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Abstract: This study focuses on identifying and assessing the extent of anthropogenic
disturbance factors directly affecting the forests of northwestern Virunga. It posits that the
army camps within the forest are a hotspot for expanding human activities in the context of
armed conflict. A multiscalar approach was used to examine disturbances across multiple
levels to capture their complex interaction and to avoid oversimplified interpretations.
This approach included an analysis of the dynamics and spatial structure of the forest
cover from 2016 to 2023, along with an inventory of the local disturbance factors. The
study focused on seven study sites hosting army camps, namely Mikuha, Lahe, Pk26, and
Ngite within Virunga National Park, as well as Mamundioma, PK2, and Kinziki in its
periphery. The findings show that the installation of army camps did not lead to significant
forest fragmentation. Except for Mamundioma, all the other sites showed an increase in
forest areas, due to the aggregation of remaining forest patches during periods of insecurity.
However, this trend toward passive forest restoration does not offset disturbances. It merely
reflects a slowdown in the conversion of forest areas to other land uses. Nine anthropogenic
factors contribute to forest disturbances, with cash crops (74.17%), food crops (72.50%), and
trees cut down for energy (61.61%) being the most prominent. Other contributing factors
include carbonization (31.67%), fire use (30.00%), sawn timber (26.67%), path creation (17.50%),
exotic tree species introduction (10.00%), and the establishment of invasive species (11.67%).
Spatial analysis provides a partial explanation for such forest disturbances. Its exhaustive
description would require a mix of spatial data and field observations.

Keywords: Virunga National Park; degradation; land use; insecurity; disturbance inventory

1. Introduction

In the Democratic Republic of Congo, deforestation and forest degradation are sig-
nificant threats to the carbon balance, biodiversity, and management of protected areas.
Forest cover changes have been extensively documented and continue to be studied using
the tools and data provided by remote sensing and geographic information systems [1-7].
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Many studies have concentrated on deforestation rather than forest ecosystem degradation
itself. This is largely due to the simplicity of mapping and quantifying areas of canopy
loss using satellite imagery. However, there is often a paucity of information regarding the
contribution of other disturbance drivers, which are inherently challenging to represent
spatially [7,8].

Slash-and-burn agriculture has traditionally been documented as the main driver
of forest cover change in both the DRC and Congo Basin [9,10]. However, despite this
evidence, other factors also contribute to forest cover change. These include artisanal
and/or industrial mining, the search for fuelwood, and artisanal and/or industrial timber
extraction [11]. These factors vary across regions and change over time, shaped by the
specific socio-economic dynamics of each region [12]. For example, ref. [10] noted that,
unlike other tropical regions, deforestation in Africa is driven by cash crops and mining.
This type of deforestation is often difficult to spatially separate from deforestation driven
by shifting agriculture, which is characterized by small-scale clearing and anthropogenic
fire. Similarly, ref. [9] indicated that, in the Congolese forest ecosystem, resource extractions
and land use with minimal spatial footprints are not directly detectable, even in high
spatial resolution images. Thus, the relationship between forest disturbance fractions and
specific anthropogenic or natural drivers remains poorly documented [11]. Identifying
the inferred human pressures around protected areas, such as Virunga National Park, is
important for understanding authorization. It is also important for the preservation of park
resources [13].

The northwestern Virunga landscape is distinguished by robust endogenous economic
dynamism and a climate of insecurity characterized by significant unpredictability. This
landscape is home to Virunga National Park, a World Heritage site with important ecolog-
ical, economic, and climatic functions [14]. Its total economic value is estimated at over
USD 48 million [15]. The northwestern Virunga landscape requires scientific attention
due to its potential as an ecological corridor between the Ituri forest massif and Virunga
National Park. For over two decades, this landscape has been subjected to anthropogenic
pressures from many sources. Its population experiences an annual growth rate exceeding
the national average. It remains predominantly reliant on the exploitation of natural forest
ecosystems for sustenance and energy. This reliance extends to all activities contributing to
local economic development [16].

Since 1997, the northwestern Virunga landscape has faced insecurity due to the pres-
ence of national and foreign armed groups, notably the Alliance of Democratic Forces
(ADF). Since 2010, the security situation in the region has deteriorated further with the
activism of the ADF terrorist group from Ugandan. The Global Forest Watch system warns
of deforestation and the degradation of forests in and around Virunga National Park despite
ongoing insecurity, as well as its impact on farming activities. In theory, these disturbances
would be associated with the reinforcement of security arrangements, particularly estab-
lishing military camps in the forest zone. This would enable the local population to carry
out their activities during the war period. The presence of military camps would first
lead to localized deforestation, which would then spread because of the concentration of
human activities within a radius considered secure by the army. However, the relationship
between forest transitions and armed conflict is intricate and multifaceted [17]. A more
comprehensive grasp of these elements, particularly in the context of the ongoing armed
contflict, is vital for the formulation of post-conflict forest management strategies within
this landscape [9,11,18].

The following four fundamental questions were formulated to understand the forest
disturbances in northwestern Virunga: (1) In the context of the ongoing armed conflict, is
the establishment of military camps within and around Virunga National Park contributing
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to the deforestation and subsequent disruption of forest ecosystems? (2) What key local
anthropogenic factors drive forest disturbances? (3) How are local disturbance factors
spatially distributed within Virunga National Park under protection and in its periphery,
which is free of access? (4) How does access to different disturbed regions within and
surrounding Virunga National Park affect the frequency of the disturbance factors?

The following four hypotheses were defined based on the four research questions:
(1) In the current context of insecurity in northwestern Virunga, forest disintegration inten-
sified after the creation of the security infrastructure compared with the period preceding
its installation. This may be due to the possibility of intensification of agricultural and
resource extraction activities by the local people, who benefit from the security provided
by the presence of the security forces. (2) Given the economic stakes and urbanization,
cash crops—mainly cocoa—and the exploitation of firewood and timber are the main
factors disturbing the natural forests in the northwestern Virunga landscape. (3) Given the
diversity and dispersion of human activities across the landscape, human disturbance of
natural forest ecosystems in this landscape is randomly distributed and has no discernible
correlation with distance from access roads. (4) Access to specific disturbed areas in and
around Virunga National Park affects both the frequency and nature of human disturbance.
Thus, timber extraction is a greater source of disturbance than cash crops in Virunga Na-
tional Park due to the availability of resources and the monitoring of agricultural activities
in the park.

This study proposes a global framework to better understand the relationship between
forest cover changes and local root factors in northwestern Virunga. Firstly, it uses spatial
data to assess the impact of security measures on forest dynamics, particularly in the
Middle Semuliki forest region. Secondly, it aims to identify, categorize, and analyze the
prevalence of human-induced factors contributing to forest disturbances, with an emphasis
on the direct factors of deforestation and forest degradation as defined by ref. [19].

2. Materials and Methods
2.1. Study Area and Data Collection Sites

The present study concentrated primarily on the Middle Semuliki forest region of the
northwest Virunga landscape, as delineated by [20]. The Beni-Kasindi and Beni-Bunia
roads circumscribe this forest region. The Middle Semuliki region was selected based on
the vegetation gradient that characterizes the northern part of Virunga National Park in
the Beni region. This gradient is reflected in the distribution of the forest cover, which is
dominant in the extreme north (Figure 1). The study area is characterized by the prevalence
of rainfall throughout the year, with a slight decrease between January and March and
between June and August. It receives between 1200 and 2000 mm of rainfall annually, with
an estimated average of 1600 mm. The temperature varies between 20 and 30 °C, with an
average of 25 °C. The population of the region is estimated at over 2 million, concentrated
in the urban centers of Beni and Butembo, as well as the rural communes of Oicha, Kasindi,
and Mangina [21].

Data collection sites were identified using a combination of methods, including re-
viewing the relevant literature, informal interviews with local stakeholders in Beni (farmers
and authorities of sectors and territory), and deforestation alerts provided by the Global
Forest Watch system (https:/ /www.globalforestwatch.org, accessed on 2 March 2024). The
literature review provided an overview of the anthropogenic factors affecting tropical forest
ecosystems. The Global Forest Watch system was used to pre-identify potential study
sites based on deforestation alerts. The interviews were conducted to check whether the
areas targeted by the study would be easily accessible to the population in the context of
insecurity, as well as to determine whether accessibility and any related activities would be
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linked to the presence of security forces. They also provided an opportunity for a general
discussion on the various activities carried out in the target areas, which would be subject
to verification in the field. These interviews were also used to assess the region’s security
level. Security was identified in this study as a key indicator of the intensification of human
activities in a forest area. As a result of these discussions, the seven pre-identified sites
were validated (see Figure 1). These sites also house military camps within the forest.
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Figure 1. (A) Study sites in the Middle Semuliki region in the northwestern Virunga landscape:
Kinziki (0.649292-29.548510°), Mamundioma (0.666242-29.630453°), PK25 (0.679734-29.650058°) in
Virunga National Park; Mikuha (0.511841-29.581330°), Lahe (0.532963-29.572107°), PK26 (0.688012—
29.672113°), Ngite (0.573233-29.518436°) in periphery of Virunga National Park; (B) illustration of
the sample plots for the inventory of disturbance factors on a transect adapted from [22].

2.2. Method

This study used a multiscalar approach drawing on the following two key global
observations: the dynamics of the northwestern landscape described by [23] and the
deforestation warnings often provided by the Global Forest Watch system. It examined
the fragmentation of forest landscapes under the influence of army installations and the
local factors contributing to the observed disturbances [24]. A diachronic analysis was
used to map and quantify forest cover changes and assess forest configuration and spatial
transformation processes. Furthermore, the study employed a transect approach [25]
to identify local disturbance factors impacting the forest landscape, including those less
detectable through spatial imagery. The analysis of forest dynamics focused on seven sites,
while disturbance factors were analyzed across six sites. This difference is attributed to the
insecurity of one PK26 during data collection on disturbance factors.
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2.2.1. Forest Cover Fragmentation Analysis Around the Study Sites

Landscape fragmentation was analyzed in Lahe, Mikuha, Mamundioma, PK25, PK26,
Ngite, and Kinziki (Figure 1) from 2016 to 2023 to test the first hypothesis. This observation
period was chosen due to the significant deployment of the Democratic Republic of Congo
Armed Forces (FARDC) in the region to combat the Alliance of Democratic Forces (ADF)
terrorist group. Additionally, the availability of high-resolution geospatial imagery was
another criterion in the selection of this period. Informal discussions with the residents
revealed that several security force installations had been established in the remote forest
region between 2015 and 2021. For this analysis, only the main camps established between
2018 and 2019 and located in and around the northern forest massif of Virunga National
Park were considered. Landscape fragmentation was carried out over the following three
periods: before the establishment of the camps (with 2016 as the reference period), during
the approximate period of camp establishment (with 2019 as the reference period), and after
camp establishment in 2023. A circular area, with a radius of one kilometer corresponding
to 314 hectares, was defined around each study site by adapting the approach previously
used by [26-28]. This radius was determined based on two reasons. Firstly, discussions with
the local people indicated that this distance would be optimal for carrying out agricultural
work or extracting forest resources in complete safety. Secondly, the Euclidean distance
between the army camps varied between 2 and 3 km.

e  Processing spatial reference data

All the images used in this study were obtained from the Planet collection. Planet
is a commercial company that operates a constellation of more than 175 standardized
nanosatellites, collectively known as PlanetScope. The satellites provide daily high spatial
resolution (3 m) images in four spectral bands, including three in the visible (red, green,
and blue) bands and one in the near-infrared (NIR) band [29,30]. Planet images detect
small changes better than the 30 m spatial resolution Landsat images, which are often used
to analyze deforestation [29]. Due to this fine resolution, Planet images were used for our
study. Spatial processing was performed using the Google Earth Engine. For each period
of investigation, a false-color composite image was created based on the median pixel
values of all the images available throughout the year of observation and the supervised
classification [31]. A supervised classification was then used to map land cover at each site,
distinguishing between the forest and non-forest categories. The “forest” category included
mature and secondary forests in this classification. In contrast, the “non-forest” category
included fields with food crops and areas lacking tree cover. The Random Forest algorithm
was used because of its high classification accuracy.

A total of 300 training points were used. Of these, 220 points were used to train the
classification model, with 120 points for the forest class and 100 points for the non-forest
class. These training points were collected in the field and by visually analyzing the Planet
images based on our knowledge of the land.

e  C(lassification accuracy

A random sample of 80 points, with 40 points per land use class, was selected from a
set of 300 control points collected in the field. This sample was used as a reference to assess
the accuracy of the land use maps produced for each site. The accuracy of the land use
maps was determined by conventional indices including overall accuracy, user accuracy,
and producer accuracy. The indices were calculated using Equations (1) and (2) from [32].
Tables 1 and Al present the overall accuracy of the classification for each site.
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Table 1. Accuracy of land cover based on supervised classification (refer to Table A1 in the Appendix A
for details pertaining to user and producer accuracy).

Overall Accuracy

Year

Kinziki

Lahe Mamundioma Mikuha Nite PK25 PK26

2016

0.85

0.93 0.95 0.81 0.89 0.99 0.88

2019

0.84

0.80 0.98 0.85 0.93 0.96 0.94

2023

0.88

0.91 0.98 0.90 0.88 0.94 0.90

e  Structural analysis of the forest landscape on disturbed sites

The spatial data analysis primarily focused on assessing changes in the composition
and configuration of the forest class using several spatial structure indices. The selection of
these indices was based on the principles of providing a coherent representation of land-
scape characteristics over time and the minimization of information redundancy [33]. In this
regard, ref. [34] proposed a classification of indices for the study of landscape structure, in-
cluding the following categories: (1) area/density/edge metrics; (2) shape metrics; (3) core
area metrics; (4) isolation and proximity metrics; (5) diversity metrics; and (6) interception
metrics. This study used three indices derived from the “area/density/edge” classifi-
cation primarily because of their enhanced ability to represent landscape structure in
composition and configuration (Table 2). Additionally, three indices derived from the
“area/density /edge” classification—area, number of patches, and perimeter—were used to
examine the landscape transformation processes.

Table 2. Landscape parameters, description, unit of measurement, and landscape pattern facet.

Equation

Description Unit Landscape Pattern Facet

PLAND = L%

The proportion of landscape
occupied by each class. Measure
the dominance. A = total area
of landscape

Percent =~ Composition

Largest Patch Index(LPI) =

The ratio of the area of the largest
patch of forest to the total area of ~ _ Configuration

MAX (aif)
A
the landscape

Mean Patch Size = %

The average forest patches into the
landscape. n = total number of
forest patches, ai = area of the
individual patches.

Configuration

The spatial transformation process of the forest cover was determined by applying the
decision tree method of [35], based on the analysis of the variation in surface area, perimeter,
and number of patches within a given class between two observation periods. This decision
tree defines the following ten spatial transformation processes: aggregation, attrition,
creation, deformation, dissection, enlargement, fragmentation, perforation, displacement,
and shrinkage. The ratio of the total area of the forest class in different periods was obtained
from Equation (1) (tabs) in [35]. This ratio was used to distinguish fragmentation from other
spatial transformation processes. A theoretical threshold of 0.75 was applied to facilitate
this distinction. A ratio above 0.75 indicated fragmentation, whereas a ratio below this
threshold indicated dissection.
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2.2.2. Identification and Inventory of Disturbance Factors in Natural Forest Ecosystems

A list of potential disturbance factors for forest ecosystems within and around pro-
tected areas was developed in several stages. The initial compilation of the list was based
on the existing literature [22,36,37]. Particular attention was paid to categorizing the factors
related to deforestation and forest degradation provided by [11]. To complete the list, direct
field observations and interviews with local stakeholders were conducted during the field
exploration mission in September 2022. Thus, 12 potential disturbance factors and their
characteristic indicators in the field were defined (Table 3).

Table 3. Factors and indicators of disturbance.

Disturbance Factors

On-Site Indicators

A stump and/or trunk of a felled tree is present, with evidence of previous use for firewood

Cut trees or construction material rather than timber.

Crops such as rice, beans, maize, and ground nuts or other crops for direct consumption by
Food crops .

the local population are present.

Cash crops, in particular cocoa, coffee, palm, and papaya, have been introduced into the
Cash crops . s . .

landscape, and their produce is intended for export or for local industry to make a profit.
Burn area A tree trunk with evidence of fire or ash, showing that a fire has spread locally or widely,

is present.
Carbonization A charcoal kiln is present, either actively producing charcoal or already in use with

charcoal residues.

Sawn timber

The presence of a tree being sawn or sawdust indicates the production of boards and rafters,

which is synonymous with artisanal timber harvesting.

Path

There is access for local people through the forest.

Isolated bush dwelling

There is an isolated building in the forest.

Artisanal mining

Artisanal mining quarries are present, either abandoned or in the process of being exploited.

Invasive species

Chromoleana odorata is present.

Exotic tree

An exotic tree species (Eucalyptus sp., Grevillea robusta, etc.) is present, which was introduced
into the natural ecosystem by the local people.

Livestock

A grazing area and livestock facilities are present.

An inventory of disturbance factors was carried out at Mikuha, Lahe, Kinziki, Pk25,
Mamundioma, and Ngite. It was carried out by adapting the transect method initially used
by [25] in the Tapia forest of Madagascar and subsequently used by [38,39] in Cote d'Ivoire
and Burundi, respectively. At each site, two transects were established, each 1000 m in
length and 25 m in width (see Figure 1). The transect was oriented perpendicularly to the
access road and was subdivided into ten contiguous 100 m plots, i.e., 0.25 hectare per plot.
In total, 12 transects were established, covering 30 hectares. Human disturbances were
observed, categorized, and recorded in each plot. The data were recorded as binary data,
where 1 represented the presence of a particular form of disturbance and 0 its absence [38,39].
The data collected allowed us to test the second, third, and fourth hypotheses. Only factors
recorded in the field based on indicators were analyzed. Factors with zero frequency
of occurrence were excluded in the analysis, as they would not provide any relevant
information on the perturbations observed.

The second hypothesis was therefore evaluated by analyzing the relative frequencies
of occurrence of the disturbance factors to highlight the prevalence of each factor. The
Friedman test was used to determine whether there were differences in the frequencies
of occurrence of the observed disturbance factors. Friedman’s post hoc test was used to
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compare the different factors in pairs and assess their statistical similarity. Finally, the x>
test for independence of variables [25] was used to examine the interaction between the
disturbance factors.

In addition, the generalized linear model with Bernoulli distribution was used to
test the third hypothesis, i.e., to determine the probability of the occurrence of a distur-
bance as a function of the distance from the access roads, using the following equation:
Y =1/(1+ e (—(b0 + b1X))), where Y is the probability of the occurrence of a disturbance
on a plot at distance X, b0 is the intercept, and b1 is the coefficient associated with the
distance variable. The fourth hypothesis was assessed through a two-step approach. First,
a chi-squared test of independence was performed between the disturbed sites and the dis-
turbance factors. Secondly, a factorial correspondence analysis (FCA) was used to analyze
the relationships between the disturbance factors and the sites. In our case, the FAC empha-
sized the proximity or distance between the various modalities of two variables—the type
of disturbance and the sites. A factorial map was generated to facilitate the interpretation
of the results.

3. Results
3.1. Forest Cover Change and Spatial Transformation Processes

Figures 2 and 3 illustrate the spatial and temporal changes in the forest and non-forest
areas across the seven study sites in Virunga National Park and its periphery. Over the
eight years of observation, a general trend of increasing forest cover was observed in six of
the sites, with a notable disparity between them (p-value < 0.05).

Y/2016

Y/2019

Y/2023

A Campsofarmy  Non-forest [Jl] Forest

Figure 2. Land use around security force camps in Virunga National Park (Y = year).

The forest area trend reveals a significant shift before the armed camps’ establishment.
Except for Mamundioma, all the other sites show an increasing trend in forest cover. This
suggests that fewer forests have been converted into farmland since the beginning of the
security crisis in Beni (see Figure 4 and Table A4). However, Ngite shows a low rate of
forest cover compared to the other sites.
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Mamundioma Kinziki
Y/2016
Y/2019
Y/2023
A Camps of army Non-forest . Forest | ; |
Figure 3. Land use around security force camps on outskirts of Virunga National Park (Y = year).
90 —&— Kinziki
90 Lahe —o— Mamundioma
0 —a— Mikuha %0 | —a&— PK25
~ 70 —— Ngite @
S —e—PK26 S 70
g %0 g
z 4
% 50 5 60 1
= ~
&~ 40
50 A
30
20 A i , 40 + T ]
2016 2019 2023 2016 2019 2023

@) (b)

Figure 4. Forest cover: (a) represents the sites located in the park, and (b) represents the sites situated
on the periphery of the park. Each site has an area of 314 hectares.

Figures 5 and 6 visually represent the landscape structure observed at each study site.
The largest patch index (LPI) increased at all the disturbed sites within Virunga National
Park, as well as Kinziki and PK25 in the park’s periphery. However, the LPI decreased in
Mamundioma. A similar trend was observed for the mean patch size index, which increased
at all sites in the park, as well as in Kinziki and PK25 situated in the park’s periphery.

From 2016 to 2019, the decrease in forest cover observed in Mamundioma was due to
a spatial process known as attrition, which refers to a reduction in the size and number of
forest patches. The forest cover in Mamundima continued to decrease due to attrition from
2019 to 2023. In contrast, the forest cover increase in Lahe, Ngite, PK25, Kinziki, Mikuha,
and PK26 was mainly due to patch aggregation (Table 4). The aggregation of forest patches
was more dominant after the installation of army camps. This trend can be attributed to
the security measures taken to limit the expansion of farming activities into the newly
accessible forest areas.
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Figure 5. Trend of the Mean Patch Size from 2016 to 2023: (a) the disturbed sites in the park and
(b) the disturbed sites on the park’s periphery. Each site has a surface area of 314 hectares. The year
2016 represents the situation before the camp’s establishment, while 2020 corresponds to the camp’s
operational period. The situation in 2023 illustrates the situation after the camp’s establishment.

07 - —=—Lahe 0.9 —=— Kinziki
0.6 1 —4— Mikuha 0.8 1 —O— Mamundioma
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Figure 6. Trend of the Largest Patch Index (LPI) from 2016 to 2023: (a) the disturbed sites in the park
and (b) the disturbed sites in the park’s periphery. Each site has a surface area of 314 hectares. Each
site has a surface area of 314 hectares.

Table 4. Spatial transformation processes of forest class.

Kinziki Lahe Mamundioma Mikuha Ngite PK25 PK26

STP2016-2019  Dissection Aggregation  Attrition Dissection Aggregation  Aggregation  Aggregation
STP2019-2021  Aggregation Aggregation  Dissection Aggregation  Aggregation  Aggregation  Aggregation

3.2. Forest Landscape Disturbance Factors

Nine disturbance factors were identified in the Middle Semuliki region of northwest-
ern Virunga. These included food crops, cash crops, cut trees, carbonization (charcoal
production), burn area, sawn timber (artisanal timber harvesting), paths, exotic tree intro-
duction, and invasive species establishment. Food crops, cash crops, and cut trees occur
at a frequency of over 50%. Carbonization, burn area, sawn timber, and paths exhibited
intermediate occurrence frequencies ranging from 20% to 50%. Finally, exotic trees and the
establishment of invasive species exhibited frequencies of occurrence below 20%. However,
artisanal mining and livestock farming, which are likely to cause significant alterations to
large natural areas, were not observed within the study area (Table 5).

Moreover, the results of the Friedman test (x> = 303.35 with a p-value < 2.2 x 1071°)
indicated a significant difference in the frequency of occurrence between the disturbance
factors. The post hoc test, which was employed to conduct pairwise comparisons of
the frequencies of the various types of disturbances (Table A3 in the Appendix A), indi-
cated a similarity in the rate of occurrence among cut trees, food crops, and cash crops
(p-value > 0.05). Similarly, carbonization, burn area, sawn timber, and path frequencies



Land 2025, 14, 732

11 of 23

were similar (p-value > 0.05) while remaining distinct from those of the invasive species and
exotic trees. The Friedman post hoc test thus demonstrated the existence of three different
groups of disturbance factors characterized by their respective frequencies of occurrence.

Table 5. Frequency of occurrence of each disturbance factor (N = 120 plots).

Factors of Disturbance Frequency of Occurrence (%)
Cash crops 74.17
Food crops 72.50
Cut trees 61.61
Carbonization 31.67
Burn areas 30.00
Sawn timber 26.67
Path 17.50
Invasive species 11.67
Exotic tree 10.00

3.3. Association Between Disturbance Factors

Table 6 presents the results of the Chi-squared (x?) test of independence between the
distribution of different types of disturbances, as proposed in our second hypothesis. This
hypothesis is based on the sub-hypothesis that disturbances are not caused by isolated
factors, which reflect the intensity of anthropogenic pressure per unit of forest area.

Table 6. Association between factors of disturbance in the northwestern Virunga region (values in
the table represent the results of chi-squared tests for disturbance independence).

Cash Crops Food Crops Carbonization Path R;l::s %‘n‘g‘er Isr;;acsi:!\;e "115"1)-(:0: h
Cut trees 5.33* 24.28 ** 8.13* 3.07 Ns 17.80 * 17.19* 1.19 Ns 1.96 Ns
Cach crops - 5.50 * 1.44 Ns 0.44 Ns 21.54 ** 38.94 ** 1.23 Ns 1.28 Ns
Food crops - - 3.01 Ns 1.49 Ns 5.08 * 2.32 Ns 1.18 Ns 0.58 Ns
Carbonization - - - 1.05 Ns 26.84 ** 10.68 ** 2.71 Ns 3.69 Ns
Path - - - - 1.10 Ns 1.22 2.90 Ns 1.96 Ns
Burn area - - - - - 28.73 ** 1.96 Ns 1.18 Ns
Sawn timber - - - - - - 0.10 Ns 2.73 Ns
Invasive species - - - - - - - 1.20 Ns

Legend: * = significant p-value < 0.05; ** = significant p-value < 0.01, Ns = Non-significant p-value > 0.05.

The results show a statistically significant association between cut trees and several
other variables, notably the cultivation of cash and food crops, fire use, and artisanal timber
harvesting. The association between artisanal wood harvesting and charcoal production
also remained statistically significant. This can be explained by the fact that low-value trees,
which are felled during artisanal harvesting, are directly used for charcoal production.

Furthermore, a statistically significant association was found between food and cash
crops. This suggests that the plots disturbed by food crop production were also widely
used for cash crop production during the survey. Moreover, artisanal timber harvesting,
cash crops, and areas disturbed by burning were also associated. The results showed that
fire occurrence was significantly associated with other forms of disturbances, except for
exotic species, invasive species, and paths. The presence of exotic species, invasive species,
and paths was not found to be directly correlated with other forms of disturbances. This
suggests that these disturbances occur as isolated events.

3.4. Probability of Occurrence of Disturbance Factors in Relation to Distance from an Access Road

Figure 7 and Table A3 in the Appendix A refer to the third hypothesis of the study,
which focuses on predicting the probability of the occurrence of a disturbance factor as
a function of distance from the forest access road (forest track). The figure shows that the
probability of a plot being affected by the expansion of invasive species, especially Chromoleana
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odorata (L.) RM. King & H. Rob, decreases significantly with the distance from the forest
access road (p-value = 0.03). The same trend is observed for food crops (p-value = 0.01). This
pattern can be explained by the security situation in Beni, where farmers feel safer developing
their agricultural activities closer to the access roads than deeper within the forest zone. This
explains the more significant development of food crops near the access roads, which require
human presence. No statistically significant effect of the distance gradient from the forest
access road was observed on the probability of a plot being affected by the cutting of trees
for wood energy (p-value = 0.96), cash crops (p-value = 0.46), fire use (p-value = 0.32), or the
production of charcoal (p-value = 0.38), although a slight decrease in these three disturbance
factors was observed as the distance from the forest access road increased. However, the
distance from the forest access road did not significantly affect the probability of plots being
disturbed by artisanal timber harvesting (p-value = 0.53).
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Figure 7. Evolution of the probability of occurrence of disturbance factors as a function of distance
from forest access road. The X-axis represents the distance in meters, and the Y-axis represents the
probability of occurrence, distance in m (* = significant p-value < 0.05).

3.5. Association Between Disturbance Factors and Degraded Sites

Figure 8 provides an overview of the disturbance factors most significantly associated
with each disturbed site. Dimension 1 accounts for 69.37% of the total variability, with cash
crops, food crops, the expansion of invasive species, and the introduction of exotic trees
on the left, followed by artisanal wood harvesting, fire use, charcoal production, cut trees,
and the path on the right. The central position of food crops indicates that this disturbance
shows minimal variation across the sites. In contrast, charcoal production, fire use, and
artisanal wood harvesting are associated with the Mikuha site in Virunga National Park.
The cut trees are associated with the Lahe site, which is also located in the park. This
disturbance is also found in PK25 at the gateway to the park on the Mbau-Kamango road.
The expansion of cash crops is a distinctive feature of the Mamundioma and Kinziki sites.
The introduction of exotic trees is most closely associated with Ngite in the park.
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Figure 8. Associations between the disturbed sites and the distinctive disturbance factors. Red
represents the local disturbance factors, while blue corresponds to the sites. This figure also illustrates
the expected result of hypothesis 4 of this study. Dimensions 1 and 2 explain the variability of the
data and the oppositions between the variables. The variables nearest to each other on the graph
have similar profiles and are therefore significantly associated.
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4. Discussion
4.1. Effects of Security Measures on Forest Disintegration of the Middle Semuliki Region

The impact of war on ecosystems is not limited to events directly linked to the armed
conflict. It can be related to the defense infrastructure and the fluidity of the exchanges
it involves. The base’s size and the operations’ nature can give rise to a series of anthro-
pogenic impacts. The establishment of a military base typically requires the clearance of
tree vegetation, thereby altering the natural landscape [40,41]. Ref. [42], in their study
of Arunachal Pradesh, identified military bases as the primary source of disturbance in
ecologically sensitive regions with high biodiversity. Contrary to these findings, the most
significant forest disturbance in the Middle Semuliki region occurred before the establish-
ment of defense infrastructures. This is reflected in the gradual increase in the forest cover
observed around these sites. One explanation of this trend of increasing forest area is that
the access and activities in the northwestern forest region of the Virunga landscape are
restricted and/or regulated by the army for security reasons [41]. Another explanation is
that agricultural and resource extraction activities ceased in sites located in remote distances
from villages or towns, motivated by the fear of the risk of violence from armed groups on
the way [18]. The first hypothesis, which posited that forest disintegration would be more
significant after installing security devices than before, is only corroborated by the findings
at Mamundioma. The aggregation of forest patches in the other sites [35] results from
natural regeneration and ecological succession, limiting the dispersal of forest patches.

Moreover, the increase in forest cover within the various study sites does not neces-
sarily indicate the absence of disturbances in northwestern Virunga. Forest regeneration
indicates a slowdown in extensive land conversion areas observed since 2010, following the
activities of the armed terrorist group ADF [23]. Exploration beneath the canopy reveals
indications of prior human activity. This finding is also consistent with the conclusions
of [43], which indicate that shifting cultivation often results in temporary tree loss if the
environmental and socio-economic conditions allow for forest regeneration. In our case,
forest regeneration leads to a natural succession of vegetation, which remains highly vul-
nerable to the resumption of post-conflict human activity. Remote sensing offers a partial
view of forest disturbances. However, combining transect surveys with remote sensing pro-
vides a more comprehensive understanding of the nature and persistence of disturbances,
including those that may be less visible spatially.

4.2. Hierarchy and Association of Disturbance Factors

This study identifies three categories of disturbance factors, classified based on their
frequency of occurrence and highlights their interactions. The first category includes
agricultural-related factors, such as cash crops, food crops, and cut trees. The second
category encompasses the use of fire, sawn timber, and charcoal production. The third
category, which occurs less frequently, comprises forest paths, the expansion of invasive
species, and the introduction of exotic trees into a natural ecosystem. Artisanal mining and
large-scale livestock farming were not observed in the study area.

The prevalence of agricultural disturbance factors in the forest of northwestern
Virunga, particularly in the Middle Semuliki region, can be attributed to two main fac-
tors. Firstly, subsistence farming is a prominent feature of the region’s socio-economic
landscape in the Congo Basin [44]. Secondly, the attraction of the local population to cash
crops further intensifies this preponderance. Cash crops are seen as a crucial economic
resource in Beni region. Overall, agriculture remains the most important economic activity
in the Democratic Republic of Congo, accounting for 69% of the population in 2022 [45].
Therefore, agriculture is the main factor driving the disruption of natural landscapes in
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tropical regions, although its geographical distribution varies depending on whether it is
commercial or subsistence farming [11,46].

The preponderance of cash crops reinforces the assertion made by ref. [11] that com-
mercial agriculture is further transforming the forest landscape in the east of the Democratic
Republic of Congo. The findings of the public opinion analyses conducted by [21] also
indicate that shifting cultivation on unburnt slash, reinforced by cocoa, coffee, and oil palm,
significantly contributes to deforestation in the western region of Beni. While these agricul-
tural practices have substantial economic benefits, they also have considerable ecological
impacts. Our findings, based on inventory and observation techniques, corroborate these
conclusions. The economic value of cash crops, which began to rise significantly in the
1970s, explains their cultivation in forested areas. Since the year 2000, the Beni region has
attracted several companies involved in the promotion of cash crops, including Esco Kivu,
which is involved in the exportation of cocoa and vanilla; Virunga Coffee, which is engaged
in the transformation of coffee; and the Enzyme Refiners Association (ENRA), which is
involved in the production of papaya. These crops, primarily intended for markets in
both developed and developing countries, show that the disruption of forest ecosystems
is closely associated with increased agricultural exports [47]. The adoption of cash crops,
which require a less permanent farmer presence, represents a strategy developed by lo-
cal populations to adapt agriculture to the ongoing security crisis. These findings align
with those of [48], who noted in their report that cocoa cultivation is emerging as a new
driver of deforestation in the eastern Democratic Republic of Congo. Other researchers in
sub-Saharan Africa have reported similar findings. For example, ref. [3] also emphasized
the impact of cash crops on the forests of southeastern Cote d’'Ivoire. Furthermore, the
studies conducted by refs. [22,38,49] have demonstrated that the prevalence of cash crops,
including cocoa, significantly contributes to the degradation of the Haut Sassandra forest
reserve in Cote d’Ivoire. Our findings highlight the central role of cash crops alongside
food crops in driving the degradation of the natural landscape of the Beni region.

Furthermore, the association between cash crops and food crops reflects the local
population’s decision to intensify food and commercial production per unit of land. It
emphasizes the need for sustainable agricultural practices to reduce the pressure on forests.
As posited by [7], the expansion of the agri-food industry in the northwestern Virunga
landscape could pose new challenges in the post-conflict management of intact forests.

In addition, unlike ref. [21], this study shows that tree extraction, mainly for fuelwood
and timber, is also one of the main drivers of natural landscape disturbance. The disparity
between these results, provided by field observations, and those of ref. [21], provided by
surveys, suggests that people’s perceptions may not always align with certain realities on
the ground. This divergence highlights the importance of combining multiple approaches
to better identify the causes of forest ecosystem disturbances in the Beni region. Ref. [50]
made the same observation about the differences between the stakeholders” perceptions
of deforestation and the results of field inventories in southeastern Cote d’Ivoire. Timber
harvesting is not limited to the northwestern Virunga landscape. It has been documented
in other parts of the Democratic Republic of Congo. In the Isangi region, ref. [51] noted
that the decrease in forest cover was also due to the cutting of trees for firewood and
construction use but could nevertheless be compensated for by natural regeneration.

Although fire occurred in less than 50% of cases, it remains a significant factor in the
disturbance of forests in northwestern Virunga. As ref. [52] noted, anthropogenic fires,
often associated with agricultural expansion, are a primary cause of forest disturbances in
the Democratic Republic of Congo. This is consistent with the present results, which show
that burned areas are not isolated but are associated with various other disturbance factors.
Ref. [25] made similar observations in the Tapia Forest in Madagascar. Repeated burning in a
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tropical biome can weaken ecosystem resilience and lead to biodiversity loss. However, the fre-
quency of burned areas is approximately half that of cultivated plots, suggesting that no-burn
agricultural practices remain dominant in the region [21]. In addition, fire is often localized
rather than applied to whole plots to support specific, targeted agricultural intervention.

The expansion of exotic tree species into the natural environment was one of the
disturbances identified in the northwestern Virunga landscape. Since the colonial period,
plantations of Eucalyptus sp. and Grevillea robusta A. Cunn have been established in North
Kivu province. Eucalyptus sp. and Grevillea robusta A. Cunn have spread into natural
areas because of the catalytic effect of urbanization and the scarcity of wood resources
on the local market [53]. The expansion of Eucalyptus sp. has also been recognized by
ref. [54] as a contributing factor in the degradation of natural forest covers in the Ethiopian
region, linked to the economic opportunities that the environment provides. However, in
the northwestern Virunga landscape, the planting of Eucalyptus sp. aligns with economic
considerations and a long-term investment strategy that is more resilient to the disruption
caused by armed conlflict. It provides its owners with two key advantages, specifically long-
term security of tenure despite ongoing security challenges and the sustained economic
viability of the area. However, the expansion of these exotic species can result in a long-term
ecological disaster for natural forests, biodiversity, and soil quality [55]. The loss of soil
fertility can exacerbate the expansion of agricultural activities in natural forests that are
reputed to be fertile [56].

The presence of Chromolaena odorata (L.) RM. King & H. Rob. in disturbed sites, albeit
at a low frequency, indicate the extent of anthropogenic activity. This invasive species
originated in tropical America and is particularly problematic due to its rapid spread
and significant impact on biodiversity and agricultural production [57-59]. It results in
biodiversity loss and contributes to the spread of fires during the dry season. The species is
often influenced by environmental conditions linked to the level of the canopy [59] and can
alter the landscape in Chromolaena odorata (L.) R M. King & H. Rob [60]. Consequently, the
risk of its spread to Virunga must be considered when developing conservation strategies.

The frequency of cash crops, food crops, and fuelwood extraction exceeding 50%
confirms our second hypothesis that these are the primary factors in the disruption of
the forest landscape in the northwestern part of Virunga. The disruption of the natural
landscape in northwestern Virunga cannot be attributed to subsistence farming alone; rather,
it results from a complex interplay of factors. This finding aligns with the conclusions
of [52], which argued that attributing forest disturbances in sub-Saharan Africa to a single
factor is challenging. Similarly, ref. [25] reached conclusions regarding the combination of
factors contributing to forest degradation in Madagascar, with agriculture remaining the
primary factor. This finding demonstrates the necessity to develop strategies that consider
the existing associations between disturbances [52].

The probability of a plot being disturbed by food crops and the expansion of Chro-
moleana odorata (L.) R M. King & H. Rob decreased with the distance from the forest access
road (p-value < 0.05). This high probability was because the food crops and Chomoleana
odoata (L.) R M. King & H. Rob expanded best in sufficiently open areas that allowed access
to light. Disturbed areas around a forest matrix and fallow land are more vulnerable to the
spread of Chromoleana odorata (L.) R M. King & H. Rob [61]. In addition, the probability of
occupancy of cash crops, the extraction of wood for energy and timber, carbonization, fire
use, and the introduction of exotic species did not follow a distance gradient relative to
the access road. These factors showed a random dispersal that depended on stakeholders’
decisions and resource availability. The random spatial dispersal of carbonization and fires
has also been documented by [25].
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These results allow us to partially accept our third hypothesis concerning the random
nature of the distribution of forest disturbance factors to the access route. The food crop and the
expansion of Chromoleana odorata (L.) R.M. King & H. Rob are in opposition to this hypothesis.

4.3. Implications for Forest Conservation in Virunga National Park

As noted above, the northwestern Virunga landscape has been facing a severe security
crisis, leading to the deployment of large security forces. The results show a trend toward
an increase in the forest area near army camps. This process represents a phase of passive
forest restoration. The canopy cover often masks the ongoing human impact and the
forest’s daily vulnerability.

Of the nine types of disturbances identified, cut trees, fire use, sawn timber, and
charcoal production are the most prevalent in the disturbed sites within Virunga National
Park, particularly in Mikuha and Lahe. These four disturbance factors, typically associated
with forest degradation rather than deforestation, illustrate how the population from the
Beni region illegally enters the protected area. Forest degradation leads to a change in
the forest structure, notably through changes in the structure of commercially valuable
trees and in the forest composition, characterized by the presence of a secondary species of
low commercial value [62]. Ref. [63] reported similar findings in the Ankasa Conservation
Area in Ghana. As stated by ref. [64], the illegal logging activities observed in protected
areas in Central Africa appeared to follow a model based on economic value, whereby
the extraction of any tree followed the initial removal of the most valuable tree species
without regard to its monetary value. Furthermore, ref. [65] added that specific regions of
protected areas near local populations remained susceptible to direct human disturbance,
including subsistence or commercial farming, tree felling, and the use of fire by poachers.
The proximity and access roads between Mikuha and Lahe in Mayango’s and Beni city
can explain the strong association between wood extraction and these two sites [56]. Only
the forest in Virunga National Park can provide the precious wood sought by local and
regional markets. The peripheral zone has been impoverished by unsustainable logging.

Other studies have also identified improved road infrastructure and proximity to
urban centers as key drivers of natural forest disturbances in the Democratic Republic of
Congo [7,66]. Ref. [67] also highlighted that improvements in transport infrastructure can
reduce production costs and enhance the competitiveness of extracted resources in the local
market, as well as increase deforestation patterns. Furthermore, the enhanced security of
goods and personnel provided by a large military presence in the region probably explains
the close link between timber extraction and Virunga National Park. Nevertheless, this
situation may be limited through increased monitoring by state authorities within the region
and the restoration of security in other timber supply basins, particularly in Ituri [68]. In
contrast to poaching and human-wildlife conflict, fire use, timber harvesting, and charcoal
production have long-term impacts on biodiversity and its habitat [69]. Regardless of their
scale, these factors increase the vulnerability of protected areas in Central Africa to the
effects of climate change [70]. It is also important to note that the small-scale logging and
farming observed in Mayango, although illegal, reflects a form of resilience by the local
population in response to the food crisis exacerbated by insecurity in the Beni region [56].
Figure 8 shows a high degree of proximity between the wood extraction factors and the
sites located within Virunga National Park, confirming this study’s fourth hypothesis.

Sustainable alternatives to forest disturbances in northwestern Virunga involve rec-
onciling the restoration of security, local development, and conservation. This requires
continued support for income-generating crops in an agroforestry system, exclusively in
the degraded areas within the park’s periphery. Agroforestry based on cocoa and coffee in
the disturbed areas would reduce people’s dependence on forest resources. This system
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could improve the connectivity of forests in fragmented landscapes and thus facilitate
biodiversity movement across the landscape [71]. This system will also help to restore
soil fertility in degraded areas [72] and thus reduce the practice of itinerant subsistence
farming in the northwestern part of Virunga. Economic incentives for sustainable agri-
cultural practices, i.e., those not extending into intact forest areas, are important. This
would involve mapping producers and production sites. Another alternative would be to
improve access to electricity in the Beni, Oicha, and Butembo urban areas, which would
act as a catalyst for relieving pressure on the resources. In addition, urban and peri-urban
agriculture development is crucial in the region to enable the population to meet the city’s
needs without resorting to rural forest areas [73-75].

5. Conclusions

This study combined remote sensing and field observation to provide a comprehensive
view of the factors disturbing the forest landscape in the northwestern Virunga region.
It examined the impact of army camps on forest fragmentation over the past eight years.
The study shows that the creation of army camps did not significantly increase forest
fragmentation during periods of insecurity. Forest regeneration and aggregation were
observed in almost all the sites, except Mamundioma. However, aggregation should not be
taken as evidence of the complete lack of disturbance. Some disturbances are not always
spatially quantifiable and require continuous field monitoring.

The forest ecosystem of northwestern Virunga faces nine disturbance factors. The
most prominent are food crops, cash crops, and timber extraction. Timber extraction
remains a significant disturbance factor within the park compared to the surrounding area.
Mitigating disturbances in northwestern Virunga requires the involvement of both state
and non-state actors in landscape management initiatives. These actors include the Institut
Congolais pour la Conservation de la Nature (ICCN), the regional government of the Beni
territory, the customary authorities of Mayango, development partners, and the Congolese
armed forces. Promoting agroforestry in the degraded areas could be the key solution to
mitigating forest disturbance in the northwestern Virunga. Cocoa-based agroforestry in the
disturbed areas is expected to reduce itinerant subsistence farming and logging in intact
forest areas. However, the success of this strategy depends on strengthening stakeholders’
capacity to select the appropriate agroforestry species. This will help limit the adoption of
exotic species that could disrupt the balance of the natural ecosystem. Further research is
needed on the residual trees in disturbed areas and on the endogenous knowledge of forest
management. Additionally, future studies should investigate whether forest regeneration
also contributes to the restoration of wildlife biodiversity in previously degraded areas.
Research on soil fertility in areas affected by various disturbance factors is also essential.
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Appendix A
Table Al. Producer precision (PA) and User precision (UP).
) Forest Non_Forest Overall
Site Accurac
Year AU PA AU PA y
2016 0.79 0.94 0.94 0.75 0.85
Kinziki 2019 0.80 0.90 0.89 0.78 0.84
2023 0.83 0.95 0.94 0.80 0.88
2016 0.90 0.95 0.95 0.90 0.93
Lahe 2019 0.80 0.82 0.82 0.78 0.80
2023 0.88 0.95 0.95 0.88 0.91
2016 0.95 0.95 0.95 0.95 0.95
Mamundioma 2019 0.98 0.98 0.98 0.98 0.98
2023 0.98 0.98 0.98 0.98 0.98
2016 0.77 0.90 0.88 0.73 0.81
Mikuha 2019 0.80 0.93 0.91 0.78 0.85
2023 0.85 0.98 0.97 0.83 0.90
2016 0.83 0.98 0.97 0.80 0.89
Ngite 2019 0.92 0.90 0.90 0.93 0.93
2023 0.92 0.83 0.85 0.93 0.88
2016 1.00 0.98 0.98 1.00 0.99
PK25 2019 1.00 0.93 0.93 1.00 0.96
2023 0.93 0.95 0.95 0.93 0.94
2016 0.84 0.93 0.92 0.83 0.88
PK26 2019 091 0.98 0.97 0.90 0.94
2023 0.85 0.98 0.97 0.83 0.90
Table A2. Pairwise comparison of disturbance types (Prc = Cash crops, Fer = Food crops, Tcu = Tree
cutting, Ba = burn area, AtiH: Artisanal timber harvesting, Car: Carbonization, Pat = Path, Isp =
Invasive species, Et: Exotic tree).
Tcu Prc Fer Car Pat Ba AtiH Isp
Prc 0.09896 - - - - - - -
Fcr 0.05551 0.71399 - - - - - -
Car 9.0 x 1078 8.6 x 1077 25 x 10710 - - - - -
Pat 25 x 10710 51x 1071 7.6 x 10712 0.10860 - - - -
Ba 1.3 x 107° 1.1 x 1078 52 x 10712 070546  0.18926 - - -
Alog 3.9 x 10710 5.6 x 1077 33x 10712 030348 045606  0.43277 - -
Isp 2.0 x 10714 <2 x 10716 <2 x 107 0.00069 0.04233  0.00036  0.00350
Et 1.6 x 10713 <2 x 10716 <2 x 10716 0.00011  0.00607  0.00014  0.00136 0.51269

Table A3. Probability of Disturbance Occurrence with Increasing Distance from Forest Access.

Factors of Disturbance Estimate Std. Error z Value Pr(>1zl)
. . Intercept —0.739504 0.595725 —1.241 0.2145
Invasive species
Distance —0.002466 0.001141 -2.161 0.0307 *
) Intercept —1.6525684 0.6712824 —2.462 0.0138 *
Exotic trees
Distance —0.0009707 0.0011231 —0.864 0.3874
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Table A3. Cont.

Factors of Disturbance Estimate Std. Error z Value Pr(>1zl)
Intercept 2.2274938 0.5747891 3.875 0.000106 ***
Food crops
Distance —0.0020174 0.0008148 —2.476 0.013288 *
Intercept 1.3943664 0.5158197 2.703 0.00687 **
Cash crops
Distance —0.0005660 0.0007726 —0.733 0.46379
Intercept —1.2943817 0.5066460 —2.555 0.0106 *
Swan timber
Distance 0.0004727 0.0007627 0.620 0.5354
Intercept 4922 x 107! 4.478 x 101 1.099 0.272
Cut trees
Distance —2.843 x 107° 6.884 x 1074 —0.041 0.967
Intercept —0.7021615 0.4654388 —1.509 0.131
Carbonization
Distance —0.0001138 0.0007191 —0.158 0.874
Intercept —0.4328143 0.4625662 —0.936 0.349
Burn area
Distance —0.0007153 0.0007331 —0.976 0.329
Légende: * = significative p-value < 0.05; ** = significatif p-value < 0.01, *** = significatif p-value < 0.001.
Table A4. Forest Cover Changes Around Army Camps (%). Each site covers 314ha. F: forest, Nf:
Non-Forest.
Kinziki Lahe Mamundioma Mikuha Ngite PK25 PK26

F Nf F Nf F Nf F Nf F Nf F Nf F Nf

2016 4485 5526 4651 5349 8648 13.66 5338 46.70 2923 70.77 5954 4046 7333 26.67

2019 46.25 53.86 57.02 4298 75.65 2449 5207 48.01 3083 69.17 69.87 30.13 8391 16.12

2023 4532 54.80 6312 36.88 7515 2499 7418 2590 5220 4780 7728 2272 8848 11.59
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