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Abstract: In the Kundelungu National Park (KNP), southeast of the Democratic Republic of Congo,
illicit human activities including recurrent bushfires contribute to constant regression of forest cover.
This study quantifies the landscape dynamics and analyses the spatio-temporal distribution of
bushfire occurrence within KNP. Based on classified Landsat images from 2001, 2008, 2015 and 2022,
the evolutionary trend of land cover was mapped and quantified through landscape metrics. The
spatial transformation processes underlying the observed landscape dynamics were identified based
on a decision tree. Finally, the spatio-temporal fire risk assessment was carried out after defining
the burnt areas for each year between 2001 and 2022. The obtained results, expressed by the process
of dissection and attrition of patches, show that the forest cover has regressed from 2339 km? to
1596 km? within the PNK, with an annual deforestation rate varying from 0.8% to 3.4% between
2001 and 2022. Over the same period, the average distance between forest patches has increased
significantly, indicating fragmentation and spatial isolation. On the other hand, savannahs as well
as field and fallow mosaics have expanded within KNP through the creation of new patches. In
addition, several active fires affected more savannahs between 2001 (70 km? in Integral Zone, 239 km?
in Annex Zone and 309 km? in KNP) and 2022 (76 km? in Integral Zone, 744 km? in Annex Zone and
819 km? in KNP), limiting their capacity to evolve into forests. Overall, anthropogenic pressure is
higher in the Annex Zone of the KNP. Illegal agricultural development and vegetation fires have
thus doubled the level of landscape disturbance in 21 years. Our observations justify the need to
strengthen protection measures for KNP by limiting repeated human intrusions.

Keywords: burned area; deforestation; remote sensing/GIS; landscape ecology; protected area

1. Introduction

Degradation and loss of forest ecosystems remain among the challenges associated
with environmental and natural resource management [1,2]. In the tropics, the area of forest
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ecosystems has declined from 19.65 million km? in 1990 to 17.70 million km? in 2015 [3]
because of land use and land cover changes to meet various human needs [4,5]. Unlike other
tropical areas, in Africa, it is generally small-scale processes that drive regional deforestation
and forest degradation [6]. Such processes include slash-and-burn agriculture [7]. As a
result, nearly 60% of the land brought under cultivation in Africa in the 1980s and 1990s was
previously intact forest [8]. Moreover, slash-and-burn agriculture is a degradation process
characterized by increasingly short fallow periods [6] and reinforced by the untimely use
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of fires as the main means of opening the fields of a peasant population living in extreme
poverty [9-11]. Without question, these bush fires contribute massively to the reduction of
vegetation cover in general and to the destruction of woody resources [12].

In Central Africa, the area of evergreen and semi-deciduous forests was estimated to
be approximately 200 million hectares in January 2020, of which nearly 10% showed visible
signs of disturbance [13]. These disturbances, generally of anthropogenic origin, reduce the
capacity of forest ecosystems to provide ecosystem services such as carbon sequestration,
biodiversity conservation, climate regulation and water cycling [14-16]. Consequently, in
Central Africa deforestation has led to the disappearance or rarefaction of a significant
number of plant species [17]; however, anthropogenic pressure on forest resources varies
with forest type, among other things. Ref. [18] agrees that rates of loss of evergreen forests
(—0.2% per year) are lower than rates of loss of miombo forests (—2.3% per year), an
ecosystem composed mainly of species belonging to the genera Brachystegia, Julbernardia
and Isoberlinia [19,20].

The Democratic Republic of Congo (DRC) is the country in Africa with the largest
remaining area of undisturbed tropical rainforest (105.8 million ha), despite having experi-
enced a decline in forest cover of around 1.4 million ha/year between 2000 and 2019 [13].
Supported by significant population growth, the average annual rate of deforestation in the
DRC has doubled from 0.11% between 1990 and 2000 to 0.22% between 2000 and 2005 [21],
leading to an erosion of biodiversity [22,23], including in southern Katanga where the state
of miombo forests remains critical. This is partly due to the intensity of mining activities
and the extent of (peri-)urbanization [24-26] accompanied by high energy and agricultural
commodity needs [27,28].

To reduce the pressure on forests, about 11% of the Congolese territory consists of pro-
tected areas, and this proportion is expected to increase to 15% in the coming decades [29].
Among these protected areas, national parks have been demarcated for the purpose of
ecosystem protection/conservation and recreation [30]; however, due to weak law enforce-
ment, protected areas are subject to strong anthropogenic pressures [13,31,32]. Although
forest cover loss is relatively low in protected areas, gross forest loss in protected areas
increased by 64% between 2000 and 2010 compared to the 2000-2005 period in these
conservation tools [21]. For example, the annual deforestation rate doubled from 0.18%
during 1986-2003 to 0.38% during 2003-2016 in Yangambi Biosphere Reserve [29], while
miombo cover, which was 85.3 km?2 in 1979, dropped to 11.2 km? in 222,018 in Lufira
Biosphere Reserve [33].

Kundelungu National Park (KNP), located in Haut-Katanga province, is one of the
most threatened protected areas in the DRC. It consists of an Integral Zone (IZ) of 220,000 ha,
an Annex Zone (AZ) of 540,000 ha and a buffer zone with a radius of 50 km [34]. In the Strict
Nature Reserve, apart from sightseeing, all human activity is prohibited. The surrounding
area, however, is inhabited and people live and fish there [35]. Although KNP staff may
have an acceptable level of expertise to enforce the protected area regulations, insufficient
equipment and financial means make their surveillance ineffective [35]. Additionally, the
boundary of KNP, although known to the management authorities and neighbouring land
users, is not adequately marked in some places, especially as the markings have never
been maintained since they were first placed [34]. As a result, local people regularly enter
KNP to carry out various activities, including poaching, farming, and fishing, in an illegal
manner [34]. It should be noted that poaching and agricultural exploitation, carried out
illegally, are often preceded by bushfires. Agricultural clearing fires are more widespread.
Machetes are used to clear the space for cultivation and the plant biomass is burnt. It is
considered necessary in areas of new agricultural clearings because it enriches the soil with
ash and thus improves agricultural fertility and cleans the soil of various plant pests. As
for hunting fires, which cause significant material and sometimes human damage, they are
practiced repeatedly in the same areas throughout the dry season.

Although KNP has already been the subject of a few scientific studies, notably on
human-wildlife interactions [36], little information exists to date on the state of its natural
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ecosystems. In this context, quantifying the dynamics of its landscapes seems very timely to
shed light on the ecological processes taking place there, which is crucial to guide decision-
makers and its managers. Given that land-use change due to the repeated intrusion of
riparian populations into KNP can occur at different spatio-temporal scales, it is relevant to
use remote sensing and geographic information systems (GIS). These tools are known to be
effective for monitoring phenomena that can be observed at different spatio-temporal scales,
such as deforestation [37]. Applied as a complement, landscape ecology analysis tools
allow for a better appreciation of the ecological processes underlying the spatio-temporal
dynamics of anthropogenic effects on natural landscapes [38].

The present study aims to assess the impact of illicit anthropogenic activities on the
spatio-temporal dynamics and stability of forest ecosystems within KNP. We verify the
hypothesis that, due to illicit agricultural development, forest ecosystems have lost their
coverage in the landscape because of fragmentation and spatial isolation of patches. In
addition, the recurrent passage of wildfires limits the capacity of savannahs to evolve into
forest ecosystems.

2. Materials and Methods
2.1. Study Area: Kundelungu National Park

With the extent of 760,000 ha, KNP is located between 9°24'8.85" and 10°58'54.67"
south latitude and between 27°15'11.94” and 28°2/5.53" east longitude, at an altitude that
varies between 1200 and 1700 m. KNP is totally located in the territory of Kasenga, while the
annex area is entirely in the territory of Mitwaba in the Upper Katanga province (Figure 1).
KNP has a dry tropical climate of type Aw5 according to the K&ppen classification system,
characterized by a rainy season from November to March. The dry season occurs from
May to September and is separated from the rainy season by two transition months (April
and October) according to ref. [39]. The temperature fluctuates between 16 and 33 °C with
an annual average of 20 °C, while the average annual rainfall is around 1300 mm [40,41].
Established on Ferralsols, KNP is part of the Zambezian centre of endemism [42]. Its
vegetation is composed of not only high-altitude savannahs (>1200 m) but also of open
miombo forest [35,43]. Animal species found are, among others, warthogs (Phacochoerus
africanus), bushpigs (Potamochoerus sp.), bushbucks (Tragelaphus scriptus), oribis (Ourebia
ourebi), buffaloes (Syncerus cafer), sable antelopes (Hippotragus niger), common hippopota-
mus (Hippopotamus amphibius), etc. [34]. Within the KNP, there is a network of rivers which
shelters some spectacular waterfalls (e.g., the Lofoi). Around the park and in its adjoining
area there are a few villages with at least 3500 inhabitants each. Local communities live
mainly off agriculture [36], but also off hunting, fishing, and charcoal production, including
within the KNP [34].

2.2. Landsat Images and MODIS 6 (MCD64A1)

To cover the whole of KNP and its near periphery, 11 Landsat image scenes (30 m
spatial resolution) taken during the full dry season were acquired from the EarthExplorer
platform (http://glovis.usgs.gov.com (accessed on 7 August 2022), with a time step of
7 years (Table 1). This choice was dictated by availability and low cloud cover [44-47]. In
addition, these images allow for the monitoring of the state of forest ecosystems during
the post socio-political conflict period in the region (2001-2008), the post global economic
crisis period (2008-2015), as well as the period during which KNP has received more
support from foreign partners to improve its governance (2015-2022). Furthermore, MODIS
(Moderate-resolution Imaging Spectroradiometer) data collected for each year (between
2001 and 2022) in the middle of the dry season, with a spatial resolution of 500 m on
https://search.earthdata.nasa.gov/ (accessed on 17 March 2023), were used to analyse
vegetation fires in the KNP.
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Figure 1. Geographical location of the Kundelungu National Park (KNP) in the Upper Katanga
Province in south-eastern DR Congo. The KNP consists o two parts: the Integral Zone (2460 km?)

and the Annex Zone (5576 km?2).

Table 1. Characteristics of Landsat image scenes used to cover the study area in 2001, 2008, 2015 and
2022. In total, 2 (Operational Land Imager) to 3 (Thematic Mapper and Enhanced Thematic Mapper
Plus) Landsat image scenes of 30 m spatial resolution were used to cover KNP. Landsat products
come from the US space agency, NASA, and are distributed by the US Geological Survey (USGS) and

the Department of Agriculture.

Sensors Dates Path/Row Spatial Resolution (m)
13 August 2001 173/066 30
13 August 2001 173/067 30
Thematic Mapper (TM) 3 June 2001 172/068 30
15 July 2008 173/066 30
15 July 2008 173/067 30
8 July 2008 172/068 30
. 11 July 2015 173/066 30
Enhanced T}}%r;;c[li)Mapper Plus 11 July 2015 173,067 30
4 July 2015 172/068 30
. 6 July 2022 173/066 30
Operational Land Imager (OLI) 6 July 2022 173/067 30

2.3. Image Pre-Processing and Classification

Radiometric correction of the images, based on the application of the gap mask [48],
removed scan line errors on Landsat ETM+ (Enhanced Thematic Mapper Plus) images,
under ENVI 5.3 software. Subsequently, Landsat image mosaics were created (with three
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scenes per image) to cover the entire KNP. In addition, an unsupervised classification of
Landsat images (2001, 2008, 2015 and 2022) was carried out in ArcGIS 10.8 using false colour
composition from the mid-infrared, near-infrared and red bands to better discriminate the
vegetation [49]. From this unsupervised classification, a visual interpretation was used
to identify the land cover classes within KNP [46]. Training data were identified through
visual interpretation on Landsat images and supported by higher resolution images in
Google Earth.

A supervised classification supported by the maximum likelihood classifier was
subsequently applied to each Landsat image [50]. This classification was supported on
160 training areas collected in the study area in the middle of the dry season of the year 2022,
using a GPSMAP 64st Garmin (accuracy of about 3 m). The various field missions in 2022
have been decisive, especially for the for the classification of the Landsat images of 2001,
2008 and 2015. Indeed, the verifications and observations of local populations and KNP
resource persons made it possible to correct the supervised classifications. Consecutively,
five land cover classes, corresponding to the main land cover of the region, were selected
on the basis of the objective of this study (Table 2). In order to avoid the phenomenon of
mixed pixels with regard to the spatial resolution of the Landsat images used, some land
cover classes were merged due to their radiometric similarity. Finally, a 3 x 3 majority filter
was applied to the classified land cover data to reduce the salt-and-pepper effect.

Table 2. Land cover classes obtained after supervised classification of Landsat images based on the
maximum likelihood algorithm.

Number of Training

Land Cover Class Description Areas (Polygons)

Natural land cover, comprising mainly
Forest open miombo forest, patches of dense dry 30
forest and patches of gallery forest.

Generally anthropogenic land cover. It is
Savannah a grassy and shrubby formation 37
characterised by a low density of trees.

This anthropogenic land cover class
consists of post-harvest agricultural land,

Field and fallow abandoned agricultural land or land 33
occupied by annual and off-season crops
Natural land cover, consisting mainly of

Water and wetland watercourses (rivers) and their 30

surroundings remaining wet even during
the dry season

Bare soil, inhabited areas, and
Other land cover unclassified spaces. This is generally 30
anthropic land cover.

In addition, another 150 geographical coordinates were collected in the field, indepen-
dently of those used for the supervised classification, to construct the confusion matrix.
From this matrix, the overall accuracy and the Kappa index were calculated to test the
reliability of the supervised classifications [51-54]. Both indices are reliable measures in the
evaluation of thematic classifications [54].

2.4. Characterisation of Landscape Dynamics and Active Fires in KNP

The impact of human activities on the morphology of the KNP landscape was high-
lighted by calculating seven landscape metrics under Fragstats 4.2 software. At the land
cover level, the class area (calculated at the scale of KNP, the Integral Zone and the Annex
Zone), the average area, the number of patches, the fractal dimension, the largest patch
index and the average Euclidean distance to the nearest neighbor (at the scale of KNP)
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were determined. These metrics provide information on the fragmentation of patches
within a class, especially when the area decreases, the number of patches increases, the
complexity of the patch shape is simplified and the average distance between two patches
increases [55,56]. Additionally, the average area will be high in a low-disturbance landscape
when the patches of a land cover class are large, spacious and fewer in number [57]. At
the landscape scale, a disturbance index, defined as the ratio of the cumulative area of
anthropogenic classes in the landscape to the cumulative area of the natural class [55], was
calculated to better assess the level of anthropisation within KNP.

Furthermore, the spatial transformation processes underlying the spatio-temporal
dynamics of land cover classes were identified using a decision tree [56]. This decision
tree algorithm enables detection of these processes based on three parameters that have to
be determined before and after the transformation of the landscape: area, perimeter and
number of patches of the focal landscape class [56]. Then, the change in each of the three
characteristic parameters is used to arrive at one of the following 10 spatial transformation
processes: aggregation, creation, displacement, enlargement, attrition, deformation, dissec-
tion, fragmentation, perforation and shrinkage. To dissociate the process of fragmentation
from that of dissection, a value of t, derived from the ratio of the total area of a land
cover class at the final date to that at the initial date, was compared with the threshold of
t = 0.75. Values above 0.75 suggest dissection, while those below or equal to 0.75 indicate
the prevalence of fragmentation [58]. To characterise the rate of deforestation within KNP,
an annual deforestation rate was calculated using the equation proposed by [59].

Finally, the impact of vegetation fires on the landscape dynamics of the KNP was
highlighted on the one hand by the elaboration of estimation maps and on the other hand
by the monitoring of the spatio-temporal evolution of burnt areas [60]. The spatial-temporal
analysis of the fires was carried out using ArcGIS 10.8 software, i.e., spectral extraction of
fire values from MODIS images and removal of pixel values containing information other
than fire (i.e., unburnt areas) [61]. Indeed, the MODIS data over the period of one month
are presented as a series of elementary images described by several pieces of information
including: unburned, approximate days of fire corresponding to the Gregorian calendar,
snow or high aerosol, continental water, marine water (sea and ocean) and unclassified
because not enough data. Thus, the further processing in this study was only concerned
with pixel values between 1 and 366 that provide information on fires [62]. To maximize
the detection probability, we kept the fire pixels with high and low detection confidence
levels, excluding the fire pixels that were mapped on agricultural areas, as recommended
in the product documentation [61]. In addition, using the shapefile, the KNP area was
clipped onto the MODIS map layers. This provided the first statistics on burnt areas and
maps of the spatial distribution of fires [63]. Subsequently, the cropped images were first
projected in UTM 35 S projection (corresponding to the study area), before being vectorised
(transformation from hdf to shp format), while keeping the pixel size at 500 m.

The final step in processing the burnt-area time series was to perform a spatial and
temporal aggregation of the pixels to generate annual databases consisting of single fire
events in the study area [64]. Thus, consistent fire events were formed based on 2 fun-
damental rules [64]; namely, (1) pixels should be directly adjacent to each other or at a
maximum distance of 1 pixel to minimize inaccuracies due to coarse spatial resolution
of the sensor, such as partial burns (spatial rule); and (2) pixels should have fire dates at
a maximum temporal distance of 16 days. This rule is based on the accuracy interval of
8 days before and after the detection date specific to the product algorithm (Time Rule).
Furthermore, to assess the impact of fire insurance on landscape composition, the burnt
area and land cover maps in KNP were overlaid for each year (2001, 2008, 2015 and 2022)
on ArcGIS 10.8 software. Subsequently, on the same software, the burnt areas per year in
each land cover class were extracted by using their respective polygons.
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3. Results
3.1. Classification and Mapping

Supervised classification of the Landsat images used for land cover mapping in KNP
revealed overall accuracy values of 92.44%, 92.44%, 94.22% and 99.11% for each of the
classified images, and Kappa values of 0.90, 0.91, 0.93 and 0.97 for the years 2001, 2008, 2015
and 2022, respectively (Table 3). This suggests statistically reliable discrimination between
land cover classes; however, some confusions, most importantly between the savannah
class and the rest of the land cover (except for the water and wetlands class, Pr = 100%),
were noted. Furthermore, on the land cover maps of KNP derived from the supervised
classification of Landsat images, considerable changes were noted between 2001 and 2022,
characterized mainly by the progressive spatial evolution of savannahs and the mosaic of
fields and fallows to the detriment of forest, which recorded a regressive spatial dynamic
(Figure 2). For the rest of the analysis, the land cover classes including ‘water and wetlands’,
‘built-up and bare soil” and ‘other land cover’ were excluded from the analyses, in view of
their relative stability in the landscape, except for the calculation of the disturbance index.

Table 3. Classification accuracy of Landsat images from 2001, 2008, 2015 and 2022 based on the
maximum likelihood algorithm. Pu: user’s accuracy; Pr: producer’s accuracy. Discrimination
between land cover classes remains reliable. The values in the table are in pixels.

Classified Data
Classified Image from 2001
Fields and Water and Other Land

Reference Data

0,
Forests Savannahs Fallows Wetland Cover Total Pr (%)
Forest 44.00 4.00 2.00 0.00 0.00 50.00 88.00
Savannah 6.00 46.00 1.00 0.00 1.00 54.00 85.19
Fields and Fallow 0.00 1.00 40.00 0.00 0.00 41.00 97.56
Water and Wetland 0.00 0.00 0.00 45.00 0.00 45.00 100.00
Other 0.00 2.00 0.00 0.00 54.00 56.00 96.43
Total 50.00 53.00 43.00 45.00 55.00 Overall Accuracy 92.44%
Pu (%) 88.00 86.79 93.02 100.00 98.18 Kappa 0.90
Classified Image from 2008
Forest 45.00 0.00 1.00 0.00 0.00 46.00 97.83
Savannah 5.00 48.00 5.00 0.00 1.00 59.00 81.36
Fields and Fallow 0.00 3.00 37.00 0.00 0.00 40.00 92.50
Water and Wetland 0.00 0.00 0.00 45.00 0.00 45.00 100.00
Other 0.00 2.00 0.00 0.00 54.00 56.00 96.43
Total 50.00 53.00 43.00 45.00 55.00 Overall Accuracy 92.44%
Pu (%) 90.00 90.57 86.05 100.00 98.18 Kappa 0.91
Classified Image from 2015
Forest 48.00 2.00 0.00 0.00 0.00 50.00 96.00
Savannah 2.00 49.00 2.00 0.00 4.00 57.00 85.96
Fields and Fallows 0.00 2.00 41.00 0.00 1.00 44.00 93.18
Water and Wetland 0.00 0.00 0.00 45.00 0.00 45.00 100.00
Other 0.00 0.00 0.00 0.00 50.00 50.00 100.00
Total 50.00 53.00 43.00 45.00 55.00 Overall Accuracy 94.22%
Pu (%) 96.00 92.45 95.35 100.00 90.91 Kappa 0.93
Classified Image from 2022
Forest 48.00 0.00 0.00 0.00 0.00 48.00 100.00
Savannah 2.00 52.00 0.00 0.00 0.00 54.00 96.30
Fields and Fallows 0.00 1.00 42.00 0.00 0.00 43.00 97.67
Water and Wetland 0.00 0.00 0.00 45.00 0.00 45.00 100.00

Other 0.00 0.00 1.00 0.00 55.00 56.00 98.21




Fire 2023, 6, 174 8 of 21

Table 3. Cont.

Reference Data

Classified Data
Classified Image from 2001
Fields and Water and Other Land

Forests Savannahs Fallows Wetland Cover Total Pr (%)
Total 50.00 53.00 43.00 45.00 55.00 Overall Accuracy  98.11%
Pu (%) 96.00 98.11 97.67 100.00 100.00 Kappa 0.97

B Forest " —— National Road No. 5 45

[ ]Savannah [ 1Field & fallow [ |xm 'X
B Water & wetland  [Jli] Other N

Figure 2. Land cover maps of KNP in 2001, 2008, 2015 and 2022 obtained from supervised classifica-
tions of Landsat images based on the maximum likelihood algorithm. A continuous regression of
forest areas in favour of anthropogenic land cover classes, mainly savannahs, is noted.



Fire 2023, 6, 174

9 of 21

Landscape proportion (%)

50

40

30

20

10

60

50

40

30

20

10

3.2. Landscape Composition Dynamics

Over the entire period between 2001 and 2022, forests have lost their cover to an-
thropogenic land cover classes at the scale of KNP in both its constituent zones: the IZ
and the AZ (Figure 3). In the evolution of land cover, forests are tending to disappear,
particularly in the AZ, where they remain very poorly represented in terms of proportion.
Conversely, over the same period, savannahs and the mosaic of fields and fallow have
increased considerably in scale in KNP and in the AZ; however, in both zones, the evolution
of savannahs has undergone a transition period (2008-2015) marked by a drop in area.
Even so, this periodic loss of savannah area has only slowed down the growth of the class
without reversing the trend. On the other hand, in the IZ, the savannahs have also increased
their area between 2001 and 2022 unlike the fields and fallows, which fell significantly in
area and remained relatively small.

Jl_ll—HEI

90
75 4
(a) 60 1 (b)
45 -
30 4
15 4 HH
: e — S : I —— .
Forest Savannah Field & fallow Forest Savannah Field & fallow
] (©) H2001 O2008

02015 82022

Years

|—|l_|§

Forest

Savannah Field & fallow

Figure 3. Evolution in landscape composition at the scale of (a) Kundelungu National Park, its
(b) Integral Zone (IZ) and (c) Annex Zone (AZ) in 2001, 2008, 2015 and 2022. The sum of the
percentages (%) per zone does not add up to 100% because the land cover classes including ‘water
and wetland’, ‘built and bare soil” and ‘other land cover” were excluded from the analyses due to
their relative stability in the landscape.

Three main trends can be noted: deforestation in all areas of KNP, with a trend towards
complete disappearance in the AZ; savanization in all areas of KNP; and finally, agricultural
development throughout KNP and the AZ, as opposed to a trend towards the abandonment
of agricultural activities in the IZ.

3.3. Land-Cover Pattern Dynamics and Quantification of the Level of Disturbance

Between 2001 and 2022, large forest patches have increased in importance because
of the gradual disappearance of the small patches, which is reflected in the increase in
the largest patch index value and the average area (Table 4). Furthermore, within KNP,
the average distance between forest patches has continuously increased from 138.43 m to
169.41 m between 2001 and 2022, suggesting a trend towards fragmentation and spatial
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isolation of patches. These results are corroborated by the fact that during the periods
between 2001 and 2022, forests recorded the processes of attrition and dissection of patches
(tobs 0.92 > 0.75) materialized by the continuous loss in class area in parallel with the
decrease (2001-2008 and 2008-2015) and increase in the number of patches (2015-2022)
(Table 4). For savannahs, the average area of patches remained almost stable between 2001
and 2022, while the largest patch index value decreased from 84.54% to 62%, reflecting
a relative increase in the size of small patches in the landscape. Indeed, the class area of
savannah patches increased (2001-2008 and 2015-2022) in parallel with the increase in
the number of patches, suggesting a process of patch creation. Between 2008 and 2015, a
decrease in class area in parallel with an increase in the number of patches was recorded.
This is an indication of patch dissection (tobs 0.77 > 0.75). As for the fields and fallows,
they experienced stability in the average patch area and largest patch index values within
KNP. In addition, the mosaic of fields and fallows has experienced the process of creation
over all the periods observed between 2001 and 2022 because of the continuous increase in
their class area and number of patches.

Table 4. Land cover class configuration indices in 2001, 2008, 2015 and 2022 and identification of
the spatial transformation process (STP) based on the decision tree of ref. [56]. LPI: largest patch
index (%), ENN: Euclidean nearest neighbour distance between patches (m), CA: class area (km?2),
MA: mean area, NP: total number of patches. A trend towards landscape homogenization and
transformation of natural ecosystems into anthropogenic land cover, evidence of the anthropisation
process, is noted.

Forest Savannah Field and Fallow
CA 001 2339.17 3309.47 36.09
MA 5001 0.16 0.30 0.02
NP_901 15,031 11,206 1896
LPI 5001 79.08 84.54 431
ENN_5001 138.43 134.32 296.96
CA_008 1838.78 3635.44 76.66
MA _5008 0.41 0.33 0.02
NP_5008 4517 11,040 3940
LPI 5008 90.83 80.76 2.63
ENN_5008 189.63 126.83 225.31
STP 2001-2008 Attrition Creation Creation
CA 5015 1737.59 2787.14 100.62
MA 015 0.75 0.18 0.02
NP _5015 2318 15,776 6427
LPI 5015 9242 50.68 425
ENN_»015 226.93 132.03 215.24
STP 2008-2015 Attrition Dissection Creation
CA_ 2 1596.37 3434.47 216.14
MA _0m: 0.52 0.29 0.03
NP _022 3045 12,016 6973
LPI 2020 89.63 62.00 443
ENN_5022 169.41 121.41 188.34

STP 2015-2022 Dissection Aggregation Creation
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Finally, the increase in the level of disturbance in KNP almost doubled between 2001
and 2022, from 2.17 to 3.56, leading to a trend towards a decrease in the complexity of forest
patch shape (Figure 4). This suggests that forest patches are shrinking in area and becoming
increasingly compact. The higher values of the fractal dimension index correspond to
lower values of the disturbance index within KNP and vice versa. This makes the effect of
anthropisation of the landscape more obvious.

1.36 -
1.35 -
1.34 -
1.33 -
1.32 -
1.31 -
1.30 -

1.29 T T T 1
2.00 2.50 3.00 3.50 4.00

Disturbance index (L)

2001

2008

2015

Fractal dimension

2022

Figure 4. Evolution of the fractal dimension index of the ‘Forest’ class as a function of the landscape
disturbance index in Kundelungu National Park between 2001 and 2022. “U” is defined as the ratio
of the cumulative area of anthropogenic classes (Savannah, Fields and fallow and other land cover)
in the landscape and the cumulative area of natural classes (Forest and Water and wetlands).

3.4. Spatio-Temporal Distribution of the Vegetation Fire within the KNP

The annual distribution (Figures 5 and 6) of burned areas within KNP, the IZ and the
AZ in the four years (2001, 2008, 2015 and 2022) was not homogeneous (CV >30%). KNP
had large areas burned (819 kmz) in 2022, compared to 2001, which showed only 309 km? of
burned land. In 21 years, the annual area burned within KNP has more than doubled. The
accumulation of burned areas has occurred mainly on the periphery of the AZ in contrast
to the IZ, where it has occurred more in the centre, most notably in 2008.

Between 2001 and 2022, apart from the I1Z, where burnt areas decreased and then
almost stabilized, burnt areas have steadily increased in size from 239 km? to 744 km? in
the AZ. This suggests that the extent of burned areas in this part of KNP has tripled in
21 years. It should also be noted that the presence of fires in KNP has disturbed the balance
of forest ecosystems by preventing their regeneration from savannahs. Overall, between
2001 and 2022, large areas of land are burning in KNP every year. Similarly, all land cover
types are burnt each year, with a much higher frequency in the savannahs, where the area
burnt has increased considerably, from 95 km? in 2001 to 395 km? in 2022 (Figure 7). It
should be noted that during this same period, the whole of KNP and the AZ experienced a
progressive dynamic of savannah and mosaic of fields and fallows while losing forest areas
(Figure 2). Our results suggest that fires have two origins in the study area: agriculture in
forest ecosystems to open fields and hunting in the savannahs.
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Figure 5. Maps of burned areas in KNP (in 2001, 2008, 2015 and 2022) based on MODIS data
(MCD64AL1). Fires burned over a larger area in 2022 than in 2001. With the exception of the IZ, fires
are often on the edge of the AZ because the environment in this part of the park is made up of a
network of watercourses that maintain moisture.
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Figure 6. Evolution over time (in 2001, 2008, 2015 and 2022) of the total area burnt in KNP, IZ and
AZ. The burned area is constantly increasing in KNP and AZ but decreasing in IZ.
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Figure 7. Area burned per land cover unit (forest, savannah, and field and fallow) in KNP in 2001,
2008, 2015 and 2022. Wetlands are not considered by this analysis because of their stability in terms
of humidity, which does not allow the passage of fires. Fires are more settled in the savannahs,
preventing the latter from evolving towards the forest which has also recorded burned areas.

4. Discussion
4.1. Methodology

Despite their coarse spatial resolution, Landsat images are suitable for large-scale
studies as they provide a global view of the entire landscape [9,28,65]. In the context of
the Katangan Copper Arc region (southeast of DR Congo), the use of Landsat images
helped to highlight the main landscape dynamics, namely peri-urbanization, deforestation,
savanization and agricultural development [9]. Moreover, the time step between images
(7 years, less than 10 years) is acceptable for analysing land cover change in areas subject to
rapid change [66]. Spatial changes and transformation processes within KNP have been also
highlighted by the calculation of spatial structure indices, which are recognized as reliable
indicators for assessing human impact on the observed landscape morphology [56,67]. In
addition, MODIS data were used to assess the risk of vegetation fires. This collection has
already led to a better detection of small fires, a significant reduction of unmapped areas
and a reduction of the temporal uncertainty of the fire date [68,69].

4.2. lllegal Human Activities, Bushfire Dynamics and Deforestation of Miombo in KNP

The results of our study reveal continued deforestation in KNP, which is much more
marked in its Annex Zone, where there is a clear tendency of forests disappearance. The 1Z
is also not spared from this scourge. The annual deforestation rate for KNP is estimated
at 3.4% between 2001 and 2008, 0.8% between 2008 and 2015, and 1.2% between 2015
and 2022. Overall, these deforestation rates are much higher than the estimated national
deforestation rate of 0.2% [3,21,70]. This may be explained by the development of illicit
anthropic activities within the study area (KNP) coupled a poor management. Furthermore,
according to Potapov et al. [21], the rate of deforestation depends on environmental factors
in interaction with the society [67]. Indeed, most protected areas in DR Congo do not have
a very strong conservation status and are regularly subject to illegal exploitation [21]. In
addition, as its periphery is still occupied by villages, KNP has been subject to various
anthropogenic pressures since its creation [36]. The main activities of the population in
the neighbouring villages are in fact based on agriculture, hunting, gathering, and logging.
In the region, it is well established that most charcoal cuts are clearcuts, with only 22% of
respondents recognized to proceed by select species. Wood cutting is selective for wood
used in construction and for making tools [71]. Forest resources also provide non-timber
forest products commonly consumed in villages (fruits) or used in traditional medicine.
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They are also a complementary source of income to the sale of agricultural products for
local communities. In the same line of thoughts, ref. [72] revealed that charcoal production
(40%) and fuelwood production (32%) are the main drivers of deforestation and miombo
degradation in the Dzalanyama Forest Reserve in Malawi. In addition, the proximity
of KNP to National Road 5 is also a non-negligeable factor in the anthropisation of its
landscapes, particularly as conditions are favourable for the sale of forest products collected
by local communities [20,26,46,73]. The multiple and repeated intrusion of local populations
into the forests for various activities, notably timber cutting, and agriculture [9,19], has as a
major consequence the regression of the forests. In Zambia, ref. [74] also recognized the
importance of major roads alongside protected areas in the process of degradation of their
natural resources.

In addition, the poor socio-economic situation of local people in the region can also
account for the regressive trend of forest ecosystems. Indeed, local communities hardly
get good yields of the main crops in their family farms, while their daily income is below
USD 1.25 per day [75].

Results revealed higher proportions of forests declined between 2001 and 2008, which
is the post-conflict period in the region [76], characterized by a decay of economic conditions
in the region. Additionally, during this period, the populations therein were fighting for
their subsistence in a deleterious economic context with little concern for the sustainability
of resources [77]. A significant loss of miombo cover was noted in the same region by
ref. [33] and over the same period (1998-2008) within the Lufira Biosphere Reserve. In the
same way, the work of ref. [78] on the Mont Péko National Park in Céte d’Ivoire identified
the conflict as a major driver of forest-area decrease, with the situation being accentuated in
the post-conflict period when populations seek to reconstitute themselves. The post-conflict
assessment of the state of the classified forest of Haut-Sassandra in Céte d'Ivoire also
revealed a regression from 37,749 hectares in 2001 to 7844 hectares in 2013 (i.e., 79, 22%
regression) as opposed to the areas of fallow-crop mosaics that, rather, increased from
9910 hectares to more than 36,374 hectares in the same period [79].

The results of our study further revealed that despite the loss of forest and the increase
in savannah space observed in the IZ of KNP, fields and fallow land have dropped sig-
nificantly in area in this zone and have remained relatively low (between 2001 and 2022),
compared to the AZ. This is justified by the fact that more attention is paid to the IZ than to
the AZ, where human activities are allowed until now, whereas all human activities are
prohibited in the IZ apart from sightseeing tourism and research [34,35].

Overall, the analysis of the results suggests a conversion of forest areas to non-forest,
mainly savannahs and the field and fallow mosaic that have increased their hold on the
landscape. In the KNP context, due to the poor monitoring and management system,
there is recurrent intrusion of farmers for collection timber and other forest products, as
well as farming and hunting. Over several years, these activities have led to significant
savanization in the park, confirming the conclusions of ref. [19] that the importance of
savannahs increases with the level of anthropisation of the landscape in southern Katanga.

Although it is recognised that perforation comes before dissection, followed by shrink-
age or fragmentation when a natural landscape undergoes anthropisation [80], our analysis
of structural dynamics within KNP between 2001 and 2022 gave the opposite result, proba-
bly due to the difference in spatial scale and time step [49]. In the context of KNP, forest
loss was driven by patch removal and dissection, corroborating the results of ref. [54]
in the same area. The low rate of deforestation observed between 2015 and 2022 is due
to the unification of KNP with Upemba National Park (UNP) to improve management.
In the period of socio-political instability in Burundi, for example, the limitation of the
anthropic effect linked to the delimitation of the Bururi forest reserve, coupled with the
increase in the number of forest guards, would have influenced the gain in forest area and
perimeter observed between 2001 and 2011. Similarly, the involvement of local populations
in forest protection could have further limited human pressure, thereby favouring the
regeneration of degraded areas [81]; however, the project that led to this merger was only
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of short duration (2017-2020), hence, we cannot rule out the possibility of increased human
pressure on this park in the coming decades [67].

Furthermore, because of anthropogenic activities in the study area, the average dis-
tance between two neighbouring forest patches increased from 138.43 m in 2001 to 169.41 m
in 2022 (a difference of 30.98 m). Furthermore, the shape index calculated for the forest
patches revealed a simplicity of their shape, which at the same time reflects their distur-
bance. In this respect our results follow the same trend previously reported in the Babagulu
Forest Region in DR Congo [45] and in the Sudanese zone in northern Benin [50].

KNP is regularly subject to active vegetation fires during the dry season. Refs [82] cor-
roborate that several protected areas in sub-Saharan Africa have high to very high fire activ-
ity during the dry season; however, these fires, especially late fires, are destructive to plant
seeds and a potential modifier of species diversity, distribution and composition. [83,84].
With the spatial evolutionary trend of the fields and fallows within KNP, it can be deduced
that the fires detected during the study period would be linked to the conquest of new agri-
cultural lands, as was the case in the Bururi Forest Reserve in Burundi [85]. This situation is
particularly critical as there are only limited and targeted education and awareness-raising
programmes for local populations, which are not based on comprehensive planning.

Furthermore, the spatio-temporal evolution of the burned areas indicates that fires
accumulated continuously on the periphery of the AZ, whereas in the IA, these fires settled
in the centre and increased (between 2001 and 2008) before decreasing thereafter (between
2008 and 2022). This is justified by the presence of a chain of villages on the periphery of
the park’s annex area, where populations constantly burn the forests near their habitats to
open new fields. However, although the central part of the Park’s annexed area is made
up of savannahs, this part is also crossed by important watercourses generating humidity
that limits the spread of fire. In the centre of the IZ, by contrast, the presence of fires can
be justified by the fact that a considerable proportion of land in the middle part is made
of bare soil on which grassy vegetation grows in the rainy season, which end up being
burned during the dry season. In addition, the increase in burned areas in the IZ in 2008 is
the result of inefficient and precarious management practices resulting from the reduced
number of eco-guards [34]. Indeed, the period between 2001 and 2008 corresponds to the
period of political instability in the region, making households vulnerable and turning
to the exploitation of KNP’s natural resources for their survival. On the other hand, the
post-contflict period was accompanied by an increase in the number of eco-guards, who
concentrated their activities more in the IZ, as opposed to the AZ, where land conflicts with
local populations are permanent. Nevertheless, with the activities of the eco-guards being
concentrated on the periphery of the IZ, the local population regularly finds their way into
the central part where they exert hunting activities, generally accompanied by fires.

In addition, the spatio-temporal analysis of fires revealed that in the AZ and KNP, the
burned areas were large in 2022 compared to 2001. Indeed, in 2001, the village surrounding
KNP were not as populated as compared to today; therefore, KNP experienced fewer
intrusions and less pressure from the village population [36], with the pressure increasing
every year between 2001 and 2022, resulting in burning of large areas of land. Similarly, it
is noted that all land cover types are covered by fire each year, but with special mention
for the savannahs; however, it is recognised that, the areas burnt are usually the same,
generally associated with savannah and grassland physiognomies [86]. It should be noted
that degraded areas are the most exposed to fire, such as areas that have experienced
deforestation. These areas, relatively dense with woody vegetation in 2001, have been
degraded in 2008, 2015 and 2022. These changes could be ascribed to both the passage
of fire and recurrent anthropogenic activities, such as agriculture and village expansion;
however, due to the inhibition of buds and seeds of forest species, which would prevent
their regeneration, our findings showed that the forest area decreased, while the burned
area increased. This hypothesis regarding the action of fire on forest resources is also put
forward by other authors [87,88]. In addition, the degradation of certain dense areas in
2001 in KNP that have become degraded or transformed into ‘non-forest’ zones could
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be caused by soil degradation due to the frequency of fire. The degradation of edaphic
conditions will make certain species disappear, with ref. [89] confirming that fires modify
the composition of soils by increasing their potassium content. Finally, in a global way,
the surface area of fires has increased between 2001 and 2022 but through a sequence
of increase—decrease—increase. These processes can be justified by the instability of park
management in DR Congo, with changes occurring almost every year, which does not
allow for a stable and more efficient management system [34].

4.3. Conservation Implications

The forest landscape dynamics of KNP demonstrated in this study are characterised
by deforestation, a phenomenon also recognised by several authors in the region [9,28,33].
Due to the development of illicit anthropogenic activities (mainly logging and agriculture),
wildfires and ineffective management, KNP has undergone mutations. Given the fragile
state of KNP management and the precarious socio-economic conditions of the local (poor)
population, the objectives of conserving forest resources must be maintained. This will limit
illegal exploitation of resources [90] and later the risk of the park being downgraded [33,91].
Indeed, the people living in KNP are extremely poor, with low levels of education, rapid
population growth and high dependence on small-scale agriculture and natural resources
for food, energy, health care and income. As a result, the remaining patches of miombo are
under severe threat from shifting cultivation, charcoal production, bushmeat consumption
and overexploitation of various resources. Furthermore, for the success of the day-to-day
management of KNP, the involvement of local people seems to be one of the indispensable
alternatives (solutions) that can contribute to reducing human pressure on the resources,
and perpetuate the services provided by KNP. Another very effective approach could be the
development of alternative income-generating activities (e.g., agroforestry), as suggested
by ref. [54] for the Kasomeno area in Upper Katanga. This approach has already produced
convincing results [92,93], allowing reduction of pressure on natural resources from poor
riparian populations. In most cases however, the management plan for protected areas
focuses more on legal protection than the sustainable livelihoods of local communities,
which has led to conflicts between local people and reserve managers [94]. In addition,
there is a pressing need to improve criminal justice efforts to combat illegal activities on
natural resources [95,96], in KNP. However, this activity should be, in collaboration with
local people, preceded by demarcation with easily identifiable markers in areas where there
are no natural boundaries.

Our study identified the recurrent passage of vegetation fires as a major factor im-
pairing the forests to evolve in KNP. This is crucial, especially since even in the absence of
anthropogenic pressures, the miombo takes a long time to recover [19]. To circumvent this
situation and promote forest regeneration, two solutions can be envisaged in the context of
KNP. Firstly, the practice of early fire should be promoted within KNP as a firebreak [97]
and as a good tool for environmental preservation [98]. This practice has proved suc-
cessful in combating wildfire in Madagascar [99]. Likewise, it has allowed a dense forest
to recover and a wooded savannah to be maintained on savannah soils in central Cote
d’Ivoire [100]. Finally, it is important to strengthen human, technical and organisational
capacities within KNP, through education, awareness-raising, information and training ac-
tivities on bushfire control techniques, which are the important components in the bushfire
management plan [101].

5. Conclusions

This study contributed to the assessment of landscape and bushfire dynamics within
Kundelungu National Park, in south-eastern DR Congo. It used remote sensing, mapping,
and landscape ecology analysis tools to quantify landscape dynamics and analysed the
spatio-temporal distribution of fire occurrences. Due to illegal agricultural development
and recurrent bushfires, the study area has experienced spatial changes in the landscape,
materialised by the continuous regression of forest areas (through the process of suppression
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and dissection). These changes were particularly marked between 2001 and 2008, which
was the post-conflict period in the region. Although the forest may still constitute the
matrix of the landscape, the average distance between its patches has clearly increased,
indicating fragmentation and spatial isolation. Conversely, the area and number of patches
of agricultural and fallow land have increased over the entire period from 2001 to 2022,
amplifying the level of disturbance, which has doubled from 2.17 to 3.56. This disturbance
is also the result of several wildfire attacks that have accumulated burned areas between
2001 and 2022 within KNP, particularly in the Annex Zone.

This study has limited itself to demonstrating the role of illegal activities and wildland
fires in KNP on forest ecosystem imbalance. The results provide an understanding of
the damage caused by human activities within KNP. They allowed quantifying areas of
intense fire activity and illegal farming that need special attention. In addition to reduce
human intrusion into the park, this study proposes the development of alternative survival
strategies for local people as well as strengthening the skills of available human resources
in the early management of fires, which prevent savannahs from evolving into forests.
These results will be useful for future studies. They will be used as a starting point for even
more important analyses on other research questions.
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