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ABSTRACT

In the literature, roads are often considered to be barriers for large vertebrates. In central Africa, the
creation of roads and skid trails by logging operations leads to changes in the structure of forest
landscapes that could influence wildlife movements. To assess the use of logging roads by six
emblematic species of the central African forests, we conducted a camera trap (CT) survey on three
types of tracks (secondary roads, skid trails, and elephant paths as control) in a logging concession
of south-eastern Cameroon. The relative abundance indices (RAI) of each species derived from the
CT data were used in a mixed linear model to test the effects of four factors (type of track; time: day
vs. night; gregariousness: alone vs. group; and time after logging: less than one year vs. between one
and two years). The results showed no preference for any type of track for gorillas (Gorilla gorilla)

and chimpanzees (Pan troglodytes). In contrast, significantly higher RAI on secondary roads were



observed for buffalos (Syncerus caffer), forest elephants (Loxodonta cyclotis), and bongos
(Tragelaphus eurycerus). For the last two, the difference was only significant if they were detected in
the most recently logged areas, at night (for elephants), or alone (for bongos). We could not test for
leopard (Panthera pardus) as we captured only two events. Although none of the species appear to
avoid roads and skid trails, nor do they perceive them as a barrier, further studies should be
conducted to increase sampling efforts over time and space to consider seasonality, vegetation
growth after logging, geographical variability, and other anthropogenic influence. However, these
first results reveal the importance of closing roads after logging to limit encounters between wildlife
and humans and highlight the relevance of characterizing roads (type of road, width, surfacing, and

canopy structure over the road) when studying their impact on wildlife.

1. Introduction

Of the 1070 million hectares of tropical forest, an estimated 400 million are currently used for
timber production (Blaser et al., 2011), of which 54 million are located in central Africa (Eba’a Atyi et
al., 2022). In the context of continuing biodiversity loss (Ceballos et al., 2017; Roy et al., 2022), this
area represents a major issue for conservation. Although they are disturbed environments, some
forest concessions host many mammal species, especially when they are sustainably managed
(Clark etal.,2009). Species diversity and abundance are sometimes close to those found in protected
areas (Clark et al., 2009; Haurez et al., 2014), and even higher in some cases (Brodie et al., 2015;

Matthews and Matthews, 2006).

Logging has many impacts on wildlife, both through the timber extraction itself and through the
construction of associated infrastructures. Logging results in changes in forest structure, landscape
fragmentation, noise disturbance, increased hunting pressure, human presence, and encourage the
arrival of farmers orillegal miners. The impact of these disturbances on the presence and abundance
of large mammals, the most vulnerable to human-induced changes (Dirzo et al., 2014) has been
extensively studied (Kleinschroth and Healey, 2017; Laurance et al., 2006). However, less is known

about the impacts of logging on wildlife behaviour, such as the effect on their movements.



Mainly influenced by the location of feeding and watering areas (Beirne et al., 2020; Blake and
Inkamba-Nkulu, 2004), movement patterns have implications for major ecological processes (e.g.

seed dispersal, gene flow; Carvalho et al., 2018; Cortes and Uriarte, 2013) or health issues (e.g.

disease transmission; Tracey et al., 2014). Game trails are widely used by mammals to move around
(Fonteyn et al., 2021). The largest are the tracks of forest elephants (Loxodonta cyclotis), created by
the repeated movements of these giants. They form a network of intertwined tracks within the forest,

the most used ones being up to three meters wide (Vanleeuwe and Gautier-Hion, 1998).

Human disturbances can alter animal movement, with effects varying according to the nature of
the disturbance and the species impacted (Doherty et al., 2021). As one of the major human impacts
on landscape structure, the road network could affect mammal movements. Roads present both
inconveniences and opportunities for mammals. On the one hand, they present a high risk of
collision with vehicles and facilitate poaching in previously inaccessible areas, in which case they
would generally be avoided. On the other hand, they could be used for communication, foraging,

movement, refuge, and thermoregulation (Hill et al., 2021).

Four types of roads are found in timber concessions (Esteve and Killmann, 2005; Kleinschroth and
Healey, 2017). They have different characteristics in terms of width, duration and intensity of use,
human frequentation, connectivity, or alongside vegetation that could influence the way animals
use them (Chen and Koprowski, 2019; van der Hoeven et al., 2010). Access roads connect the
concession with the public transport network. A few main roads are permanent and are intended to
access the whole concession. Many secondary roads are created for a limited period (generally-one
year) and are used by trucks for log transport. They branch off from the main roads, are dead-end
and abandoned when logging off the Annual Allowable Cut (AAC) is completed. Finally, the logs are
dragged from the felling site to the log yard lying along the roads using skid trails. These are only
used for the extraction of a few logs by skidders and bulldozers, so there is no side clearance or

ground levelling as with the main and secondary roads.

In central Africa, the few studies that have looked at the influence of logging roads on large
mammals show contrasting results. Some have found that the abundance of forest elephants,

gorillas and chimpanzees increases with distance from the road (Clark et al., 2009; Laurance et al.,



2006; Stokes et al., 2010), while Tchakoudeu Kehou et al. (2021) showed the opposite for gorillas and
chimpanzees. The response of duikers also varies between studies (Clark et al., 2009; Laurance et al.,
2006). Vanthomme et al. (2013) reported that the effect of roads can vary depending on the type of
road. Although some studies have investigated road crossing (Blake et al., 2008; van der Hoeven et
al., 2010), little is known about the use of logging roads by large mammals. In a concession where
anti-poaching is a priority, and where old roads are less risky than elsewhere, we expect them to be

used more than animal tracks as they would allow the animals to move and feed more easily.

Figure 1. (A) Location of the SEFAC logging concession (green frame) in Cameroon. (B) Location of the study area
(black dots represent camera traps) in the SEFAC logging concession. The black triangle symbolizes Faro Safaris’
anti-poaching base. (C) The experimental scheme in AAC 10-51. Dots represent camera traps (red = secondary
roads, blue = skid trails, and grey = elephant paths). Black ellipses indicate the plots. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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In this study, we used camera traps (CT) to compare the use of secondary logging roads, skid trails,
and elephant paths by six large mammal species emblematic of tropical rainforest: forest elephant,
Western gorilla (Gorilla gorilla), chimpanzee (Pan troglodytes), leopard (Panthera pardus), bongo
(Tragelaphus eurycerus) and forest buffalo (Syncerus caffer). In addition to comparing the use of these
three types of tracks, we also investigated whether specific circumstances regarding time since last
logging (less than one year vs between one and two years), temporality (day vs night), and
gregariousness (alone vs in a group) could lead a species to prefer using one type of track over

another.

Figure. 2. lllustration of the three types of track and theoretical representation of their arrangement in the
landscape. Secondary roads are shown in red, skid trails in blue, and elephant paths in grey dotted lines. The
crosses represent felled trees and the circles represent logging gaps. The photos show two buffalos on a

secondary road (A), an elephant on a skid trail (B), and a chimpanzee on an elephant path (C). (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)




2. Material and methods

2.1.STUDY AREA

The study area falls in the logging concession granted to the SEFAC company which is certified for
legality. The concession covers an area of 4060 km?and is located in south-east Cameroon (between
2°64'N and 2°86'N; 1560 E and 1595 E), in the Boumba-Et-Ngoko department (Fig. 1A). Annual
rainfall is about 1350 mm with two distinct rainy seasons (September-November and March-May)
and the mean annual temperature is 24.3 °C. Soils derived from the old African Precambrian
basement are of Ferralsols type (Faure, 1989; Jones et al., 2013) with an elevation varying between
400 and 600 m and a well-developed hydrographic network. The forest massif is part of the Congo-
Guinean floristic region (Faure, 1989; White, 1983) and belongs to the “semi- deciduous” type whose
dominant tree families are Fabaceae, Malvaceae, and Annonaceae (Letouzey, 1985; Réjou-méchain
et al.,, 2021). A recent camera trap survey in the Forest Management Unit (FMU) 10-012 captured 36
mammal species, reflecting the high diversity of wildlife present in the concession. Forest elephants,
leopards, gorillas, chimpanzees, buffalos, bongos, and many species of duikers were detected, most
of them in both recently and formerly logged areas (Tossens, 2021). Trophy hunting is practiced in
some parts of the concession, called “zones d’intérét cynégetique” (ZIC = game area). The ZICs cover
2500 km?and are managed by the Faro Safaris organization (Fig. 1B), which also contributes to law
enforcement through daily control patrols. This study was conducted within the ZICs, in two FMUs
north of the Lobéké National Park: FMUs 10-009 and 10-010 (Fig. 1B). In each FMU, two AACs were
selected, one logged less than one year ago (AACs 09-53 and 10-51) and the other logged between
one and two years ago (AACs 09-52 and 10-45). The area of AACs ranges from 20.9 to 31.0 km?.

2.2.TYPES OF TRACKS AND HUMAN PRESENCE

The camera trap survey was carried out on three types of tracks: secondary logging roads and skid
trails, which are artificial linear features, and elephant paths, which exist naturally in the forest and
are used by many mammal species to move around whether the environment is disturbed or not
(Fig. 2). In this study, elephant paths were considered as the control modality, as this is where the
animals move before roads and forest tracks are opened. No logging vehicles travel through the

sampled AACs, except for 10-51 which is crossed by the main road of the concession. As logging is



complete in the sampled areas, access to the secondary roads is prevented by barriers or earth

mounds. Only the anti-poaching team can unlock the barriers to patrol these areas.

The distance between the sampling points and the nearest village varies between 15 and 25 km.
Since there is an anti-poaching activity in the area, and several studies have shown that hunting
decreases from a distance of 10 km (Abernethy et al., 2013; Foerster et al., 2011), we assumed that
poaching is limited in the area and that an anthropogenic effect on the results of this study is
negligible and consistent. We also considered the effect of trophy hunting to be nil, as its intensity is
very low (from May to July with only eight to ten clients per season) and distributed over a much
larger area than the study area. To ensure this, we conducted a preliminary analysis by modeling a
linear model with three anthropogenic factors: distance to the nearest main road, distance to the
nearest village, and distance to the anti-poaching base. The result confirmed our assumption since
none of these three factors showed a significant effect on the detection rates of the six species

studied (minimum p-value = 0.0803).

Table 1 - Factors used in the mixed linear model.

Factor Type n Values Description

Track Fixed 3 R,S,E Type of the track: secondary road,
skid trail, elephant path

Year Fixed 2 1,2 Time since the last logging
operation (years): 1 = less than

one year, 2 = between 1 and 2

years

Time Fixed 2 Day, Time of day: day = between 6 am
Night and 6 pm

Gregariousness Fixed 2 Alone, Gregariousness: group = more
Group than one individual

Plot Random 20  From 1 Plot ID
to 20

2.3.CAMERA TRAP SURVEY

Sixty CTs (Bolyguard SG 2060X, Boly, Victoriaville, QC, Canada) were deployed between February
and April 2022 on the three types of tracks across the study area. Within each selected AAC, a grid of
points spaced by 1 km was randomly generated using QGIS 3.22.9 software. To allocate the 60 CTs
equally among the four AACs, 15 points were selected in each one (Fig. 1C). To account for habitat
heterogeneity and data independence, cluster sampling was carried out and the 15 survey points

were defined according to the following successive steps. First, each AAC was divided into 5 sub-



areas (plot). Then, in each plot, the road sample point was assigned by crossing the grid of random

points with the known road layout. The point closest to the road was selected.

Similarly, the sample point for the skid trails was allocated using the theoretical skid trail layout.
Finally, from the unattributed points of the random grid, the one furthest away from the road and
track layouts was designated as the elephant path sample point. This resulted in five plots of three
CTs (one per type of track) in each AAC. The position of some points was slightly modified to fit the
road network, but a minimum distance of 1 km was ensured between each CT. In the field, the CTs
were set up on the assigned track type closest to the theoretical point. Ten- second videos were
recorded whenever movement was detected by the CT, which remained on site for approximately-

six weeks.
2.4.DATA ANALYSES

All videos from the camera traps were processed using Timelapse 2.2.4.0 software. Videos with
one of the six species studied were selected and the number of individuals was recorded. Two
successive videos were considered independent detection events if the videos were recorded at an
interval of at least 30 min (Fonteyn et al., 2021). As an event may consist of several videos, and
individuals are sometimes difficult to recognize from one video to another, the number of individuals
attributed to an event corresponds to the maximum number of individuals observed on a single
video. Two CTs that only worked one day due to a malfunction were removed from the dataset. The

relative abundance index (RAI) of every studied species was calculated for each CT as follows:

Number of independent events

RAI =

x 100
Number of camera.days

We adjusted the RAI when testing for differences between diurnal and nocturnal activity by
dividing the number of camera days by two, assuming an equal length of day and night in our study
area. This index was then related to the five factors described in Table 1. As one of those factors had
a random effect, we fitted a mixed linear model to test the effect of these five factors on the RAI of
each species. Analyses were performed using R software (R-Development-Core-Team), version 4.2.2,
with the “lme4” (version 1.1-31), “car” (version 3.1-1), “ggplot2” (version 3.4.0), and “emmeans”

(version 1.8.2) packages.



Only the fixed factors and all their interactions, plus the random plot factor, were used to fit the
model. Factors and interactions with a significant effect were subjected to a comparison of means
test using a Tukey-adjusted P value (function “emmeans”). The tests were considered statistically
significant if the p-value <0.05. As the leopard was only detected twice, analyses were not conducted

for this species.

Figure 3. Boxplots of the Relative Abundance Index (RAI) by type of track for each species. R = secondary roads, S
= skid trails, E = elephant paths. Species to the right of the dotted line were observed <50 times, so the results

should be interpreted with caution.
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Figure 4. Percentage of independent events observed for each modality of the fixed factors year (A), time (B), and

gregariousness (C).
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3. Results

3.1.CAMERA TRAP SURVEY

The total sampling effort was 2457 camera.days (mean = 42.4 per CT). Of the 10,199 animal
detections, 3522 concerned the six species studied resulting in 904 independent events. Forest
elephants and bongos accounted for 53 % and 33 % of independent events, respectively. Other
species were less represented (about 5 % each, except leopard = 0.2 %). The findings for these

species should therefore be considered with caution.

Forest elephants, bongos, and buffalos were mostly (exclusively for the latter) observed on the
secondary roads, while no preference was found for gorillas and chimpanzees (Fig. 3). Only two
captures of leopard were recorded, on a secondary road, at night, and showing a solitary individual.
Gorillas and chimpanzees were almost exclusively diurnal while forest elephants were rather
nocturnal (Fig. 4B). Bongos and buffalos were active both at night and during the day (Fig. 4B).
Bongos and forest elephants were mostly seen alone, while other species were seen in groups as
well as solitary (Fig. 4C). The maximum number of individuals seen together is six for bongos; five for
forest elephants, gorillas, and buffalos; and three for chimpanzees. While buffalos were mainly
observed in the AACs logged more than one year ago, forest elephants were more detected in the
areas logged more recently and no trend was apparent for the other species (Fig. 4A). Most of the

videos showed animals walking or foraging.



3.2.MIXED LINEAR MODEL

The results of the mixed linear model used to test the effects of the factors time, group, year, and

plot on the use of the three track types are summarized in Table 2.

As the standard deviation of the factor plot is lower than the residual standard deviation for each
species, it can be assumed that there is no effect of the random factor. In any situation, gorillas and
chimpanzees did not use one type of track significantly more than another. The preference of forest
elephants, bongos, and buffalos for secondary logging roads cannot be generalized to the entire
study area. Indeed, forest elephants were mainly detected on the roads only at night, in the AACs
logged less than one year ago. In other cases, they have been observed as often on roads as on skid
trails and elephant paths (Fig. 5A). For bongos, it is also in the most recently logged AACs that they
seemed to show a preference for roads (Fig. 5C). They were mainly used by solitary individuals, while
groups were equally observed on all three types of tracks (Fig. 5D). Although buffalos were only
observed on the roads, in the areas logged less than one year ago the difference is not significant
with the skid trails and the elephant paths, probably due to an insufficient number of observations
(Fig. 5B).

Table 2 Significance of the effect of the factors track, year, time, gregariousness, and their interactions on the RAI
of the 5 species studied. ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05; °p-value < 0.1; NS = Not significant.
Only factors and interactions with a p-value < 0.1 for at least one species are mentioned. The standard deviation
is given for the factor plot and the residuals. As indicated by “cfr Fig. 5, significant interactions are illustrated in

Fig. 5. The tests were considered statistically significant if the p-value <0.05. Buffalo, gorilla and chimpanzee were

observed less than 50 times, so the results should be interpreted with caution for these species.

Species

Factors

Forest elephant Bongo Buffalo Gorilla Chimpanzee
Track e Wik o NS NS
Year s 0 2 NS NS
Time NS NS Day > Night*** Day > Night***
Gregariousness Alone > Group** R NS NS NS
Track*Year S * efr Fig. 5C ** cfr Fig. 5B NS NS
Track*Time . NS NS NS NS
Year*Time » NS NS NS NS
Track*Gregariousness NS *** cofr Fig. 5D NS NS NS
Time*Gregariousness NS NS NS NS NS
Track*Year*Time * cfr Fig. 5A NS NS NS NS
Track*Year*Gregariousness NS NS NS NS ¢
Plot 0.6674 0.8107 0.1570 0.0000 0.03482

Residual 2.8540 3.8917 0.7881 0.7151 0.59591



4. Discussion

Although several studies have assessed the impact of roads on wildlife by relating their abundance
at different distances from the road (Clark et al., 2009; Laurance et al., 2006; Lhoest et al., 2020), few
studies have addressed the use of logging tracks by large mammals in central Africa. By investigating
the use of logging roads and skid trails by six large mammals, this CT survey conducted for six weeks
in the SEFAC timber concession (south-eastern Cameroon) contributes to a better understanding of

how the creation of logging roads affects the movements of large mammals.

Gorillas, chimpanzees, forest elephants, bongos, and buffalos do not seem to avoid secondary
roads and skid trails as they were observed on them as much as on elephant paths. Secondary roads
were even preferred by buffalos and, in specific conditions, by forest elephants (at night in the most
recently logged areas), and bongos (when traveling alone and in the most recently logged areas). For
buffalos, it is not surprising as they are known to prefer open areas and mainly stay near old roads
or logging tracks (Bekhuis et al., 2008; Blake, 2002). However, our results contrast with studies that
have found a positive correlation between distance to the road and the abundance of several
species, including forest elephants, gorillas, and chimpanzees (Clark et al., 2009; Laurance et al,,
2006). In addition to differences in experimental design, we suspect that differences in road type may
explain these divergent results. Indeed, the roads that are usually studied in previous works are

active, whereas in this study we sampled closed secondary roads.

Figure 5. Graphical representation of the interactions Track*Year*Time for the forest elephant (A), Track*Year for
the buffalo (B) and the bongo (C), and Track*Gregariousness for the bongo (D). R = secondary roads, S = skid trails,
E=elephant paths. Year-1=logged less than one year ago, Year-2 =logged between one and two years ago. Points

within the same group (a or b) do not have a significantly different RAI
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Therefore, our results underline not only the importance of closing roads after logging is finished,
as many species use them, but also the relevance of characterizing roads (activity: active or closed;
type: main, secondary or other type of road; width; surfacing: latherite, soil...; canopy structure over
the road: open or closed canopy) when studying their impact on wildlife. The number of leopard
records was too low to detect a preferential use of one type of track. Nevertheless, it is not surprising

that the only two detections were on roads, as Felids are known to use them (Tobler et al., 2018).

Two major reasons may explain why large mammals use logging roads extensively. First, the
development of pioneer vegetation along roadsides makes them attractive forage areas. Their use
for feeding purposes has been observed for elephants (Barnes et al., 1997; Nummelin, 1990), gorillas
(Matthews and Matthews, 2004; Morgan et al., 2018), chimpanzees (Bortolamiol et al., 2016), and
buffalos (Bekhuis et al., 2008), even if the plant species sought differ from one animal species to
another. This could also be the case for bongos as they are known to feed on herbaceous (Klaus-Hugi
etal.,1999). The results of our CT survey arein line with this, as it was not rare to see forest elephants,

buffalos, and bongos feeding on roadside vegetation in the videos. However, no such observation



was recorded for gorillas and chimpanzees, perhaps due to the elusiveness of their sightings.
Actually, unlike the other species, gorillas and chimpanzees observed on a road were mostly just
crossing it. It would therefore be worthwhile in the future to differentiate between the types of
observations recorded (crossing, feeding, travelling). The second reason why large mammals may
use roads is that they facilitate the movement of animals by providing a less obstructed path and
thus allowing them to move faster and follow less tortuous trajectories (Roever et al., 2010) to reach
points of interest to wildlife such as fruit trees, savannas, salt pans, and water. A third reason may be
that the main paths used by elephants to travel long distances, called boulevards, are along
mountain ridges (Vanleeuwe and Gautier-Hion, 1998), i.e. where roads are usually open. Roads may
therefore have been built where there were already well-used elephant tracks. However, this reason
does not apply to our study area, where the terrain is relatively flat and roads have been opened in

a fairly systematic way.

Many other mammal species use roads, sometimes for additional reasons (Hill et al., 2021). For
example, many species mark signals on roads to communicate as these are more visible in open
areas (Mullu, 2015). Roads can serve as refuges for some species when their predators or competitors
avoid them (Muhly et al., 2011). Loose soil on roadsides may attract some species as it makes
burrowing easier (Brock and Kelt, 2004). In areas where elephant abundance has decreased, duikers

move on logging roads when they usually moved on elephant paths (Naude et al., 2019).

Although forest roads were not avoided in our study area, in many other places they constitute a
considerable barrier to wildlife (Blake et al., 2008; Laurance et al., 2009). Moreover, they provide new
access for humans to remote areas, resulting in higher poaching pressure in their surroundings,
which could explain, for example, why duikers and apes avoid crossing logging roads in some areas
(van der Hoeven et al., 2010). In our case, anti-poaching measures and the fact that the study area is
not close to villages could explain why secondary roads are less avoided (sometimes favored).
Several studies have reported lower risk on roads within protected areas or private property where
surveillance is adequate (Blake et al., 2008; Laurance et al., 2006). Our results support this and
underline the importance of closing roads after logging and promoting law enforcement within

timber concessions to reduce the risk of wildlife-human encounters.

A change in movement patterns could have important ecological consequences, notably for forest

regeneration. Indeed, forest elephants and gorillas are known to play a crucial role in seed dispersal



(Campos- Arceiz and Blake, 2011; Haurez et al., 2018). A change in their travel habits would imply
that they deposit their feces elsewhere, which could affect the distribution of many tree species
whose seeds are dispersed by large frugivores. The high soil compaction on secondary roads could
be an obstacle to the establishment of seedlings growing from seeds dispersed on these roads
(Corria-Ainslie et al., 2015). On the other hand, dispersal to open areas could provide ideal conditions
for the development of light-demanding species and thus contribute to the restoration of open
tracks. Species that are mostly dispersed by forest elephants, bongos, or buffalos would probably be
the most impacted as they seemed to travel a lot on roads. However, the use of secondary roads by
gorillas was limited in our study, so the effects might be less significant for the species they

dispersed.

The CT data also showed that forest elephants and bongos were observed more in areas logged
less than one year ago, more specifically on secondary roads (and at night for forest elephants).
Replicating this study in other parts of the concession would provide more data to examine whether
this is a recurring pattern. As logging tracks change over time as they are colonized by vegetation
(Kleinschroth and Healey, 2017), the time since the last logging operation likely has a significant
effect on their use by large mammals. In this study, the sampled AACs have been logged at only one-
year intervals. Sampling areas with a wider range of logging histories would allow for a better
understanding of the evolution of wildlife behavior over time. Wrege et al. (2010) showed that forest
elephants were more active at night in areas disturbed by human activities. Our results are
consistent with this, as we found higher RAI of forest elephants at night in the most recently logged

AACs.

Although this study provides new information on the use of logging roads by large mammals in
south-eastern Cameroon, the number of observations limits the interpretation of the results.
Increased sampling effort over time (longer periods and different seasons) and space (other
concessions and areas with more contrasting logging histories) would provide a better

understanding of how large mammals use space over time in logged forests.
5. Conclusions

This study aimed to investigate the influence of the creation of secondary roads and skid trails by

logging operations on the movements of six large mammal species emblematic of the dense



rainforests of central Africa. Using camera traps, we showed that in a concession of south- eastern
Cameroon, large mammals used secondary roads and skid trails as much as elephant paths. Buffalos
even used roads more than the other types of tracks and this was also observed in specific areas for
forest elephants (though only at night) and bongos. None of the species avoid roads and skid trails,
nor do they perceive them as a barrier in the study area. Nonetheless, this finding cannot be
generalized to all roads, as we only sampled secondary forest roads that are now closed to vehicles
and far from human settlements (more than 15 km). However, our results indicate that the use of
logging roads by large mammals should be a concern in wildlife management and protection
measures. They also highlight the importance of closing access to roads once logging is complete,

which is already a requirement in sustainable management- certified concessions.

Funding

This work was supported by the Programme de Promotion de ’Exploitation Certifiée des foréts

(PPECF) [grant C162] and the Precious Forests Foundation (PFF).

CRediT authorship contribution statement
Morgane Scalbert: Conceptualization, Methodology, Validation,

Formal analysis, Writing - original draft, Writing - review & editing, Visualization, Funding
acquisition. Quentin Stiernon: Methodology, Validation, Formal analysis, Investigation, Writing -
original draft, Writing - review & editing, Visualization. Sebastien Franceschini: “ Validation, Formal
analysis, Writing - review & editing, Visualization. Cedric Vermeulen: ~ Conceptualization,
Validation, Writing - review & editing, Supervision. Yves Brostaux: Methodology, Validation, Formal
analysis, Writing - review & editing, Visualization. Rene Ngwet: Resources. Jean-Louis Doucet:
Conceptualization, Methodology, Validation, Writing - review & editing, Supervision, Funding

acquisition.
Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper. Rene Ngwet

reports a relationship with SEFAC S.A. that includes: employment.



Data availability
Data will be made available on request.
Acknowledgements

We are grateful to the Government of Cameroon, in particular the Ministry of Forests and Wildlife
and the Ministry of Scientific Research and Innovation for their permission to conduct this research.
Thanks to the SEFAC group for supporting this project and in particular Alberto Saviolo, Francesco
Falcucci, and the field team for assisting with the data collection and the field logistics. We thank
Davy Fonteyn and Sarah Tossens for their advice throughout this work as well as Mireille de Graeuwe

and Arno Faivre for their help with the statistical analysis.



References

Abernethy, K.A., Coad, L., Taylor, G., Lee, M.E., Maisels, F., 2013. Extent and ecological consequences of
hunting in Central African rainforests in the twenty-first century. Philos. Trans. R. Soc. B Biol. Sci. 368, 20120303.
https://doi.org/10.1098/ rstb.2012.0303.

Barnes, R.F.W., Beardsley, K., Michelmore, F., Barnes, K.L., Alers, M.PT.,, Blom, A., 1997. Estimating forest
elephant numbers with dung counts and a Geographic Information System. J. Wildl. Manage. 61, 1384-1393.
https://doi.org/10.2307/3802142.

Beirne, C., Meier, A.C., Brumagin, G., Jasperse-sjolander, L., Lewis, M., Masseloux, J., Myers, K., Fay, M.,
Okouyi, J., White, L.J.T., Poulsen, J.R., 2020. Climatic and resource determinants of forest elephant movements.

Front. Ecol. Evol. 8, 1-14. https://doi.org/10.3389/fev0.2020.00096.

Bekhuis, PD.B.M., De Jong, C.B., Prins, H.H.T., 2008. Diet selection and density estimates of forest buffalo in
Campo-Ma’an National Park. Cameroon. Afr. J. Ecol. 46, 668-675.
https://doi.org/10.1111/j.1365-2028.2008.00956.x.

Blake, S., 2002. Forest buffalo prefer clearings to closed-canopy forest in the primary forest of northern

Congo. Oryx 36, 81-86. https://doi.org/10.1017/ S0030605301000011.

Blake, S., Deem, S.L., Strindberg, S., Maisels, F., Momont, L., Isia, I.B., Douglas- Hamilton, I., Karesh, W.B.,
Kock, M.D., 2008. Roadless wilderness area determines forest elephant movements in the Congo Basin. PLoS

One 3, e3546.

Blake, S., Inkamba-Nkulu, C., 2004. Fruit, minerals, and forest elephant trails: do all roads lead to Rome?

Biotropica 36, 392-401. https://doi.org/10.1646/03215.

Blaser, J., Sarre, A., Poore, D., Johnson, S., 2011. Status of tropical forest management 2011. Yokohama,

Japan.

Bortolamiol, S., Cohen, M., Jiguet, F., Pennec, F., Sequya, A., Krief, S., 2016. Chimpanzee non-avoidance of

hyper-proximity to humans. J. Wildl. Manage. 80, 924-934. https://doi.org/10.1002/jwmg.1072.

Brock, R.E., Kelt, D.A., 2004. Influence of roads on the endangered Stephens’ kangaroo rat (Dipodomys
stephensi): are dirt and gravel roads different ? Biol. Conserv. 118, 633-640.
https://doi.org/10.1016/j.biocon.2003.10.012.

Brodie, J.F., Giordano, A.J., Zipkin, E.F., Bernard, H., Mohd-azlan, J., Ambu, L., 2015. Correlation and
persistence of hunting and logging impacts on tropical rainforest mammals. Conserv. Biol. 29, 110-121.

https://doi.org/10.1111/cobi.12389.



Campos-Arceiz, A., Blake, S., 2011. Megagardeners of the forest - the role of elephants in seed dispersal. Acta

Oecologica 37, 542-553. https://doi.org/10.1016/j. actao.2011.01.014.

Carvalho, F., Lourengo, A., Carvalho, R., Alves, P.C., Mira, A., Beja, P, 2018. The effects of a motorway on
movement behaviour and gene flow in a forest carnivore: Joint evidence from road mortality, radio tracking

and genetics. Landsc. Urban Plan. 178, 217-227. https://doi.org/10.1016/j.landurbplan.2018.06.007.

Ceballos, G., Ehrlich, PR., Dirzo, R., 2017. Biological annihilation via the ongoing sixth mass extinction
signaled by vertebrate population losses and declines. Proc. Natl. Acad. Sci. 114, E6089-E6096.
https://doi.org/10.1073/pnas.1704949114.

Chen, H.L., Koprowski, J.L., 2019. Can we use body size and road characteristics to anticipate barrier effects

of roads in mammals ? A meta-analysis. Hystrix 30, 1-7. https.//doi.org/10.4404/hystrix.

Clark, C.J., Poulsen, J.R., Malonga, R., Elkan, PW., 2009. Logging concessions can extend the conservation
estate for central African tropical forests. Conserv. Biol. 23, 1281-1293.

https://doi.org/10.1111/j.1523-1739.2009.01243.x.

Corria-Ainslie, R., Camarero, J.J., Toledo, M., 2015. Environmental heterogeneity and " dispersal processes
influence post-logging seedling establishment in a Chiquitano dry tropical forest. For. Ecol. Manage. 349, 122-

133. https://doi.org/10.1016/j. foreco.2015.03.033.

Cértes, M.C., Uriarte, M., 2013. Integrating frugivory and animal movement: a review of the evidence and

implications for scaling seed dispersal. Biol. Rev. 88, 255-272.éhttps://doi.org/10.1111/j.1469-
185X.2012.00250.x.

Dirzo, R., Young, H.S., Galetti, M., Ceballos, G., Isaac, N.J.B., Collen, B., 2014. Defaunation in the
Anthropocene. Science 345, 401-406. https://doi.org/10.1126/ science.1251817.

Doherty, T.S., Hays, G.C., Driscoll, D.A., 2021. Human disturbance causes widespread disruption of animal

movement. Nat. Ecol. Evol. 5, 513-519. https://doi.org/ 10.1038/5s41559-020-01380-1.

Eba’a Atyi, R., Hiol Hiol, F., Lescuyer, G., Mayaux, P,, Defourny, P, Bayol, N., Saracco, F., Pokem, D., Sufo

Kankeu, R., Nasi, R., 2022. Les foréts du bassin du Congo : état des foréts 2021. Bogor, Indonésie.

Estéve, J., Killmann, W., 2005. Regional code of practice for reduced-impact forest harvesting in tropical

moist forests of West and Central Africa. Food Agriculture Org.
Faure, J.-J., 1989. Le Cameroun et ses foréts. 1re partie : le cadre naturel. Rev. For. frangaise 41, 533-544.

Foerster, S., Wilkie, D.S., Morelli, G.A., Demmer, J., Starkey, M., Telfer, P, Steil, M., Lewbel, A., 2011. Correlates
of bushmeat hunting among remote rural households in Gabon, Central Africa. Conserv. Biol. 26, 335-344.

https://doi.org/10.1111/j.1523- 1739.2011.01802.x.



Fonteyn, D., Vermeulen, C., Deflandre, N., Cornelis, D., Lhoest, S., Houngbegnon, F., ~ Doucet, J.-L., Fayolle,
A., 2021. Wildlife trail or systematic? Camera trap placement has little effect on estimates of mammal diversity

in a tropical forest in Gabon. Remote Sens. Ecol. Conserv. 7, 321-336. https.//doi.org/10.1002/rse2.191.

Haurez, B., Petre, C., Vermeulen, C., Tagg, N., Doucet, J.-L., 2014. Western lowland gorilla density and nesting
behavior in a Gabonese forest logged for 25 years: implications for gorilla conservation. Biodivers. Conserv. 23,

2669-2687. https:// doi.org/10.1007/510531-014-0743-1.

Haurez, B., Tagg, N., Petre, C.-A., Brostaux, Y., Boubady, A., Doucet, J., 2018. Seed dispersal effectiveness of
the western lowland gorilla (Gorilla gorilla gorilla) in Gabon. Afr. J. Ecol. 56, 185-193.
https://doi.org/10.1111/aje.12449.

Hill, J.E., Devault, T.L., Belant, J.L., 2021. A review of ecological factors promoting road use by mammals.
Mamm. Rev. 51, 214-227. https://doi.org/10.1111/mam.12222. Jones, A., Breuning-Madsen, H., Brossard, M.,
Dampha, A., Deckers, J., Dewiite, O., Gallali, T., Hallett, S., Jones, R., Kilasara, M., Le Roux, P, Micheli, E.,
Montanarella, L., Spaargaren, O., Thiombiano, L., van Ranst, E., Yemefack, M., Zougmoré, R., 2013. Soil atlas of

Africa.

Klaus-Hiigi, C., Klaus, G., Bernhard, S., Konig, B., 1999. Feeding ecology of a large social ~ antelope in the
forest. Oecologia 119, 81-90. https.//doi.org/10.1007/ s004420050763.

Kleinschroth, F., Healey, J.R., 2017. Impacts of logging roads on tropical forests. Biotropica 49, 620-635.
https://doi.org/10.1111/btp.12462.

Laurance, W.F.,, Croes, B.M., Tchignoumba, L., Lahm, S.A., Alonso, A., Lee, M.E., Campbell, P, Ondzeano, C.,
2006. Impacts of roads and hunting on central African rainforest mammals. Conserv. Biol. 20, 1251-1261.

https://doi.org/10.1111/j.1523- 1739.2006.00420.x.

Laurance, W.F., Goosem, M., Laurance, S.G.W., 2009. Impacts of roads and linear clearings on tropical forests.

Trends Ecol. Evol. 24, 659-669. https://doi.org/ 10.1016/j.tree.2009.06.009.
Letouzey, R., 1985. Notice de la carte phytogeographique du Cameroun au 1: 500,000 (1985).

Lhoest, S., Fonteyn, D., Dainou, K., Delbeke, L., Doucet, J.L., Dufréne, M., Josso, J.F., Ligot, G., Oszwald, J.,
Rivault, E., Verheggen, F., Vermeulen, C., Biwolé, A., Fayolle, A., 2020. Conservation value of tropical forests:
distance to human settlements matters more than management in central Africa. Biol. Conserv. 241, 1-11.

https://doi.org/10.1016/j.biocon.2019.108351.

Matthews, A., Matthews, A., 2004. Survey of gorillas (Gorilla gorilla gorilla) and chimpanzees (Pan
troglodytes troglodytes) in Southwestern Cameroon. Primates 45, 15-24. https://doi.org/10.1007/5s10329-003-
0058-4.



Matthews, A., Matthews, A., 2006. Inventory of large and medium-sized mammals in south-western
Cameroon/Inventaire des mammiféres de moyenne et de grande taille dans le sud-ouest Cameroun. Mammalia

70, 276-287. https://doi.org/10.1515/ MAMM.2006.041.

Morgan, D., Mundry, R., Sanz, C., Eyana, C.E., Strindberg, S., Lonsdorf, E., Kiihl, H.S., 2018. African apes
coexisting with logging : Comparing chimpanzee (Pan troglodytes troglodytes) and gorilla (Gorilla gorilla
gorilla) resource needs and responses to forestry activities. Biol. Conserv. 218, 277-286. https://doi.org/

10.1016/j.biocon.2017.10.026.

Mubhly, T.B., Semeniuk, C., Massolo, A., Hickman, L., Musiani, M., 2011. Human Activity Helps Prey Win the
Predator-Prey Space Race. PLoS One 6, e17050.

Mullu, D., 2015. Scent-Marking by the African Civet Civettictis civetta in Arba Minch Forest, Nech Sar National
Park. Ethiopia. J. Biol. Agric. Healthc. 5, 178-186. https:// doi.org/10.4314/jbah.v5i11.26.

Naude, V.N., Becker, F.S., Mayberry, J.L., Vieira, W.F., Toit, J.T., 2019. Logging roads as surrogates for elephant
trails: Facilitating social signaling by small forest ungulates despite increasing risks. Conserv. Sci. Pract. 1, 1-8.

https://doi.org/10.1111/ csp2.43.

Nummelin, M., 1990. Relative habitat use of duikers, bush pigs, and elephants in virgin and selectively
logged areas of the Kibale Forest. Uganda. Trop. Zool. 3, 111-120.
https://doi.org/10.1080/03946975.1990.10539455.

Réjou-méchain, M., Mortier, F., Bastin, J., Cornu, G., Barbier, N., Bayol, N., Bénédet, F., Bry, X., Dauby, G.,
Deblauwe, V., Doucet, J.-L., Doumenge, C., Fayolle, A., Garcia, C., Kibambe Lubamba, J.-P, Loumeto, J.-J.,
Ngomanda, A., Ploton, P, Sonké, B., Trottier, C., Vimal, R., Yongo, O., Pélissier, R., Gourlet-Fleury, S., 2021.
Unveiling African rainforest composition and vulnerability to global change. Nature 593, 90-94.

https://doi.org/10.1038/541586-021-03483-6.

Roever, C.L., Boyce, M.S., Stenhouse, G.B., 2010. Grizzly bear movements relative to roads: application of step

selection functions. Ecography 33, 1113-1122. https:// doi.org/10.1111/j.1600-0587.2010.06077.x.

Roy, P.S., Ramachandran, R.M., Paul, O., Thakur, PK., Ravan, S., Behera, M.D., Sarangi, C., Kanawade, V.P,
2022. Anthropogenic land use and land cover changes — A review on its environmental consequences and

climate change. J. Indian Soc. Remote Sens. 50, 1615-1640. https://doi.org/10.1007/5s12524-022-01569-w.

Stokes, E.J., Strindberg, S., Bakabana, P.C., Elkan, PW., lyenguet, F.C., Madzoke, B., Malanda, G.A.F.,
Mowawa, B.S., Moukoumbou, C., Ouakabadio, F.K., Rainey, H.J., 2010. Monitoring great ape and elephant

abundance at large spatial scales: measuring effectiveness of a conservation landscape. PLoS One 5, e10294.



Tchakoudeu Kehou, S., Dainou, K., Lagoute, P, 2021. The reasons great ape populations are still abundant in
logged concessions: Environmental drivers and the influence of management plans. For. Ecol. Manage. 483,

118911 https://doi.org/10.1016/j. foreco.2020.118911.

Tobler, M.W., Anleu, R.G., Carrillo-percasteqgui, S.E., Santizo, G.P, Polisar, J., Hartley, A. Z., Goldstein, 1., 2018.
Do responsibly managed logging concessions adequately protect jaguars and other large and medium-sized
mammals? Two case studies from Guatemala and Peru. Biol. Conserv. 220, 245-253.

https://doi.org/10.1016/]. biocon.2018.02.015.

Tossens, S., 2021. Evaluation de I'impact de 'exploitation forestiere selective sur la biodiversité
mammalienne a l'aide de piéges photographiques et de capteurs acoustiques dans le sud-est du Cameroun.

Gembloux Agro-Bio Tech (Université de Liége)

Tracey, J.A., Bevins, S.N., VandeWoude, S., Crooks, K.R., 2014. An agent-based movement model to assess the
impact of landscape fragmentation on disease transmission. Ecosphere 5, 1-24.

https://doi.org/10.1890/ES13-00376.1.

van der Hoeven, C.A., de Boer, W.F., Prins, H.H.T., 2010. Roadside conditions as predictor for wildlife crossing
probability in a Central African rainforest. Afr. J. Ecol. 48, 368-377.
https.//doi.org/10.1111/j.1365-2028.2009.01122.x.

Vanleeuwe, H., Gautier-Hion, A., 1998. Forest elephant paths and movements at the Odzala National Park,
Congo: the role of clearings and marantaceae forests. Afr. J. Ecol. 36, 174-182. https://doi.org/10.1046/}.1365-
2028.1998.00123.x.

Vanthomme, H., Kolowski, J., Korte, L., Alonso, A., 2013. Distribution of a community of mammals in relation
to roads and other human disturbances in Gabon, central Africa. Conserv. Biol. 27, 281-291.

https://doi.org/10.1111/cobi.12017.
White, F., 1983. The vegetation of Africa. UNESCO.

Wrege, PH., Rowland, E.D., Thompson, B.G., Batruch, N., 2010. Use of acoustic tools to reveal otherwise
cryptic responses of forest elephants to oil exploration. Conserv. Biol. 24, 1578-1585.

https://doi.org/10.1111/j.1523-1739.2010.01559.x.



