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Predator–prey interactions are key ecological processes structuring wildlife communi-
ties by shaping species abundances and distributions, thereby influencing ecosystem 
functioning. They result from the interplay of bottom–up (e.g. prey availability) and 
top–down (e.g. predator control) forces. By altering species diversity and behaviors, 
humans can reshape trophic structures and predator–prey relationships. In Central 
African forests, where leopards Panthera pardus and African golden cats Caracal aurata 
are the largest carnivores, we examined trophic structure, spatiotemporal predator–
prey dynamics, and responses to human presence and hunting pressure, a largely 
understudied issue. We hypothesized that increasing human pressure alters commu-
nity structure and trophic organization, consistent with trophic downgrading and the 
view of humans as ‘super predators’. Using camera trap data from three sites along a 
human pressure gradient in the Republic of Congo and Cameroon, we tested two pre-
dictions: (P1) in low-pressure forests, functional diversity is higher and predator–prey 
dynamics are shaped by ecologically-driven bottom–up and top–down processes; (P2) 
in high-pressure forests, humans exert top–down control across multiple trophic levels, 
reducing functional diversity and disrupting spatiotemporal predator–prey relation-
ships. Combining community diversity analyses, structural equation modeling, and 
diel activity analyses, we found patterns consistent with both predictions. In low-pres-
sure areas, prey availability and predator presence jointly structured spatiotemporal 
patterns, supporting functionally rich communities. Conversely, in the most disturbed 
area with higher human density and intense hunting, both focal predators were absent, 
ungulate detections declined by 41–89%, and small generalists became up to 23 times 
more common than in undisturbed areas. Prey spatiotemporal patterns also shifted, 
reflecting human avoidance. These findings suggest that humans can act as ‘super 
predators’ in Central African forests, overriding natural predator–prey spatiotemporal 
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organization and disproportionately altering mammal communities. Together, our results indicate that limiting hunting pres-
sure across large, connected landscapes appears critical for maintaining trophic network integrity and ecosystem functioning.

Keywords :carnivore, community ecology, defaunation, felid, landscape of fear, trophic cascade

Introduction

Predator–prey dynamics emerge from a combination of 
resource-driven (bottom–up) and predation-driven (top–
down) mechanisms that collectively structure communi-
ties and ecosystems (Hairston et al. 1960, Hunter and Price 
1992). Bottom–up processes reflect the influence of food and 
habitat availability on higher trophic levels, while top–down 
processes involve control from predators on prey populations 
through consumptive (i.e. density-mediated) and non-con-
sumptive (i.e. behaviorally mediated) effects (Laundré et al. 
2014, Tossens et al. 2024). Across spatial and temporal scales, 
these forces drive evolutionary adaptations in behaviors, such 
as predation avoidance and hunting strategies (Preisser et al. 
2005, Murphy  et  al. 2021). This intricate ‘hide-and-seek’ 
interplay extends beyond pairwise predator–prey relation-
ships, with cascading effects through food webs. These influ-
ence both biotic (e.g. vegetation regeneration) and abiotic 
processes (e.g. nutrient cycling) (Estes et al. 2011), ultimately 
shaping broader ecosystem properties, such as habitat hetero-
geneity and biodiversity (Paine 1980, Ford et al. 2014).

The relative strength of bottom–up and top–down forces 
varies across ecological contexts, depending on local envi-
ronmental conditions, species traits and disturbance regimes 
(Kuijper et al. 2016, Haswell et al. 2017). Perturbations to 
these forces can alter food web structure and drive ecosystems 
to divergent configurations or ‘alternative states’ (Terborgh 
and Estes 2010). In an era of rapid environmental change, 
understanding how predator–prey interactions respond to 
shifting conditions, such as intensified human activities, has 
become increasingly important to predict and mitigate eco-
system change (Kuijper et al. 2016, Prugh et al. 2023). This 
is especially relevant in systems with multiple predators and 
prey, where complex interdependencies further complicate 
our understanding, and modeling, of community dynamics 
(Montgomery et al. 2019, Curveira-Santos et al. 2024).

In human-dominated landscapes, anthropogenic influ-
ences can reshape predator–prey relationships by altering 
species abundances, distributions, and trophic organization 
(Dorresteijn  et  al. 2015, Kuijper  et  al. 2016). While some 
species benefit from land use modifications, such as increased 
food availability or novel habitats, most are adversely affected 
by anthropogenic disturbance such as hunting, poaching, 
resource depletion and habitat loss (Crawford  et  al. 2022, 
Bassing  et  al. 2024a). Globally, and especially in tropical 
regions, large- and medium-sized mammals are dispropor-
tionately affected (Dirzo  et  al. 2014, Benítez-López  et  al. 
2019), whereas smaller species often thrive in disturbed areas, 
notably benefiting from the extirpation of both predators and 
competing species (e.g. larger frugivores) (Galetti et al. 2015, 

Gutiérrez-Granados and Dirzo 2021). Through this process 
of ‘trophic downgrading’ (Estes et al. 2011), humans disrupt 
body-mass distributions among trophic guilds, with cascad-
ing consequences for ecological processes including prey lim-
itation, competition, herbivory and seed dispersal (Terborgh 
and Estes 2010, Dirzo et al. 2014). Beyond direct effects on 
population densities, human pressure can also indirectly alter 
the spatial and temporal behaviors of both predators and 
prey (Gaynor et al. 2022, Van Scoyoc et al. 2023). By exert-
ing fear-mediated top–down effects on large- to medium-
sized mammals, human presence and activities can override 
natural interspecific interactions, disrupting the balance of 
bottom–up and top–down forces that structure food webs 
under relatively undisturbed conditions (Suraci et al. 2019, 
Gilbert et al. 2022).

Collectively, such disruptions erode wildlife functional 
diversity by reducing the range of trophic roles, body-size 
classes and behavioral niches represented within communi-
ties (Ahumada et al. 2011, Resende et al. 2024). As a result, 
ecosystem functioning becomes increasingly constrained, 
promoting homogenized and simplified community struc-
tures characteristic of disturbed environments (Dirzo  et  al. 
2014, Pires and Galetti 2023). In this context, humans have 
been described as ‘super predators’, reflecting their dispropor-
tionate influence on mammal populations and trophic inter-
actions compared to other predators (Darimont et al. 2015, 
Clinchy et al. 2016).

Central African tropical forests are biodiversity-rich eco-
systems, supporting highly diverse animal assemblages and 
intricate trophic networks (Fonteyn et al. 2023). In these for-
ests, leopards Panthera pardus and African golden cats Caracal 
aurata are the largest predators, preying on a wide range of 
taxa (Henschel et al. 2011, Tossens et al. 2026). Yet, empiri-
cal studies of mammal communities, and of carnivore guilds 
in particular, remain scarce in Central African forests (Bahaa-
el-din et al. 2016, Bruce et al. 2018a). Existing research has 
largely focused on the effects of hunting on species richness or 
abundances (Laméris et al. 2019, Lhoest et al. 2020), rather 
than on community-level trophic structure and predator–
prey interactions, despite increasing ecosystem vulnerability 
(Say-Sallaz  et  al. 2019). These forests face growing threats 
from expanding human populations and extractive activi-
ties (Gallego-Zamorano  et  al. 2020, Fonteyn  et  al. 2023). 
In particular, the concurrent activities of bushmeat hunt-
ing and large-scale poaching (hereafter, ‘hunting activities’) 
have severely reduced mammal populations across much of 
the Congo Basin (Benítez-López et al. 2019), driven by ris-
ing demand for meat, improved access to remote forests and 
more efficient hunting techniques (Abernethy  et  al. 2013, 
Ziegler et al. 2016). To mitigate the community-wide effects 
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of defaunation, protected areas (PA) and sustainable forest 
management (SFM)-certified concessions may play comple-
mentary roles as refuges and buffer zones through wildlife 
conservation measures (Zwerts et al. 2024). However, land-
scape-level anthropogenic pressures, such as human density 
and forest fragmentation, often exert stronger influences on 
mammalian communities in tropical forests than manage-
ment status alone (e.g. PA, SFM-certified forests, managed 
forests) (Greco et al. 2025).

In this context, we aimed to provide the first compre-
hensive insights into trophic structures and spatiotemporal 
organization between the two largest carnivores and their 
prey in Central Africa’s semideciduous forests. Specifically, 
we examined mammalian functional diversity and evaluated 
the relative roles of bottom–up (prey availability) and top–
down (predator control) processes in structuring predator–
prey interactions along a human pressure gradient, using 
co-occurrence and activity pattern analyses. We hypothe-
sized that increasing human presence and hunting pressure 
alter community structure and trophic relationships, con-
sistent with trophic downgrading and the view of humans 
as ‘super predators’. We tested two predictions: (P1) in low 
human pressure forests, functional diversity is higher and 
predator–prey dynamics are shaped by ecologically-driven 
bottom–up and top–down processes; (P2) in high human 
pressure forests, humans exert strong top–down control 
across multiple trophic levels, reducing functional diver-
sity and disrupting natural spatiotemporal predator–prey 
dynamics.

Material and methods

Study areas
The study was conducted within the region designated as 
‘Moist Central Africa’ (Fayolle  et  al. 2014), characterized 
by semideciduous forests (Réjou-Méchain et al. 2021). The 
mammal assemblage in this area belongs to the ‘inland’ zoo-
geographical district (Fonteyn et al. 2023). This region expe-
riences annual rainfall ranging around 1684 mm, with two 

distinct rainy seasons from August to November and April 
to June (Morgan et al. 2019). The mean annual temperature 
varies slightly between 23 and 25°C. The landscape is largely 
a mosaic of protected areas, logging concessions and com-
munity forests (Lhoest et al. 2020). The forest is thus vari-
ably fragmented and exposed to a gradient of anthropogenic 
impacts, including hunting activities, associated with local 
human density and proximity.

Three distinct areas along a gradient of human pressure 
(HP) were selected based on local human density and land-
scape-scale anthropogenic threat indices, from least to most 
impacted: 1) Nouabale-Ndoki National Park (hereafter ‘NP’) 
in northern Republic of Congo, 2) a large SFM-certified 
logging concession south of NP with low human popula-
tion density (hereafter ‘LowHP’), and 3) a smaller SFM-
certified concession in southeastern Cameroon with higher 
population density (hereafter ‘HighHP’) (Table 1, Fig. 1). 
Site selection was guided by our aim to assess how varying 
levels of human pressure affect mammal communities, with 
a particular focus on leopards and golden cats, whose sta-
tus across the three landscapes was unknown prior to our 
surveys. To assess landscape-scale anthropogenic threats, 
we extracted mean values of the Defaunation index (DI; 
Benítez-López  et  al. 2019) and the Forest landscape integ-
rity index (FLII; Grantham et al. 2020) (Table 1). The size 
of the monitored forest entities reflects local socio-political 
realities, with southeastern Cameroon being characterized by 
a more fragmented landscape of smaller administrative units 
compared to the larger, more continuous forest management 
blocks in northern Congo (Table 1).

Established in 1993 and part of a UNESCO Natural 
World Heritage Site since 2012, the NP comprises unlogged 
forests that are strictly protected from hunting activities 
(Morgan et  al. 2019). In contrast, the two logging conces-
sions, LowHP and HighHP, have implemented selective and 
reduced-impact timber harvesting practices since acquir-
ing concessionary rights in 1997 and 2004, respectively, 
and achieving Forest Stewardship Council (FSC) certifica-
tion in 2006 and 2008, respectively (Morgan  et  al. 2019, 
Lhoest et al. 2020).

Table 1. Description of the three study areas. Human population density estimates were derived from census data from management plans 
(NP: 2022; LowHP: 2010; HighHP: 2008). ‘SFM’ means sustainable forest management (Forest Stewardship Council certification). DI – rep-
resents the mean defaunation index, where 0 indicates a nearly completely defaunated mammal community, and 1 an intact community 
(Benítez-López et al. 2019). FLII – indicates the mean forest landscape integrity index, ranging from 0 (no forest integrity) to 1 (complete 
forest integrity) (Grantham et al. 2020). 

Study 
area Country Location

Forest management 
status

Area 
(km2)

Human 
population 

density 
(inhabitants km–2) DI FLII

No. of 
stations

Survey duration  
(trap days)

Mean ± SD 
per station Total

NP Republic of 
Congo

02°14′N, 
16°25′E

National Park 4300 ~0 0.87 0.96 63 131±8 8246

LowHP Republic of 
Congo

01°55′N, 
16°25′E

Logging concession 
(SFM-certified)

7482 2.2 0.80 0.91 62 185±42 11478

HighHP Cameroon 03°13′N, 
14°18′E

Logging concession 
(SFM-certified)

1180 6.4 0.58 0.93 57 119±42 6802
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In compliance with FSC certification requirements, both 
concessions adhere to wildlife management plans to con-
serve protected species and sustainably manage other wildlife 
resources. However, LowHP has benefited from sustained 
conservation efforts and investments since 1999 through 
an effective public-private partnership (Poulsen et al. 2009), 
whereas HighHP received limited external support for wild-
life monitoring and anti-poaching efforts between 2008 and 
2015.

Camera trap surveys
We conducted a camera trap survey to inventory (semi-)ter-
restrial vertebrate communities larger than 0.5 kg, a thresh-
old chosen to account for the reduced detectability of smaller 
species with this method. Surveys were conducted in the three 
areas over a period of at least 4 months (Table 1), covering 
both rainy and dry seasons: from August 2022 to February 
2023 in NP and LowHP, and from August 2023 to February 
2024 in HighHP.

In each study area, we deployed a grid of 63 paired cam-
era trap stations (Bolyguard SG2060-D), each consisting of 
two cameras placed on opposite sides of the same trail, fol-
lowing standard spatially-explicit capture–recapture (SCR) 
protocols for leopard (Henschel 2008) and golden cat 
(Bahaa-el-din  et  al. 2015) monitoring. The survey design 

featured a 1  × 1 km inner grid (36 km2) nested within a 
2 × 2 km outer grid, covering a combined area of approxi-
mately 144 km2 (Fig. 1). This layout was originally developed 
for density estimation of leopards and golden cats, ensuring 
an appropriate spatial scale for detecting individuals of both 
species and both sexes. In this study, we focused on commu-
nity-level analyses: each paired station was treated as a single 
sampling unit, and only one camera per pair (the one that 
recorded the highest species richness) was retained to avoid 
pseudo-replication. In NP, the grid was installed in the south-
ern part of the park. In both logging concessions, grid loca-
tions were selected in collaboration with logging managers, 
targeting areas that 1) had not yet been logged by the current 
concessionaire to avoid short-term logging impacts, 2) exhib-
ited a relatively high concentration of wildlife signs within 
the concession to maximize capture probability of focal pred-
ators, given their presumed avoidance of disturbance, and 3) 
remained logistically and physically accessible.

Camera trap stations were installed as close to the grid cell 
centroids as possible (Fig. 1). Around each centroid, existing 
wildlife trails were searched within a 150 m radius to iden-
tify the most suitable locations for camera trap placement, 
on trails as felids preferentially use pathways in tropical for-
ests (Jenny 1996, Carter  et  al. 2015). When present, trails 
showing signs of leopards or golden cats (e.g. spoor, scratch 

Figure 1. Camera trap surveys conducted across a human pressure gradient in three study areas, from least to most impacted: (i) Nouabale-
Ndoki National Park (NP), (ii) a SFM-certified logging concession in northern Congo (LowHP), and (iii) another SFM-certified conces-
sion in southeastern Cameroon (HighHP). The monitoring network consisted of a nested grid, with an internal grid of 1 × 1 km and a 
larger grid of 2 × 2 km. Only villages surrounding the surveyed concessions are indicated. ‘FMUs’ means forest management units.
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mark, scat) and major trail intersections were prioritized. 
Roads were avoided to reduce the risk of camera trap theft. 
Camera traps were mounted 40 cm above ground level and 
set to capture a single picture per trigger (Horion et al. 2024). 
During this same search effort, human signs (e.g. gun car-
tridges, camps, wire snares) encountered along wildlife trails 
were recorded using a GPS, as well as opportunistically while 
moving between camera trap stations during camera trap 
deployment.

After camera retrieval, images from 63, 62 and 57 sta-
tions in NP, LowHP and HighHP, respectively, were used 
in the analyses, as some cameras were stolen or damaged at 
seven stations (Table 1). Mammal and ground bird species 
were identified using the Trap Tagger online platform (https​
://wi​ldeye​conse​rvati​on.or​g/tra​ptagg​er/). Detection events of 
the same species at the same station separated by at least 30 
minutes were considered independent (O’Brien et al. 2010, 
Meek et al. 2014).

Diversity analysis and focal species selection
To explore community structure and diversity in each area, 
we estimated 1) species richness, 2) non-parametric indices 
(i.e. Shannon’s diversity index, Evenness index, Berger–Parker 
index, and Jaccard similarity index, equations provided in the 
Supporting information, Drouilly and O’Riain 2019), and 3) 
detection rates (i.e. the number of independent capture events 
per 100 camera trap days) for each species (Rovero  et  al. 
2014). Although these metrics do not account for imper-
fect detection (Sollmann et  al. 2013), they provide a rapid 
assessment and comparison of species site use patterns across 
areas with comparable habitats and survey designs (Royle and 
Nichols 2003, Palmer et al. 2018).

Species rarefaction curves were constructed for each study 
area to compare species richness while accounting for dif-
ferences in sampling effort. These curves were derived from 
cumulative camera trap days, with 95% confidence intervals 
derived from 1000 randomizations with replacement using 
the ‘vegan’ package (Oksanen et al. 2024).

We identified prey species of both leopards and golden cats 
by reviewing dietary studies (Henschel  et  al. 2011, Bahaa-
el-din 2015, Tossens  et  al. 2026) conducted at sites in the 
Republic of Congo and Gabon with comparable mammal 
communities and anthropogenic disturbance (Fonteyn et al. 
2023).

Structural equation modeling
We used a piecewise structural equation modeling (SEM) 
approach to investigate predator–prey spatial dynamics 
across a gradient of human pressure. This framework was 
chosen because it enables the disentangling of both direct and 
potential indirect effects (i.e. cascading impacts of one vari-
able mediated through other variables) of human pressure, 
environmental variables, and predator–prey interactions on 
species’ site use intensity, a level of complexity that would 
be difficult to capture with traditional regression approaches. 
Unlike standard linear models, which typically assess only 
direct relationships between variables, SEMs allow for the 

simultaneous modeling of multiple interdependent relation-
ships within a hypothesized causal framework (Sirén  et  al. 
2021, Curveira-Santos et al. 2024). This is achieved by trans-
lating a conceptual path diagram into a series of statistical 
models (e.g. linear regressions). While this approach enables 
a more holistic understanding of complex ecological inter-
actions, it does not establish causation. Instead, it evaluates 
whether the data align with hypothesized causal relationships 
(Grace 2008, Lefcheck 2016, Sirén et al. 2021).

We used the number of independent capture events at 
each sampling point as our measure of species’ site use inten-
sity. This metric reflects both local abundance and habitat use 
dynamics within landscapes (Curveira-Santos  et  al. 2024). 
As we attempted to minimize variation in detection rates 
between study areas through standardized study design (i.e. 
camera placement and settings), variation in detection rates 
can serve as a reliable proxy for capturing fine-scale spatial 
patterns of interest.

We incorporated human pressure and environmental fac-
tors as exogenous predictors (i.e. independent variables not 
influenced by other covariates in the model) and the site use 
intensity of focal predators and prey as endogenous variables 
(i.e. response variables influenced by other covariates in the 
model) (Table 2) (Dyck et al. 2025). To measure the impact of 
human pressure, we used proxies specific to each site, derived 
from either our camera trap (detection rate of hunters) or 
remote sensing data (distances to park boundary, human 
signs, roads and villages) (Table 2). Environmental covari-
ates that could have a potential effect on species-specific spa-
tial patterns, including distances to rivers/swamps (i.e. linear 
water bodies identified through vegetation differences indica-
tive of hydromorphic soils) and bais (i.e. islands of open-
canopy habitat within a forest matrix), were extracted from 
Google Satellite imagery (Hockridge et al. 2024) and added 
to the models (Table 2).

As there are no prior studies on spatial predator–prey 
interactions in Central African forests, we adopted a two-step 
exploratory approach to identify ecologically relevant pat-
terns of association among species’ site use intensities. First, 
plausible pathways (i.e. bottom–up and/or top–down) were 
defined a priori for each predator–prey pair based on ecologi-
cal theory (e.g. prey availability influencing predator space 
use versus predator effects on prey space use) and species’ 
traits. Second, initial generalized linear models (GLMs) were 
used to explore the emergence and directionality of these rela-
tionships, which then informed the final SEM construction 
(details in the Supporting information) (Dyck et al. 2025).

We implemented a single SEM structured as a series of 
generalized linear models (GLMs) for each study area, with a 
negative binomial distribution (log-link function). The loga-
rithm of active trap days was included as an offset term to 
account for variations in sampling effort across camera trap 
stations. Although spatial autocorrelation is an inherent limi-
tation of grid-based camera trap designs, we did not model 
it explicitly, as our primary focus was to compare structural 
relationships between landscapes rather than capturing fine-
scale spatial dependencies within study areas. Importantly, 
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the standardized sampling design applied across all study 
areas ensures that any potential bias introduced by spatial 
clustering is consistent and therefore unlikely to affect inter-
site comparisons.

Model fit was assessed using Fisher’s C test (Lefcheck 
2016) and marginal R² values were reported for each spe-
cies-specific model to quantify explained variance. Direct 
and indirect effects were derived from univariate path coef-
ficients. Indirect pathways were considered significant (p < 
0.05) only if both intermediary paths were significant, with 
the indirect effect size calculated as the product of the two 
direct path coefficients (Sirén et al. 2021, Dyck et al. 2025). 
Following Curveira-Santos et al. (2024), we did not use stan-
dardized coefficients, as the variation in species-specific traits 

and site-specific conditions could distort the comparability of 
pathway strength effects and lead to misleading conclusions. 
Before modeling, covariates were tested for multicollinearity 
using variance inflation factors (VIFs), with only those scor-
ing VIF < 2 included in the final models. Full SEM construc-
tion details, including preliminary GLMs, are provided in the 
Supporting Information.

Temporal analysis
To model the activity patterns of predators, prey species, and 
hunters at each study area, we applied kernel density functions 
to timestamp data from independent capture events, using the 
‘overlap’ package (Meredith and Ridout 2024). Temporal over-
lap between predators and their prey was assessed by calculating 

Table 2. Variables used to investigate predator–prey spatial dynamics within central African tropical forests using a structural equation model 
(SEM) framework, incorporating camera trap detection patterns of focal predators and prey as endogenous predictors and responses, and 
human pressure and environmental factors as exogenous predictors. aEndogenous variable (response and predictor), bExogenous variable 
(predictor), cSource: camera trap data from this study, dSource: extracted GIS data from this study, eNo predator detected, fNo hunter or hunt-
ing sign detected.

Covariate Description
Considered 
study areas Mean (range) Hypothesis

Predicted 
effect

Site use intensitya,c Species-by-camera count 
data of independent 
detections (<30 min) for 
each focal predator and 
prey species

NP, LowHP, 
HighHe

22.5 (0–551) Interspecific interactions, local 
anthropogenic disturbance, and 
environmental characteristics influence 
predator and prey site use intensities 
(Haswell et al. 2017, Bassing et al. 
2024a, 2024b). (+/−)

Distance to park 
boundaryb,d

Distance to the boundary of 
the National Park (km)

NP 5.30 (0.90–10.9) Park boundaries, more accessible than 
cores, face higher illegal hunting 
pressure, reducing site use by hunting-
sensitive species (i.e. edge effect, 
Woodroffe and Ginsberg 1998, 
Kiffner et al. 2013). (+)

Detection rate of 
huntersb,c

Standardized number of 
independent detections 
(<30 min) of hunters and 
dogs

NPf, LowHPf, 
HighHP

0.55 (0–14.6) Higher hunter and dog detection rates or 
signs of hunting activities indicate higher 
local hunting pressure and influence 
species distribution (Laurance et al. 
2006, Laméris et al. 2019).

(−)
Distance to human 
signsb,d

Distance to the nearest 
human sign (comprising 
cartridges, camps, cables, 
traps) identified in the field 
(km)

NPf, LowHPf, 
HighHP

1.96 (0.20–4.20)

(+)
Distance to roadb,d Distance to the nearest 

permanent road within the 
concession (km)

LowHP, 
HighHP

3.15 (0.10–9.70) Roads are open areas that influence 
certain species’ habitat use for 
movement or resources (Clark et al. 
2009).
Increased human activities are associated 
with proximity to roads and villages, 
exposing formerly remote areas to higher 
hunting pressure and affecting species site 
use intensity (Vanthomme et al. 2013, 
Lhoest et al. 2020).

(+/−)
Distance to 
villageb,d

Distance to the nearest 
village (km)

LowHP, 
HighHP

19.7 (13.1–25.4)

(+)
Distance to river/
swampb,d

Distance to the nearest 
river and swamp (km)

NP, LowHP, 
HighHP

1.06 (0–3.80) Proximity to rivers and swamps 
influences species distribution, as they 
can serve as resources or barriers 
(Fonteyn et al. 2023). (+/−)

Distance to baib,d Distance to the nearest bai 
(km)

NP, LowHP, 
HighHP

2.26 (0.10–9.90) Bais attract certain prey species due to 
mineral resources and vegetation or 
serve as hunting grounds for predators 
(Clark et al. 2009, Hockridge et al. 2024) (−)
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the non-parametric overlap coefficient (Δ) for each predator–
prey pair in NP and LowHP (as leopards and golden cats were 
not detected in HighHP), and between prey species and hunters 
in HighHP (since no hunters were detected in NP or LowHP). 
For animal species, we used the estimator Δ4, recommended for 
sample sizes of at least 50 observations, while ∆1 was applied for 
comparisons with hunters’ activity in HighHP (n = 33 observa-
tions) (Ridout and Linkie 2009). Both coefficients range from 
0 (no overlap) to 1 (complete overlap). To obtain 95% confi-
dence intervals (CI), we generated 1000 bootstrap samples for 
each pairwise comparison. To test whether the activity patterns 
of each species varied significantly between the three study areas, 
we used Watson’s two-sample test of homogeneity (U2). All 
analyses were implemented in R ver. 4.4.1 (www.r-project.org), 
using the packages ‘piecewiseSEM’ (Lefcheck 2016), ‘lme4’ 
(Bates et al. 2015), ‘car’ (Fox and Weisberg 2019), and ‘circular’ 
(Agostinelli and Lund 2023).

Results

Community structure and diversity
For each of the three study areas, we conducted animal 
community surveys over a minimum of 6802 camera days 
(Table 1), recording 30 (semi-)terrestrial mammal species and 
three ground bird species (>0.5 kg) in NP, 31 mammals and 
three birds in LowHP, and 26 mammals and three birds in 
HighHP (Fig. 2, see the Supporting information for the com-
plete species list and their record details). Non-parametric 
indices revealed no significant differences in diversity, even-
ness, or dominance between study areas (Fig. 2). However, 
the Jaccard Similarity index highlighted that HighHP had the 
highest dissimilarity in species composition when compared 

to the other two landscapes (0.72–0.73), which shared greater 
compositional similarity (0.89) (Fig. 2).

Detection rates varied substantially by study area and spe-
cies (Supporting information). Large- and medium-sized 
animals, including the two focal predators and ungulate 
prey, were recorded more frequently in NP and LowHP 
than HighHP (Table 3, Supporting information). In con-
trast, smaller species, such as rodents, were detected up to 23 
times more in HighHP than in NP, whereas detection rates of 
large- to medium-sized prey declined, on average, by a factor 
of 9 (Table 3). No leopards or golden cats were detected in 
HighHP (Table 3).

Human–predator–prey spatial dynamics
Our three SEMs provided an adequate fit to the data: NP 
(Fisher’s C = 102.4, df = 112, p = 0.73), LowHP (Fisher’s 
C = 123.5, df = 120, p = 0.40), and HighHP (Fisher’s 
C = 93.9, df = 74, p = 0.06) (Supporting information). For 
predators, the NP and LowHP models explained on average 
41% of the variation in leopard (NP: 43%; LowHP: 39%) 
and 18% in golden cat site use intensity (NP: 23%; LowHP: 
12%). Across the three study areas, prey species’ site use 
intensities were explained between 3 and 45, with an aver-
age of 25 for mammal prey and 16% for ground bird species 
(Fig. 3). There was a greater number of significant (p < 0.05) 
biotic associations and fewer negative pathways between 
anthropogenic variables and species’ site use intensities in NP 
and LowHP relative to HighHP (Fig. 3).

Predator–prey relationships
The SEM analysis revealed both positive and negative signifi-
cant associations between the leopard occurrence and its prey in 
the two study areas with predators. In contrast, no statistically 

Figure 2. (a) Species rarefaction curves for (semi-)terrestrial mammals and ground birds (>0.5 kg) detected by camera traps in each study 
area, with ‘n’ representing the number of camera trap stations at each study area. Shaded polygons represent 95% confidence intervals drawn 
from 1000 randomizations performed with replacement, and the dashed line is the specific richness at each study area extracted from the 
rarefaction curves for 6802 camera days. (b) Non-parametric indices of community structure and diversity (Supporting information) cal-
culated for each study area.
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significant relationship was detected between golden cat site 
use and prey occurrence in any study area (Fig. 3). Leopard site 
use intensity was strongly associated with the detection rates of 
red river hogs in both NP and LowHP, white-bellied duikers 
in NP and gorillas in LowHP. Conversely, site use intensities of 
blue duikers (NP) and African brush-tailed porcupines (hereaf-
ter, ‘porcupines’) (NP and LowHP) were negatively associated 
with leopard site use. No significant relationships were identi-
fied between the detection rates of focal predators and those 
of yellow-backed duikers, bay and black-fronted duikers, giant 
rats or ground bird species (Supporting information).

Direct and indirect effects of human pressure on predator–
prey relationships
Anthropogenic variables were found to have mixed, context-
dependent effects on species detection rates, but tended 
to have more negative impacts on prey species site use in 
HighHP than in other study areas (Fig. 3, Table 4). In NP, 
Peters’, bay and blue duikers exhibited increased site use with 
greater distance from the park boundary. In LowHP, both 
positive and negative associations were observed between 
anthropogenic factors and species site use. Gorillas and por-
cupines were less frequently detected near villages, while road 
proximity increased site use by yellow-backed and Peters’ dui-
kers, red river hogs, and gorillas. Indirectly, leopards appeared 
to be positively influenced by roads and negatively by vil-
lages’ proximity through their association with red river hogs 
and gorillas. In HighHP, anthropogenic factors had a pre-
dominantly negative effect on species site use patterns, except 
for a positive relationship between Peters’ duikers and road 
proximity. Human signs had the most pronounced influence, 

correlated with reduced detections of Peters’ duiker, gorilla 
and red river hog (Table 4).

Temporal interactions mediated by humans and 
predators

Predator–prey temporal overlap
Leopards and golden cats wjere cathemeral in NP and 
LowHP. Leopard daily activity followed a slight bimodal dis-
tribution, with peaks in the morning (around 06:00–09:00) 
and at dusk (18:00). Golden cat activity peaked in the morn-
ing, especially in LowHP (Fig. 4). Their activity patterns were 
similar between NP and LowHP (leopard: U2 = 0.14; golden 
cat: U2 = 0.07; p > 0.05; Supporting information).

Except for yellow-backed and bay duikers, leopard prey 
species were primarily diurnal, and golden cat prey spe-
cies had more diverse activity patterns (Fig. 4). In NP and 
LowHP, leopards exhibited the highest temporal overlap 
with red river hogs (Δ > 75%), followed by yellow-backed 
duikers (ΔNP = 0.75, ΔLowHP = 0.71), while Peters’ duikers 
showed notable overlap with both predators (with leopard: 
ΔNP = 0.58, ΔLowHP = 0.66; with golden cat: Δ = 0.68; Fig. 4). 
Golden cat activity overlapped moderately with its diurnal 
prey (blue duiker and ground birds) but was low with its noc-
turnal prey (Fig. 4).

Human influence on prey activity patterns
In HighHP, where no predator species was detected, 
hunter activity was strongly diurnal, peaking around 13:00 
(Fig. 4). While most prey species had relatively similar activity 
rhythms between NP and LowHP, the activity patterns of ten 

Table 3. Detection rates (/100 camera trap days) of predator and prey species across three study areas: Nouabale-Ndoki National Park (NP), 
a logging concession with low human pressure (LowHP), and a logging concession with higher human pressure (HighHP). Average body 
mass (ABM, across both males and females) is provided for each species, based on Kingdon (2015) for mammals and BirdLife International 
(2024) for birds. Prey species confirmed by the literature in the diets of leopards and golden cats are marked with an ‘x,’ while potential prey 
is denoted by an ‘*’. Species having less than 20 observations in each study area were not included (e.g. Cephalophus nigrifrons). ♀ denotes 
ABM for which only female body mass was reported.

Common name Scientific name ABM (kg) Leopard’s 
prey

Golden 
cat’s prey

NP LowHP HighHP

Predator species ​ ​ ​ ​ ​ ​ ​
  Leopard Panthera pardus 42.7 – – 2.0 1.4 0.0
  Golden cat Caracal aurata 9.1 – – 1.6 1.4 0.0

Prey species1 ​ ​ ​ – ​ ​ ​
  Yellow-backed duiker Cephalophus silvicultor 69.2 x – 20.9 12.2 2.2
  Gorilla Gorilla gorilla 63.0♀ x – 6.0 4.8 0.7
  Red river hog Potamochoerus porcus 53.3 x – 9.2 6.2 1.2
  Peters’ duiker Cephalophus callipygus 20.8 x x 82.7 54.1 9.6
  Bay duiker Cephalophus dorsalis 20.6 x x 6.8 4.5 2.2
  White-bellied duiker Cephalophus leucogaster 16.2 x x 3.9 0.2 0.0
  Blue duiker Philantomba monticola 5.1 x x 145.8 118.1 85.5
  African brush-tailed 

porcupine
Atherurus africanus

3.0 x x 1.8 3.9 16.0
  Giant rat Cricetomys emini 0.9 x x 1.5 2.5 34.2
  Plumed guineafowl Guttera plumifera 0.9 * * 1.7 3.4 1.0
  Black guineafowl Agelastes niger 0.7 * * 1.4 0.9 1.1
  Nkulengu rail Himantornis haematopus 0.5 * * 0.7 0.9 1.4
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Figure 3. Structural equation models (SEMs) illustrating the trophic structuring of predator–prey interactions and the influence of anthro-
pogenic and environmental covariates on their site use intensity along a gradient of human pressure in Central African forests. The analysis 
includes three study areas: Nouabale-Ndoki National Park (NP), a logging concession with low human pressure (LowHP), and a logging 
concession with higher human pressure (HighHP). Only significant pathways (p < 0.05) are shown for clarity. Arrows indicate the direc-
tionality of the pathway coefficient, with color indicating the nature of the interaction: positive (green) and negative (red). R2 values are 
provided for endogenous variables (site use intensity). Prey species with no significant interaction were excluded from the corresponding 
trophic structure. Models and path coefficients are detailed in the Supporting information.
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of the species studied were significantly altered in HighHP 
(Supporting information). Gorillas, red river hogs, Peters’ 
duikers, blue duikers and plumed guineafowl reduced their 
daytime activity, whereas porcupines showed increased activ-
ity closer to sunset (Fig. 4). Despite these shifts, diurnal prey 
species had higher temporal overlap with hunters in HighHP 
than with their natural predators in the two other study areas. 
The red river hog, however, deviated from this trend, with 
significantly increased nocturnal activity in HighHP, limiting 
its overlap with hunters.

Discussion

By using a community-focused approach, this study pro-
vides, to our knowledge, the first integrated assessment of 
trophic structures and spatiotemporal organization involving 
the two largest carnivores and their prey in Central Africa’s 
semideciduous forests, a highly threatened yet understud-
ied wildlife community. Using functional diversity metrics, 
species co-occurrence, and activity patterns across a gradi-
ent of human pressure, we showed that mammal communi-
ties differ not only in composition but also in their trophic 

organization and spatiotemporal structuring. Our findings 
reveal the complexity and context-dependency of these pat-
terns, with increasing human pressure associated with trophic 
downgrading, marked by predator loss, and significant shifts 
in prey abundance, site use and activity patterns, driving 
reduced functional diversity. Together, these results support 
the view of humans acting as ‘super predators’, that tend to 
be more lethal and frightening to prey than other predators 
(Darimont et al. 2015, Clinchy et al. 2016).

Shifts in community diversity
We analyzed community structure and diversity across the 
three study areas, progressing from a broad to a more detailed 
perspective. At a coarse level, species richness across the three 
study areas was relatively high compared to other wildlife sur-
veys conducted in Central African forests (Bruce et al. 2018a, 
Fonteyn et al. 2020), and diversity indices did not indicate sig-
nificant differences in overall community structure and diversity 
among areas. However, a more refined analysis revealed signifi-
cantly lower detection rates of large- and medium-sized species 
in HighHP, alongside the absence of the two largest predators, 
the leopard and the golden cat, consistent with our second pre-
diction (P2). This was accompanied by increased detection rates 

Table 4. Quantified direct and indirect effects of endogenous predictor variables and anthropogenic covariates on predator and prey species 
site use intensity across three study areas: Nouabale-Ndoki National Park (NP), a logging concession with low human pressure (LowHP), 
and a logging concession with higher human pressure (HighHP). ‘→’ denotes the effect of a predictor on an endogenous variable. Only 
significant (p < 0.05) unstandardized pathway coefficients are presented, with associated p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 
The total of individual pathway coefficients is reported in the Supporting information.

Direct pathways  
Predictor → Response)

Unstandardized coefficients
NP LowHP HighHP

Prey → Predator (bottom–up effects) ​ ​ ​
  Red river hog → Leopard 0.07*** 0.05*** –
  White-bellied duiker → Leopard 0.05* – –
  Gorilla → Leopard – 0.06* –
Predator → Prey (top–down effects) ​ ​ –
  Leopard → Blue duiker −0.08*** – –
  Leopard → Porcupine −0.23* −0.26* –
Anthropogenic variables → Species ​ ​ –
  Distance to park boundary → Peters' duiker 0.09* – –
  Distance to park boundary → Bay duiker 0.24*** – –
  Distance to park boundary → Blue duiker 0.05* – –
  Distance to road → Yellow-backed duiker – −0.08* –
  Distance to road → Gorilla – −0.09** –
  Distance to road → Red river hog – −0.11** –
  Distance to road → Peters' duiker – −0.07* −0.19*
  Distance to road → Plumed guineafowl – – 0.32**
  Distance to village → Gorilla – 0.09* -
  Distance to village → Red river hog – – 0.13*
  Distance to village → Porcupine – 0.15* -
  Distance to human signs → Gorilla – – 0.32*
  Distance to human signs → Red river hog – – 0.29*
  Distance to human signs → Peters' duiker – – 0.42***

Indirect pathways
(Anthropogenic variables → Species 1 → Species 2)

Unstandardized coefficients

NP LowHP HighHP

  Distance to road → Gorilla → Leopard – −0.005* –
  Distance to road → Red river hog → Leopard – −0.006** –
  Distance to village → Gorilla → Leopard – 0.005* –
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Figure 4. Temporal activity patterns of prey species (solid green line) across three study areas: Nouabale-Ndoki National Park (NP), a log-
ging concession with low human pressure (LowHP), and a logging concession with higher human pressure (HighHP). Activity is shown 
alongside the leopard (dashed orange line) and the golden cat (dotted yellow line) in NP and LowHP, as well as hunters (dot-dash red line) 
in HighHP, where predators are absent. Overlap coefficients (with 95% confidence intervals) are provided for each predator–prey (L: leop-
ard, G: golden cat) and hunters-prey pair. The shaded region indicates nighttime hours (18.00–6.00 h). The activity patterns of the remain-
ing prey species are presented in the Supporting information.
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of smaller, disturbance-tolerant species, such as porcupines and 
giant rats, indicative of species turnover and functional reorga-
nization. These patterns are indicative of advanced defaunation, 
characterized by the decline of human-sensitive species and 
their replacement by more resilient taxa, leading to simplified 
assemblages dominated by smaller-sized generalists.

Such findings align with patterns observed in other dis-
turbed tropical forests in Central Africa (Fonteyn et al. 2024, 
Zwerts et al. 2024), reinforcing the well-established relation-
ship between body size and vulnerability to human pressure 
(Dirzo et al. 2014, Gallego-Zamorano et al. 2020). From an 
evolutionary and functional perspective, the release of small 
generalist species likely reflects the relaxation of top–down 
predator control and reduced competition with larger frugi-
vores (Benítez-López et al. 2019, Filgueiras et al. 2021). These 
community shifts may have broader ecological consequences. 
In Central Africa, 70–90% of tree species rely on large- to 
medium-sized animals for seed dispersal (Beaune et al. 2013, 
Evrard et al. 2017). The decline of this guild, coupled with 
an increased prevalence of smaller seed-eating species such 
as rodents, is therefore likely to alter plant regeneration pat-
terns and forest composition in HighHP (Effiom et al. 2013, 
Benítez-López et al. 2019).

Regional evidence further supports our findings, indicat-
ing that leopards and golden cats persist in low-impact areas 
but are absent from more disturbed forests. While sporadi-
cally detected in the study FMU in the early 2000s (Mathot 
and Doucet 2006), neither species was recorded by intensive 
camera trapping in the area in 2017 (Houngbégnon  et  al. 
2020). At larger spatial scales, both species remain present in 
relatively undisturbed protected areas, such as Nki National 
Park and the core of the Dja Faunal Reserve (Fig. 1), but 
were absent from sectors experiencing higher human pres-
sure (Bruce et al. 2018b, Hongo et al. 2020). Together with 
our results from HighHP, this pattern supports the view 
that increasing human pressure promotes local extirpation 
through a combination of direct persecution (e.g. snaring; 
Fa  et  al. 2005), habitat fragmentation (Bahaa-el-din  et  al. 
2015), and prey depletion, identified as a key mechanism in 
heavily hunted Central African forests (Henschel et al. 2011).

Overall, our findings suggest that human activity within 
our study area has probably restructured trophic networks 
both directly, through the local extirpation of species at mul-
tiple trophic levels (Abernethy et al. 2013), and indirectly, by 
altering species interdependencies (Dorresteijn  et  al. 2015, 
Kuijper et al. 2016). While some observed patterns are con-
sistent with the framework of human-induced trophic cas-
cades (Smith et al. 2017, Tossens et al. 2024), our results do 
not provide mechanistic evidence for a cascade sensu stricto. 
Instead, they more plausibly reflect the combined influence 
of multiple, overlapping processes acting simultaneously 
across trophic levels, rather than a single sequential pathway 
(Montgomery et al. 2019).

Shifts in predator–prey spatiotemporal dynamics
In NP and LowHP, species networks were characterized by a 
relatively complex spatial organization shaped by an interplay 

of biotic, environmental and anthropogenic factors, with lim-
ited evidence of human-driven impacts on species site use, in 
line with our first prediction (P1). The interactions between 
the two focal predators and their prey have remained largely 
understudied in Central Africa, apart from a few dietary anal-
yses identifying medium-sized ungulates as the preferred prey 
of leopards (Hayward et al. 2006, Henschel et al. 2011), and 
small ungulates and rodents as primary prey for golden cats 
(Bahaa-el-din 2015). In this context, we observed consistent 
spatial and temporal associations between leopards and red 
river hogs in both areas where focal predators were present, 
suggesting a close spatial coupling between leopards and 
one of their preferred prey species, consistent with bottom–
up processes frequently reported in carnivore–prey systems 
(Burgos et al. 2023, Curveira-Santos et al. 2024). Interestingly, 
leopard detection rates also appeared to be negatively associ-
ated with blue duiker and porcupine site use in one or both 
of these areas. Although neither species was recorded as a pre-
ferred prey item for leopards in Gabon (Henschel et al. 2011), 
these patterns may be consistent with predator-mediated spa-
tial avoidance or other processes influencing co-occurrence, 
including behavioral responses to perceived predation risk, a 
mechanism increasingly recognized across ecosystems world-
wide (Moll  et  al. 2017, Say-Sallaz  et  al. 2019). By jointly 
identifying prey availability and predator control as poten-
tial structuring forces in low-disturbed areas (P1), our results 
highlight how the relative balance between bottom–up and 
top–down forces may contribute to spatial and temporal vari-
ation in food-web organization, rather than reflecting a single 
dominant structuring process (Creel and Christianson 2008, 
Van Scoyoc et al. 2023).

In contrast, predator–prey spatiotemporal organiza-
tion in HighHP appeared markedly simplified, as predicted 
(P2). The absence of leopards and golden cats in this area 
limited our ability to study their responses at a fine scale. 
Yet, prey species exhibited apparent behavioral shifts under 
high human pressure. Spatially, species’ habitat use was nega-
tively associated with roads, villages, and human signs in this 
area, consistent with previous studies identifying proximity 
to hunters’ access points as a significant predictor of defau-
nation (Vanthomme et al. 2013, Benítez-López et al. 2019, 
Lhoest  et  al. 2020). Temporally, most prey species, except 
rodents and certain ground birds, reduced their diurnal activ-
ity, likely a strategy to avoid humans, a response commonly 
observed across wildlife communities in human-disturbed 
landscapes (Gaynor et al. 2018, Lee et al. 2024).

Collectively, these patterns suggest that intense human 
pressure may reorganize the spatiotemporal structure of 
predator–prey systems by imposing a pervasive and predict-
able source of risk. Under such conditions, prey behavioral 
responses may become increasingly decoupled from preda-
tor-specific associations and instead converge toward general-
ized avoidance strategies, consistent with growing evidence 
that human disturbance simplifies and homogenizes wildlife 
behavioral organization across communities (Tucker  et  al. 
2018, Van Scoyoc  et  al. 2023). Such fear-induced behav-
ioral adaptations to human disturbance may weaken 
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fine-scale ecological processes mediated by species interac-
tions (Bubnicki  et  al. 2019, Gálvez and Hernández 2022) 
and have further knock-on effects, such as altered foraging 
efficiency, antipredator strategies, predation and competition 
dynamics (Creel and Christianson 2008, Gaynor et al. 2018).

Conservation implications and management 
strategies
Results from our camera trap surveys in NP and LowHP 
align with previous research indicating that protected areas 
and SFM-certified concessions can serve as important refuges 
for large- and medium-sized mammals (Clark  et  al. 2009, 
Bahaa-el-din  et  al. 2016). However, our findings from the 
other SFM-certified concession, located in a less remote 
landscape with higher human population density and hunt-
ing pressure, revealed advanced signs of defaunation, resem-
bling patterns observed in non-certified concessions in the 
Republic of Congo and Gabon (Zwerts et al. 2024). This sug-
gests that, while SFM practices may mitigate some impacts, 
they do not inherently guarantee wildlife persistence or eco-
system integrity. Instead, conservation outcomes appear to be 
more strongly driven by the intensity of local human pressure 
and the broader landscape context in which a concession is 
embedded.

While LowHP, situated on the periphery of Nouabalé-
Ndoki National Park, has benefited from substantial external 
conservation investment since 1999 through a public-private 
partnership, HighHP lacks similar long-term support and 
is likely affected by spillover effects from adjacent logging 
concessions that do not apply sustainable management prin-
ciples. In southeastern Cameroon, the finer-scale administra-
tive fragmentation of forest landscapes, relative to the larger, 
more contiguous management units in northern Congo, 
likely exacerbates conservation challenges by creating a 
patchwork of management regimes and limiting coordinated 
action at the landscape level. This fragmented governance, 
combined with higher regional human pressure and limited 
financial resources, may help explain why wildlife survey data 
from the edge of the Dja Reserve (~80 km from HighHP) 
showed species richness and relative abundances comparable 
to those observed in HighHP (Bruce et al. 2018a). Given the 
lack of pre-exploitation baseline data and direct comparisons 
with non-certified areas, inferences regarding the effective-
ness of SFM certification must remain cautious. Rather than 
failing to prevent defaunation, SFM practices might have 
slowed biodiversity loss in an already heavily disturbed land-
scape with low predator densities (Kehou et al. 2021), rein-
forcing the idea that both historical and current local human 
pressures are stronger predictors of wildlife population trends 
than formal management status alone (Greco et al. 2025).

The contrasting patterns observed between LowHP and 
HighHP highlight the importance of management strate-
gies that extend beyond individual concessions and explic-
itly address hunting pressure and habitat connectivity at the 
landscape scale. Our results therefore support approaches that 
promote coordination among public and private stakehold-
ers (Edwards  et  al. 2014), and integrate local communities 

into management plans, through awareness raising, employ-
ment, and sustainable resource initiatives, which are critical 
for improving long-term conservation outcomes (Clark et al. 
2009, Abernethy et al. 2013).

In our study, the leopard and the golden cat were the 
only IUCN-listed threatened species no longer detected 
under high human pressure, supporting their potential role 
as early indicators of defaunation and human-driven cas-
cading effects in Central African forests (Kau et al. 2025). 
Carnivores, both large (Morrison  et  al. 2007) and small 
(Marneweck et al. 2022), are widely recognized as indica-
tors of ecosystem health, given their sensitivity to habitat 
disturbance. In disturbed landscapes where both felids are 
already rare or absent, shifts in the biomass distribution and 
relative dominance of lower trophic-level species may pro-
vide alternative, cost-effective signals of functional ecosys-
tem change (Fonteyn et al. 2024). Accordingly, combining 
predator and prey monitoring across disturbance gradients 
provides a robust framework for detecting warning signs of 
ecological degradation and for mitigating the emergence 
of ‘empty forests’, where structurally intact ecosystems lose 
their functional integrity (Abernethy et al. 2013, Benítez-
López et al. 2019).

Finally, our study highlights that changes in trophic 
structure may not be captured by species richness or stan-
dard diversity indices alone, emphasizing the value of inte-
grative approaches that assess both diversity and trophic 
interactions to better diagnose ecosystem responses to 
anthropogenic disturbance and guide adaptive management 
(Montgomery et al. 2019).

Study limitations
While providing novel insights into how human pressure is 
associated with changes in mammal community structure 
and spatiotemporal organization in Central African forests, 
our study also highlights key challenges related to data collec-
tion, analytical constraints and ecological complexity.

First, grid placement may not fully capture habitat and 
human pressure heterogeneity, potentially limiting the repre-
sentativity of our findings at a broader landscape scale. Future 
studies would benefit from a more systematic stratification 
of sampling grids across disturbance gradients to improve 
landscape representativity. Additionally, increasing study 
area replicates would help assess the broader applicability of 
our conclusions (Ramage  et  al. 2013, Zwerts  et  al. 2024). 
However, financial, time, safety, and logistical constraints, 
such as the geographic isolation of study areas, make spatial 
replication extremely difficult in Central Africa (Lhoest et al. 
2024). In addition, it is particularly challenging to find mul-
tiple study areas that differ mainly in human pressure while 
remaining similar in all other ecological characteristics, which 
further limits our ability to replicate study areas across space.

Second, we excluded certain trophic groups from our anal-
yses due to camera trap detection biases, such as small rodents 
(<0.5 kg) and arboreal species. Expanding prey detection 
using complementary methods (e.g. live trapping, molecu-
lar diet analyses) would allow for a more comprehensive 
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assessment of mesopredator–prey interactions and their role 
in trophic networks.

Third, our use of SEM relies on spatial and temporal co-
occurrence patterns as proxies for ecological interactions. 
While this method has precedent in camera trap studies offer-
ing a valuable network-based approach for examining com-
plex ecological relationships (Curveira-Santos  et  al. 2024, 
Dyck  et  al. 2025), such models do not establish causality 
and do not provide direct measures of interaction strength 
(Blanchet et al. 2020). Positive or negative associations may 
therefore reflect not only predator–prey processes, but also 
shared or opposing responses to unmeasured anthropogenic 
disturbance or habitat preferences. Although we included 
some environmental and human-related covariates, it was 
not feasible to capture all habitat dimensions potentially 
influencing species distributions in these structurally com-
plex forests. Consequently, unmodelled relationships may 
persist, notably in HighHP where model fit was borderline 
(Fisher’s C: p = 0.06), and some inferred pathways should be 
interpreted cautiously. One illustrative example is the positive 
spatial association observed between leopards and gorillas in 
LowHP. Although gorillas have been documented in leop-
ard diets, likely through occasional predation on juveniles 
(Henschel  et  al. 2011), this relationship is more plausibly 
explained by shared responses to unmeasured ecological fac-
tors, such as fine-scale vegetation structure or habitat types 
favored by both species (e.g. Maranthaceae forests; Picard et al. 
2024). This isolated example highlights a key limitation of 
inferring ecological interactions from co-occurrence patterns 
alone and underscores the need for cautious interpretation 
of SEM-derived pathways in complex ecosystems (Sirén et al. 
2021, Curveira-Santos et al. 2024). Similarly, temporal over-
lap between certain species may be driven by other ecologi-
cal factors (e.g. smaller predators’ activity) rather than direct 
ecological interactions (Prugh et al. 2019).

Nevertheless, in remote and data-poor systems such as 
Central African tropical forests, where direct observations of 
interactions and experimental approaches are largely infeasi-
ble, spatiotemporal co-occurrence derived from passive mon-
itoring remains one of the most informative and tractable 
proxies for exploring species interdependencies at the com-
munity level. When interpreted cautiously and grounded in 
ecological knowledge, such patterns provide valuable insights 
into how trophic organization and species associations may 
shift under increasing human pressure, while helping to gen-
erate testable hypotheses for future, more mechanistic studies.

Conclusion

Our study provides novel baseline insights into how mam-
mal community structure and predator–prey spatiotempo-
ral organization vary along a gradient of human pressure in 
Central African forests, one of the most biodiversity-rich, yet 
understudied ecosystems. By jointly examining functional 
diversity, species co-occurrence and activity patterns, we 
showed that a human population density of approximately 

6.4 inhabitants km–2, combined with high hunting intensity, 
coincided with major ecological shifts in trophic structure 
and spatiotemporal organization, including the loss of the 
two largest predators, severe declines in ungulate popula-
tions, and altered prey distributions and activity patterns.

By simultaneously exerting top–down pressure across 
multiple trophic levels, humans appear to drive trophic 
downgrading, characterized by reduced functional diversity 
and community simplification dominated by smaller, gener-
alist species. While our inferences rely on spatial and tem-
poral associations rather than direct measures of interaction 
strength, the convergence of community-level, spatial, and 
temporal signals supports the interpretation that humans 
can act as ‘super predators’ in Central African forests, with 
disproportionate effects on mammal communities, impair-
ing body-mass distributions among trophic guilds and over-
riding natural predator–prey spatiotemporal patterns. The 
ecological, cascading consequences of such disruptions likely 
extend beyond the taxa examined in this study, with broader, 
unmeasured implications for species interactions, forest com-
position and key ecosystem functions.

Although our work is limited by spatial replication and 
the constraints inherent to passive monitoring, it offers a 
transparent analytical framework and testable predictions 
for future studies across the Congo Basin where conditions 
allow. More broadly, our findings highlight the urgency 
of integrating the impact of humans into ecological the-
ory and conservation planning, as management strategies 
focused solely on species richness or diversity indices may 
fail to detect significant alterations in trophic structure and 
ecological interactions. Preserving intact trophic networks 
across sufficiently large and connected landscapes appears 
critical for sustaining ecosystem functioning under increas-
ing anthropogenic pressure.
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