Counts of duiker

. . Forest type Camera location  Cephalophus  Cephalophus ~ Cephalophus — Philantomba Duiker %
obser.vatlc?ns at ggd camera trap callipygus dorsalis leucogaster monticola
locations in the Djéké Triangle
Gilbertiodendron Forest (GDF) GDF BO1 42 0 1 83 65.87
?ffsg"ﬁzgif;z“es Forest B07 165 3 0 53 23.98
B09 32 0 0 251 88.69
BI1 39 6 0 293 86.69
BI12 45 6 0 142 73.58
BI13 53 4 0 277 82.93
MSF B02 25 0 1 158 85.87
B03 102 1 1 92 46.94
B04 8 11 0 134 87.58
BO5 13 15 0 116 80.56
B0O6 68 7 1 215 73.88
BO08 18 0 2 135 87.10
B10 40 10 0 204 80.32
B14 36 11 2 107 68.59
BI15 17 2 3 138 86.25
B16 120 5 1 106 45.69
B17 38 3 0 102 71.33
BI18 13 2 0 42 73.68
B19 51 1 0 56 51.85

The overall percentage of duiker representation for each location is also reported

Similar census results on mammal were tallied in CT studies
of mammals in forest-savannah mosaic landscapes of neigh-
boring eastern Gabon including a national park (Hedwig
et al. 2018) and a timber production concession (Fonteyn
2022). We detected differences in naive occupancies of sev-
eral species between forest types. Lophocebus albigena, and
three species of Guenon (Cercopithecus cephus, C. neglec-
tus and C. nictitans) were only detected in MSF. While all
these species access multiple forest strata, our results imply
that guenons in the Ndoki forests may prefer Mixed Spe-
cies Forests and low forest strata levels. By contrast and
as would be expected from ground stationed CTs, we did
not document large-bodied, arboreal folivores like Colobus
angolensis, Piliocolobus oustaleti which specialize on new
leaves found in the middle to emergent canopies. The transi-
tion zones from MSF to monodominant Gilbertiodendron
Forests are also often abrupt, and their close spatial prox-
imity may support species capitalizing on resources found
within both forest types. Larger bodied animals with larger
home ranges would presumably have access to both habitat
types. As expected, the larger and semi-terrestrial primates
(Gorilla gorilla, Pan troglodytes) were observed in both
habitats. Cercocebus agilis is the most terrestrial monkey
species in the Ndoki primate community, and also spend
time in both GDF and MSF. Their semi-terrestrial nature
affords the possibility of expanded ecological niches access-
ing food, travel routes, shelter, or nesting materials (for apes)
on or near the ground layer in both of these forest types.

Data could also be interpreted to indicate these species may
transition between Gilbertiodendron terra firma and access-
ing neighboring riparian swamp habitat not surveyed in this
investigation but critical habitat for multiple primate species
(Gautier-Hion and Brugiere 2005). Based on our findings,
future survey efforts in the Ndoki region should include suf-
ficient monitoring effort in both GDF and MSF to generate
accurate and precise density estimates as well as habitat suit-
ability assessments.

In addition to habitat types, we also found that smaller
scale structures such as Macrotermes mounds may be impor-
tant features to mammalian and avian communities. These
earthen mounds may function as “hotspots” for biodiversity
(e.g., Choosai, et al. 2009) or potentially meaningful “struc-
ture-based indicators” that signal additional biodiversity fea-
tures or forest health (e.g., (Tews et al. 2004)). Observations
from Congo support previous conclusions that these engi-
neered “patches” (Crooks 2002; Boogert et al. 2006; Traore
et al. 2008) have the capacity to influence the patterning
and abundance of biodiversity. Adding Macrotermes termite
mounds to the list of features like trees and animal paths for
improved monitoring efficiency of pangolins (e.g., Bruce
et al. 2018; Khwaja et al. 2019) should be considered given
the likelihood of increasing threat that pangolins face (Mam-
beya et al. 2018) and the uncertainty of Macrotermes per-
sistence in modified and increasingly open canopy forests.
Forest certification and international conservation conven-
tions could also be expanded to consider the crucial role that
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Fig.5 Activity patterns for duikers in the Goualougo and Djéké Triangles, and for camera placements on systematic grid or at termite nests

Table 6 Species surveyed by the IUCN Red List Category across
study sites

Site Conservation status # of Species Trend (ratio of
species)
Djéké Critically endan- 2 Decreasing (2/2)
gered
Endangered 3 Decreasing (3/3)
Vulnerable Decreasing (3/3)
Near-Threatened Decreasing (6/6)
Least-concern 33 Decreasing (20/33)
Stable (5/33)
Unknown (8/33)
Goualougo Critically endan- 2 Decreasing (2/2)
gered
Endangered Decreasing (3/3)
Vulnerable Decreasing (3/3)
Near-threatened 4 Decreasing (4/4)
Least-concern 22 Decreasing (13/22)
Stable (3/22)
Unknown (6/22)
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such particular resources play in the maintenance of cultural
processes (sensu Brakes et al. 2021; Carvalho et al. 2022),
like the tool-using repertoires of chimpanzees known to be
in decline across the African continent (Kuehl et al. 2019).
Few empirical data exist on the distribution, popula-
tion sizes, demography, and behavior of most of the mam-
mal species in northern Republic of Congo. One species
that has received marginal scientific attention is the bongo
(Tragelaphus eurycerus), which is the largest antelope in the
region, and was detected in the Djéké Triangle at low rela-
tive abundance and naive occupancy indices. These results
support previous camera trap surveys indicating the presence
of bongo tends to be lower in intact forests than modified
forests (Elkan 2003). While bongo survival prospects appear
to benefit from some low level of environmental disturbance,
recent findings from the surrounding forestry concessions
indicate this species is vulnerable to local extinction if other
forms of extraction such as international trophy hunting are
not intensively managed (Koopmans et al. 2021). Moni-
toring the impact that hunting poses to game species and
the livelihoods and well-being of local communities are of
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Fig.6 Activity patterns for threatened mammals in the Goualougo
and Djéké Triangles, and for camera placements on systematic grid
or at termite nests. Specific observations (represented as points along

critical conservation concern (Wilkie et al. 2001; van Vliet
2018).

Other species are also exploited in the region as sources
of protein and/or revenue (Rowcliffe et al. 2005; Poulsen
et al. 2009). In fact, the potential spatial impact of hunt-
ing on vertebrate species across the region is predicted to
be quite extensive (Ziegler et al. 2016). A west and central
African survey of bushmeat by Taylor and colleagues (Tay-
lor et al. 2015) reported at 177 species including primates,
rodents and duiker were among the most common taxonomic
groups included in the capture and trade of wildlife (Fa et al.
2004; Fa and Brown 2009; Abernethy et al. 2013; Fontyen
2022). High mobility and larger body size are traits that
hunters select for in mammals until over-harvesting forces
extractors to shift their focus to less desirable targets (Wright
2003; Fa et al. 2015; Benitez-Lopez et al. 2019). In a long-
term hunting zone in the Sangha Trinational region, Noss
(2000) tallied 18 species that were captured via species-spe-
cific hunting techniques, indicating that selectivity was at

axis) were still included for species with insufficient data to calculate
activity patterns

play. While selectivity of hunted species has been argued to
lead to predictable changes in the duiker fauna composition
(Yasuoka et al. 2015; Fontyen 2022), the high RAI values
obtained for blue duiker and the duiker percentages calcu-
lated from the Djéké forests do not indicate duiker offtake
by hunting. If hunting was having an impact on the mammal
assemblages, we would expect considerably lower detec-
tions of artiodactyl and primates based on monitoring along
gradients of human disturbance in Cameroonian forests
(Yasuoka et al. 2015; Funteyn 2022). This assertion is also
based on the lack of anthropogenic disturbance documented
by research teams that maintain a year-round presence in
the Djéké Triangle and the encounter rates of commonly
targeted species. It has also been speculated that disease
could contribute to declining duiker populations inside the
Nouabalé-Ndoki National Park, but daily surveys have not
detected any abnormal or elevated numbers of duiker car-
casses which could signify such an event. Instead, our results
provide empirical evidence that unlogged and less disturbed
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forests can maintain relatively high abundances of rapidly
reproducing species like blue duiker as well as the medium
to large and more slowly reproducing duiker taxa. Similarly,
CT studies in other parts of the Congo Basin have found high
abundances of blue duiker in relatively less disturbed forests
(Houngbégnon et al. 2020), which should serve to caution
against generalizations about the composition of duiker and
other taxa across different sites and environments with vary-
ing levels of anthropogenic impacts.

Technological advancements and accessibility are also
increasing the potential for local communities to develop
site- and scale-specific management prescriptions around
particular species and environmental indicators (Slough
et al. 2021a, b). With the advent of more precise methods
to estimate animal densities via camera traps (e.g., Howe
et al. 2017), it is now possible to repeatedly assess indicator
species over shorter time intervals, which is urgently needed
if game species are to be managed at sustainable levels in
human modified landscapes (e.g., Wilkie et al. 2019). Other
technologically enhanced survey techniques such as DNA
shed into the environment (eDNA: Bohmann et al. 2014)
and monitoring tools such as the Spatial Monitoring and
Reporting Tool (SMART) are evolving in their use and
functions to facilitate the collection and timely reporting
of wildlife inventories across multiple-use zones. Technol-
ogy and knowledge sharing among scientists, law enforce-
ment teams, conservation practitioners and local commu-
nity members could bridge a longstanding gap in promoting
effective management and monitoring practices in forests
outside of national parks. It is at the community level that
the most knowledgeable and inspired local actors (Getz et al.
1999; Gardner et al. 2010; Oldekop et al. 2019) can act upon
resource management issues in expedient ways (Danielsen
et al. 2010). Because biodiversity data are situation-depend-
ent, more informed, and standardized monitoring is needed
across what DeFries and colleagues (DeFries et al. 2010)
refer to as “a zone of interaction” that includes a continuum
of land-use options from highly disturbed to protected.

The modern land-use history of the Djéké Triangle since
the inception of the Mondika Gorilla Project demonstrates
how investing in a “flagship” species and commitment to the
protection of a particular area can evolve to include broader
biodiversity research and land use planning. Originally clas-
sified for timber production, it was then designated as a con-
servation set-aside which provided some protection of this
intact forest. In 2023, the Djéké Triangle was included in the
NNNP and is part of the Sangha Trinational World Heritage
site. The southern portion of the Djéké Triangle aligns with
the hunting zones of the local villages and remains acces-
sible for hunting and gathering. Further, the IFL provides
a variety of vital ecosystem services including watershed
retention, climate regulation and natural source for main-
taining depleted game species for an expanding village
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population that relies on locally sourced protein. Continued
long-term monitoring of forests in and around the NNNP
can inform park management about the potential existence
of a “defaunation gradient” in the mammalian and avian
communities of the Ndoki region and the broader Sangha
Trinational Conservation Complex. It is therefore impera-
tive to detect any such declines as quickly as possible so that
concerns can be brought to the forefront of management
decisions before irrevocable loss occurs.

Conclusions

The Djéké Triangle has long factored into the agenda of
landscape protection in the Ndoki landscape for a vari-
ety of reasons, including its strategic location along the
international borders of two national parks. We found
that species diversity within Djéké is comparable to the
remote forests of the Goualougo Triangle, despite increas-
ing accessibility (Morgan et al. 2019) and hunting pres-
sure in the landscape (Maisels et al. 2013). As we have
demonstrated, it is also of high conservation value, with
rich biodiversity and the presence of multiple integrally
protected species residing in a mosaic of habitats. The
continued integrity of this faunal assemblage and forest
are credit to a steadfast commitment of local communities,
government, industry partners, NGOs, and independent
scientists to work collaboratively in implementing effec-
tive long-term protection and monitoring throughout the
region. Regular ground patrols by armed ecoguards are
bolstered by the year-round field presence of long-term ape
research sites, which act as force multipliers in detecting
illegal activities through their daily monitoring in these
remote forests. Further, enhanced protection is provided
by the Wildlife Crime Unit’s efforts to follow up on inves-
tigations of criminality and facilitate associated judicial
processes. Amidst the expansion of industrial timber
extraction in the early 2000s, Forest Stewardship Certifi-
cation measures led to this area being set aside as a con-
servation zone which has fostered conditions for continued
research and biodiversity monitoring. This investigation
shows that prioritization of flagship species (in this case,
gorillas and chimpanzees) did not act as a determinant or
fail to include appreciable abundances of other species
as some studies have surmised (Caro et. al. 2004; Ozaki
et al. 2006; Sun et al. 2022). Conversely, discussions about
these great apes have served as platforms for promoting
the elevated protected status of this area and prompted
expanded biodiversity monitoring. The result of which
have included comparative estimates of species richness,
identification of shared habitat use among a wide variety
of species, new information about the activity patterns of
rarely observed species, and empirical evidence of the
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high conservation value of the Djéké Triangle to support
its inclusion into the NNNP. The synthesis of these actions
is currently being met by further economic and conserva-
tion opportunities aimed at developing international and
domestic tourism featuring habituated gorilla groups in
the Djéké Triangle while aspiring to benefit local human
populations. While challenges to the biodiversity of this
region will persist, they can be managed if monitoring and
mitigation efforts include social and economic values that
continue to extend beyond the Djéké Triangle and into
neighboring communities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10329-023-01080-x.
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