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Abstract: In the Lubumbashi charcoal production basin (LCPB) in south-eastern DR Congo,
agricultural and charcoal production activities regularly give rise to fires that lead to considerable
degradation of the miombo open forest. This study analyzes the drivers of the spatio-temporal
distribution of active fires and burnt areas in the LCPB by processing MODIS and Landsat data. In
addition, a Kernel density analysis method (KDE) was used to estimate fire risk, while the effect of
the road network and dwellings on vegetation fires was highlighted in areas between 0-3000m
radius. Obtained results revealed that fires in the LCPB generally occur between April and
November mainly during the day, between 11am and 12pm. These fires are concentrated in the
central and south-western part of the LCPB, more specifically in the savannahs and near roads.
From 2002 to 2022, an average of 11,237 active fires and an average of 6,337 km2 of burnt areas were
recorded in the LCPB. Each year, these fires peak in August, and despite their steady decline, the
few fires that have affected the forests have caused more devastation (more than 2790 km?/ year)
than those observed in the fields and savannah. These figures highlight the imperative need to put
in place fire prevention and management measures in the LCPB, with particular emphasis on
awareness, monitoring and fire-fighting measures.

Keywords: agriculture; carbonisation; bushfire; GIS/remote sensing; landscape ecology

1. Introduction

Forests are crucial for the planet and humanity. They provide both essential resources and
ecosystem services [1-3]. For a long time, in the tropics, because of land cover/use changes to meet
the various needs of humans [4,5], these ecosystems have experienced alarming degradation,
threatening environmental stability and the survival of many species [6]. Hence for example, the
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orang-outan (Pongo pygmaeus L.) and the Bali lion (Panthera leo L.) have suffered loss of their natural
habitat as a result of deforestation, leading to their disappearance [6,7].

According to Ref. [8], 178 million hectares of the world’s forest area have disapeared between
1990 and 2020. And currently, nearly 30% of the remaining forests are seriously degraded, mainly
due to uncontrolled deforestation and shifting cultivation [9,10]. In Africa, small-scale processes such
as slash-and-burn agriculture are mainly responsible for regional deforestation and forest
degradation [11,12]. Indeed, recent research continues to highlight the extent of the damage caused
by agricultural expansion, deforestation, and climate change on forest resources [8,11,13,14]. Besides,
wildfire is seen as one of the main agents of disturbance and stress in the various biomes [15].

Human influence on fire regimes, resulting from both natural and man-made causes, varies
greatly according to region around the world [15]. Furthermore, the characteristics of wildfires, such
as type, intensity, spread and temporal distribution, depend on several factors including climate, fuel
load and continuity, as well as start sources such as roads and villages [16]. In many tropical forests,
roads establishment is perceived as one of the major factors facilitating timber exploitation and
habitat fragmentation [17]. Associated with villages, roads are recognised as huge sources of
degradation of natural ecosystems [18]. Africa is the most active continent, with a high frequency of
bushfires (around 28,000 per year) [19,20], which affect the terrestrial landscape over large areas and
modify the diversity, distribution and composition of species [21,22]. The Democratic Republic of the
Congo (DR Congo) where an average of 2,824 fires a year were recorded between 1996 and 2001 is
not exception [20].

In DR Congo, each fire and its use have different impacts on the ecosystem and on communities
since fire is a beneficial tool as well as a threat to the ecosystem. Indeed, used correctly and
strategically, bushfires can improve the health of the ecosystem and reduce its impact on climate
change [23]. On the other hand, bushfire can be destructive, particularly when used to clear new
agricultural plots in forest areas and along gallery forests. Furthermore, if used repeatedly, fire can
contribute to the destruction of savannahs [20]. In the DR Congo, anthropogenic fires are the result
of different land management objectives and depend on the location and specific context [20]. The
pressures exerted by human activity on the forests are having disastrous consequences, amplified by
an ever-growing population [23]. Indeed, the rate of deforestation in the country has increased
considerably, rising from 0.11% between 1990 and 2000 to 0.22% between 2000 and 2005 [24]. In
addition, forests, which play a crucial role at local, regional and global level, face constant threats
[25].

In the south-eastern part of the DR Congo, the Katangese Copperbelt area is one of the most
active mining regions since more than 100 years, which contributes to demographic explosion [26].
At the same time, this area is criss-crossed by the miombo woodland, rich in endemism and
ecosystem services provided to local communities. Miombo is a type of open forest characterised by
sparse shrub vegetation dominated by trees with contiguous crowns and light foliage belonging to
the genera Brachystegia, Julbernadia and Isoberlinia [27]. It also includes sparse herbaceous vegetation
where daylight penetrates, giving a clear and luminous appearance [27]. Intensive mining activities
and increasing urbanisation [26,27], combined with high energy and food demand [28,29], strongly
contribute to the deterioration of the miombo in the rural zone of Lubumbashi [30-32], referred to as
the Lubumbashi Charcoal Production Basin (LCPB).

The LCPB is heavily dependent on agriculture and charcoal production, resulting in the
continuous exploitation of forest resources [33]. Also, long abandoned in a state of accelerated
degradation, the main roads are increasingly undergoing modernisation, leading to the creation of
several small charcoal traders and farmers. Ref. [34] consider that the landscape dynamics of
miombo's forest ecosystems are strongly influenced by logging and the expansion of agriculture, but
also by the vegetation fires that regularly escape from farming activities and charcoal production [35].
Indeed, with more than 3 million of inhabitants in 2020, the electricity production and distribution
are insufficient to meet the households needs in the city of Lubumbashi, in a context where mining
companies are favoured. Consequently, charcoal has become the primary domestic energy source,
meeting the demands of over 72% of households [36]. However, repeated human-induced vegetation
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fires, caused by agriculture, charcoal production or, rarely, hunting, have contributed to change the
landscape's configuration [35].

In the case of the LCPB, it is very crucial to monitor the spread of vegetation fires in order to
better understand their impact on vegetation [37-39]. In this context, an approach integrating
landscape analysis of fires and land cover categories based on remote sensing data, combined with
geographic information systems (GIS) and landscape ecology analysis tools, is essential [35]. By
adopting this multidisciplinary approach, it is possible to effectively monitor phenomena at different
spatio-temporal scales, such as bushfires and deforestation [40,41]. These are particularly interesting
tools for resource management, enabling the different components of the landscape to be understood
in their mutual eco-geographical relationships [42,43]. Also, remote sensing remains an approach that
provides large-scale data. These capabilities enable a better understanding of landscapes changes and
guide decision-making in land management and environmental conservation [44].

This paper aims to analyze the impact of vegetation fires in the LCPB, examining their causes
and spatio-temporal dynamics. We verify whether agricultural activities, charcoal production, and
the road network in the LCPB contribute to the increase in vegetation fires that degrade forests
through savannisation.

2. Materials and methods

2.1. Biophysical description of the study area

This study took place in the LCPB, located in the south-east of the Democratic Republic of Congo
(DRC), with geographical coordinates between 10°39'7.47"-12°26'37.61" S and 26°20'54.95"-
28°40'13.55" E (Figure 1) [33]. The LCPB covers an area of approximately 26,603.4 km? and has a Cw
type climate according to the Képpen classification [45]. The region experiences a rainy season from
November to March and a dry season from May to September, with April and October constituting
a transitional period between the two seasons [46].

27°0'0"E 28°0'0"E
1 1

11°0'¢"S

=== Roads
[ 1City of Lubumbashi ¢ 1020 40 kilometers
CIBPCB

27“(;'0”E 28°()I'0"E

Figure 1. Location of the study area, the Lubumbashi charcoal production basin (LCPB), in the south-
east of the Democratic Republic of Congo (A) in the province of Upper Katanga (B).

Annual rainfall in the LCPB is estimated around 1,270 mm and the average annual temperature
around 20°C [47], although recent climate warming has been observed [48]. The prevailing winds in
the region are generally trade winds, blowing from south-east to east, then from north-east to east
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[27]. The natural vegetation in the region is miombo woodland, but this is currently fragmented and
often replaced by savannah [49,50]. The predominant soil cover is ferralitic, with an average pH of
around 5.2 [48]. The LCPB is home to several socio-economic activities, including industrial and
artisanal mining, agriculture, charcoal production, residential livestock farming and trade, which are
essential for local people [51,52]. It faces several challenges, including rapid population growth and
the failure of state services [51]. Since the election of provincial governors in 2006, a number of roads
linking the city of Lubumbashi to the territories have been built, boosting the expansion and creation
of villages in LCPB.

2.2. Methods

2.2.1. Data

In this study, Landsat images were used to study land cover. The Google Earth Engine (GEE)
platform, which offers easy and instant access to satellite data as well as the computing resources
required for online preprocessing [53], was used. For this reason, Landsat images (30 m spatial
resolution) acquired in the dry season (June-August), emanated from the Landsat 5 Thematic Mapper
(TM) sensors for the years 2002, 2004 and 2007; Landsat 7 Enhanced Thematic Mapper plus (ETM+)
for the year 2010 and Landsat 8 Operational Land Imager (OLI) for the years 2013, 2016, 2019 and
2022. A total of eight images were selected. These are surface reflectance data from the Level 2
Collection 2 Tier 1 datasets, collected over a time step varying between 2 and 3 years, depending on
their availability and quality, but above all on the objectives of the study [52]. It is important to note
that the years in which the images were acquired coincided with periods of significant growth in
human activity in the region. The years 2002 to 2007 represent the period following the liberalisation
of the mining sector, while 2010 to 2013 correspond to the period after the global financial crisis.
Finally, the years 2016 to 2022 mark the period following the dismemberment of provinces in DR
Congo.

To analyse bushfire dynamics, active fire points and MODIS image time series (MCD64A1)
corresponding to burnt areas were wused [54]. These data were collected from
https://search.earthdata.nasa.gov/ and https://search.earthdata.nasa.gov/ respectively on 26 May
2023. The MODIS fire points have a spatial resolution of 1 kilometre, while the MODIS images have
a spatial resolution of 500 m. Each 500 m pixel contains information on the presence or absence of
burnt surfaces, as well as an approximation of the date of the fire's passage during the month
analysed.

2.2.2. Pre-processing of Landsat images

Radiometric pre-processing, through Google Earth Engine, was carried out to correct the spatial
discontinuity that appeared in May 2003 due to a failure of the Landsat 7 Scan Line Corrector (SLC),
that resulted in a loss of approximately 22% of the data in each image scene. To overcome this
limitation, a technique based on the application of the "gap mask" was used [55], which made it
possible to recover missing data, thus ensuring the reliability and accuracy of subsequent analyses
[55].

2.2.3. Landsat image classification and validation

A false-colour composite of Landsat images was produced using the mid-infrared, near-infrared
and red bands, in order to better discriminate among vegetation types [56]. This colour composite
was used to distinguish the different objects present in the images in order to facilitate their
interpretation. Land cover units were identified and coded on the different scenes. For each land
cover unit, training areas (ROIs) were delineated for each study year at the size of a pixel throughout
the dry season. These areas were selected using sampling polygons, avoiding transition zones in
order to minimise the mixel phenomenon. These ROIs were then used to create a model for training
the Random Forest, based on an ensemble approach using several decision trees. This structure
reduces classification errors and increases prediction accuracy [57]. Its concours to the creation of
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decision trees [58]. Four land cover types were selected in line with the objective of the study (Table
1). This image classification was carried out in order to determine the land cover types in which the
vegetation fires had spread. To check the accuracy of the resulting classifications, we followed the
best practice recommendations [59], constructing unbiased area estimators and estimating
uncertainty (Tables 2 and 3). To do this, a sample of reference observations was collected on the
change maps included between 2002 and 2022, based on local knowledge, visual appreciation of
Google Earth images and exchanges with the local population.

Table 1. Land cover types obtained after supervised classification of Landsat images on GEE, based
on random forest classifier.

Number of
Land use classes Description training zones
(polygons)
Natural land cover: miombo forest, with patches of
Forests 55
dense dry forest and gallery forest
Generally anthropogenic land cover: characterised by a
low density of trees and a predominance of herbaceous
Savannah . . 50
cover. It is more often replaced by bare land in the dry
season, after the end of the vegetation period.
This class of anthropogenic land cover is made up of
. agricultural land after harvesting, abandoned
Field . . 45
agricultural land or land occupied by annual and off-
season Crops.
Other land cover The bal're' land/building complex, bodies of water and 50
unclassified areas
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Table 2. Accuracy assessment and area estimate for the land cover and land cover change map based on the Landsat image supervised classification using the random forest classifier.

FR stands for Forests; SV for savannah; FD for Field; BBS for built-up and bare soil; OT for other land cover; UA for user’s accuracy; PA for producer accuracy and CI for confidence

interval. The change in other land covers was not assessed, as it was very small (the class remained stable over all the periods studied).

2002-2004 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain BBS Gain
Accuracy measure
PA [%] 96.59 91.78 100.00 96.12 99.07 100.00 100.00 98.10 94.62
UA [%] 96.59 98.05 95.41 97.06 100.00 98.04 98.02 94.50 91.67
Overall accuracy [%] 96.74
Stratified estimators of area x CI [% of total map area]
Area [%] 18.06 19.30 9.16 9.07 943 8.81 8.72 9.25 8.19
95% CI 0.64 0.80 0.38 0.45 0.17 0.24 0.24 0.48 0.61
2004-2007 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain OT Gain
Accuracy measure
PA [%] 94.34 93.98 99.01 100.00 100.00 100.00 95.88 100.00 100.00
UA [%] 99.01 98.54 99.01 99.03 96.08 96.30 89.42 97.98 98.25
Overall accuracy [%] 97.37
Stratified estimators of area * CI [% of total map areal
Area [%] 18.23 18.14 8.76 9.12 9.29 9.20 8.94 8.67 9.65
95% CI 0.00 0.42 0.30 0.35 0.00 0.17 0.17 0.38 0.54
2007-2010 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain OT Gain
Accuracy measure
PA [%] 100 98.0488 100 98.0583 100 99.0385 100 98.9796 93.578
UA [%] 100 99.0148 97.0588 98.0583 100 100 99.0196 96.0396 97.1429
Overall accuracy [%] 98.67
Stratified estimators of area * CI [% of total map areal
Area [%] 18.15 18.15 8.46 9.25 8.63 8.99 8.63 8.02 9.96
95% CI 0.45 0.46 0.47 0.30 0.34 0.00 0.38 0.24 0.34
2010-2013 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain OT Gain
Accuracy measure
PA [%] 98.06 96.60 100.00 97.14 100.00 100.00 98.98 97.80 97.35
UA [%] 98.54 100.00 92.31 100.00 96.08 100.00 96.04 100.00 99.10
Overall accuracy [%] 98.21
Stratified estimators of area * CI [% of total map areal
Area [%] 18.32 17.96 9.30 9.21 8.66 9.21 9.21 8.94 9.21
95% CI 0.25 0.47 0.30 0.25 0.18 0.25 0.31 0.31 0.31
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Table 3. Accuracy assessment and area estimate for the land cover and land cover change map based on the Landsat image supervised classification using the random forest classifier.FR
stands for Forests; SV for savannah; FD for Field; BBS for built-up and bare soil; OT for other land cover; UA for user’s accuracy; PA for producer accuracy and CI for confidence interval.
The change in other land covers was not assessed, as it was very small (the class remained stable over all the periods studied).

2013-2016 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain OT Gain
Accuracy measure
PA [%] 100.00 98.49 100.00 99.02 100.00 98.04 98.04 97.98 97.06
UA [%] 99.02 98.00 97.17 99.02 98.97 100.00 99.01 98.98 100.00
Overall accuracy [%] 98.83
Stratified estimators of area * CI [% of total map areal
Area [%] 18.32 17.96 9.30 9.21 8.66 9.21 9.21 8.94 9.21
95% CI 0.25 0.47 0.30 0.25 0.18 0.25 0.31 0.31 0.31
2016-2019 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain OT Gain
Accuracy measure
PA [%] 100.00 94.42 98.99 100.00 100.00 98.11 98.10 100.00 100.00
UA [%] 99.01 100.00 98.00 97.09 98.06 99.05 99.04 98.99 95.10
Overall accuracy [%] 98.48
Stratified estimators of area = CI [% of total map areal
Area [%] 17.84 19.18 8.83 8.92 9.01 9.46 9.37 8.74 8.65
95% CI 0.25 0.60 0.30 0.30 0.25 0.30 0.30 0.17 0.38
2019-2022 FR Stable SV Stable FD Stable BBS Stable OT Stable FR Loss SV Gain FD Gain OT Gain
Accuracy measure
PA [%] 100.00 99.03 100.00 98.04 100.00 100.00 100.00 100.00 98.08
UA [%] 100.00 100.00 99.00 100.00 98.02 100.00 100.00 99.06 98.08
Overall accuracy [%] 99.47
Stratified estimators of area = CI [% of total map areal
Area [%] 18.47 18.38 8.83 9.10 8.83 9.19 9.19 9.37 9.28
95% CI 0.00 0.25 0.17 0.25 0.25 0.00 0.00 0.17 0.35
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2.4. Analysis of vegetation fires in the LCPB

2.4.1. Distribution and destructive power

To analyse the distribution of bushfires at different temporal scales, we filtered the MODIS data.
Only fire points (96% of the total number) with a confidence level greater than 30% were included in
our analyses to guarantee the reliability of the results. In addition, we used the value of radiative
power expressed in megawatts (MW) to assess the destructive potential of fires and classify them into
different categories: very low to low, moderate and high, according to the methodology of Ref. [60].
For the daily fire analysis, we took into account the times of satellite detection in the area, namely
8am, 9am, 11am, midday and 8pm. Using these data, we created a fire density map using the non-
parametric Kernel density estimation method, a technique recognised for its flexibility, spatial
accuracy and ability to track fire clusters over time and space [61]. The fire density map enabled us
to visualise the spatial clustering of fires in the LCPB region and to distinguish hot zones, with a high
density of fires, from cold zones, with a low density [62]. This approach offers valuable information
on fire distribution and provides a better understanding of the spatio-temporal patterns of bushfires
in the study area.

2.4.2. Quantifying the spatio-temporal dynamics of burnt areas and assessing their impact

The spatio-temporal analysis of burnt areas was carried out by extracting fire values from
MODIS images using ArcGIS 10.8 software [63]. MODIS data over a one-month period are presented
as a series of images with different information such as unburnt areas, approximate fire days
corresponding to the Gregorian calendar, snow or high aerosol concentrations, continental water,
marine water (sea and ocean) and areas not classified due to lack of data. Therefore, only pixel values
between 1 and 366, which provide fire information, were used in this study [64]. Using the shapefile,
the study area was cropped onto the MODIS map layers, making it possible to obtain initial statistics
on burnt areas [63]. The cropped images were then projected in UTM 35 S projection (corresponding
to the study area) and converted into shapefile format, keeping the pixel size at 500 m. For the
subsequent processing of the time series of burnt areas, a spatial and temporal aggregation of the
pixels was performed in order to obtain an image of the study area [65]. This allowed coherent fire
events to be formed by applying two fundamental rules [65]: (1) pixels must be adjacent to each other
or at a maximum distance of 1 pixel to minimise inaccuracies related to the spatial resolution of the
sensor, such as partial burns (spatial rule); and (2) pixels must present fire dates with a maximum
temporal distance of 16 days (temporal rule). This rule is based on the accuracy interval of 8 days
before and after the fire detection date. In addition, a geospatial analysis (GIS cross-referencing) was
carried out to study the location of fires and the distribution of burnt areas on the land cover in the
LCPB. The vector layer of fire points, maps of burnt areas and land cover were overlaid for each year
(2002, 2004, 2007, 2010, 2013, 2016, 2019 and 2022) on ArcGIS 10.8 software. Then, on the same
software, the fire points and burnt areas per year in each land cover, were extracted.

2.4.3. Determination of the impact of the road network and dwellings on the spread of fires in the
LCPB

ArcGIS 10.8 software was used to create buffer zones, intended to assess the influence of
different distances from the road network and villages on the spread of fires and burnt areas. To
avoid overlap, these buffer zones were defined at distances of 0 to 1000 m, 1000 to 2000 m and 2000
to 3000 m radius. It was important to include both the main and secondary roads in the region in the
analysis, With main roads being often important access routes for a number of human traffics, while
secondary roads can facilitate the dispersal of flames in different directions. As for villages,
population density was used as a selection criterion, and five villages with a relatively high
population density were chosen [66]. This approach allows quantifiation of fire frequency as a
function of distance from roads and villages. As the data collected did not follow a normal
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distribution, we used the Kruskal-Wallis test, the non-parametric equivalent of ANOVA, to compare
the fire frequencies observed at different distances.

3. Results

3.1. Analysis of the distribution of fires and the destructive power of fires in the study area between 2002 and
2022

Statistical analysis of the annual and monthly distribution of fire incidents in the study area
reveals an uneven distribution, as clearly illustrated by the data presented in Table 4 and Figure 2.
Fire frequency has increased significantly in the LCPB area, particularly in 2019 which recorded a
significantly higher number of fire incidents (12714) compared to the year 2002 (7254). Fires in the
LCPB span eight months, from April to November, peaking in August (Figure 2), except for 2002.
However, it is remarkable that the majority of fires are detected during daylight hours, particularly
between 11am and 12pm (Figure 3). In terms of their degree of destruction, the most frequent fire
incidents in the study area are characterised by a destructive power ranging from low to very low.
However, the other categories of fire incidents are less frequent, representing a relatively small
percentage (< 20%) of all events recorded between 2002 and 2022. Finally, analysis of the spatial
clustering of fire outbreaks reveals that fires in the LCPB are concentrated in the central and south-
western parts, including along roads (Figure 4).

Table 4. Total number (n) of fire events (between 2002 and 2022) and their percentage distribution
(%) according to their destructive power. There has been a significant increase in fire incidents since

2002.
Radiative power (%)
Low to very low Moderate Strong
2002 (n=7254) 76 15 9
2004 (n=10824) 74 17 9
2007 (n=10646) 74 17 9
2010 (n=12207) 72 18 10
2013 (n=11722) 73 18 9
2016 (n=12152) 76 16 8
2019 (n=12714) 77 16 7
2022 (n=12373) 75 17 8
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Figure 2. Monthly distribution (%) of fire events in the study area between 2002 and 2022. The x-axis
shows the months of the year. The bushfire period in the LCPB extends from April to November each
year, with a peak in August.
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Figure 3. Daily distribution (%) of fire events in the study area between 2002 and 2022. The majority
of fire events occur between 11am and 12pm. The proportions do not add up to 100% because the
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other times of day have been removed from the analysis because their frequency is always less than
1%.
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Figure 4. Map of cumulative fire occurrence between 2002 and 2022, produced using the non-
parametric Kernel Density Estimation (KDE) method. There was a high concentration of fires in the
south-west and central part of the LCPB, including along roads.

3.2. Spatio-temporal dynamics of bushfires in the LCPB: quantification of the number of fires and the area
burnt in land occupations

Burnt areas were recorded in all the years of the study, from 2002 to 2022 (Figures 5 and 6).
However, the variation in fire dynamics in the LCPB is small (with the exception of the period from
2002 to 2004), with a coefficient of variation (CV) around 20%, meaning that the amount of area burnt
from one year to the next in this region, from 2004 onwards, is relatively stable. In the study area, the
average annual area burnt was 6,337 km?2. From 2004 onwards, the area burnt in the LCPB has
remained at a high level, exceeding 5,000 km?2. Bushfires mainly affected the savannahs (Table 5).
However, during their peak in August, it is the forests that are most exposed instead, with an average
annual burnt area estimated at 2798 km?2. Forest fires first increased between 2002 and 2007, then
decreased between 2010 and 2022. In the savannahs and fields, on the other hand, these fires increased
progressively between 2002 and 2022. Each year, their steady decline, the few fires that have affected
the forests have caused more devastation (more than 2790 km?/ year) than those observed in the fields
and savannah
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Figure 5. Annual distribution of burnt areas in the LCPB between 2002 and 2022. The analyses concern
the month of August only. Since the 2004 period, the area burnt in the LCPB has remained at over
5000 km2.

Table 5. Annual fire numbers and monthly burnt area (month of August) by land-use unit (forest,
savannah, field and fallow) in the LCPB between 2002 and 2022. The fires mainly affected and burnt

the savannahs.

Number of fires by land cover

Land cover
2002 2004 2007 2010 2013 2016 2019 2022
Forest 4213 5726 5482 5217 4609 4350 3449 3091
Savannah 3001 5043 5081 6856 6917 7555 8874 8994
Field 15 19 32 32 55 106 107 182
Total 7229 10788 10595 12105 11581 12011 12430 12267
Area burnt by land cover (km?)
Land cover
2002 2004 2007 2010 2013 2016 2019 2022
Forest 2196.59  4028.41 3621.72 3144.00 2866.46 2606.80 2199.42 1718.54
Savannah 1195.07  2117.75 2008.94 3377.28 1819.79 2234.82 2735.77 4352.35
Field 4.71 16.05 1959 1284 1812 1819.79 30.51 113.03

Total 3396.37 616221 5650.25 6534.12 4704.37 6661.41 4965.7 6183.92
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Figure 6. Maps of burnt areas in the LCPB (between 2002 and 2022) based on MODIS data
(MCD64A1).
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3.3. Impact of roads and dwellings on the spread of fires in the LCPB

Burnt areas are also distributed around roads (Figure 7). Spatial analyses revealed that, unlike
villages, roads played an important role in the spread of fires and burnt areas over all the periods
studied between 2002 and 2022. In the study area, fires tend to spread more easily close to roads, but
away from villages. Indeed, the closer they are to roads, the higher the number of fires and burnt
areas, while the opposite trend is observed around villages. These results were confirmed by
significant statistical tests (p=0.0009<0.05), clearly demonstrating the influence of roads on the spread

of fires.
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Figure 7. Fire spread around roads (a), dwellings (b) and the distribution of burnt areas around roads
(c) and dwellings (d), in the LCPB. Roads play an important role in the spread of fires and burnt areas,
unlike dwellings.

4. Discussion

4.1. Methodology

To assess the impact of fires on vegetation cover, this study used data from the Landsat (30 m
spatial resolution) and MODIS (500 m to 1 km spatial resolution) satellites. The acquisition of these
data at a reduced time step (from 2 to 3 years) enabled the rapid changes linked to vegetation fires to
be captured. This did not prevent the study from highlighting the main trends in landscape evolution
in the study area, and our results are similar to those of previous studies in the region using the same
approach [33,35]. Landsat images, although of coarse resolution, are suitable for large-scale studies
and provide a global view of the landscape [44,67]. These data were used by Ref. [68] to identify the
main land cover units in the Katanga region on the basis of knowledge of the study area. MODIS
data, for their part, have been used to assess forest fire risk and have proved their effectiveness on
several occasions in this field [69-71]. The data collections used enabled better detection of small fires,
a significant reduction in unmapped areas and a reduction in uncertainty regarding the date of fires
[60,70]. In addition, spatial clustering of fire outbreaks was performed using the Kernel Density
Analysis (KDE) method, a robust approach for estimating fire risk [71]. Buffers and meshes are spatial
analysis tools used to study relationships between geographical objects [72]. Buffer zones are effective
tools for analysing environmental risks. They can be used to indentify influence of human activities
on the spatial distribution of wildfire ignitions define protective areas in order to prevent a
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phenomenon [73]. These tools were used in the present study to assess the role of roads and villages
in fire propagation, while locating the area considered to be the epicentre of the fires.

4.2. Characterisation of bushfire dynamics and their impact on miombo in the LCPB region

Over the last two decades, the LCPB region has seen a significant increase in the frequency of
fires. This trend can be explained by several factors. Firstly, rapid population growth in the region
has led to an increasing demand for wood energy [33], which may lead to more frequent use of fire.
In addition, the continuing impoverishment of populations has led some people to turn to new
practices such as charcoal mining by professional charcoal producers and new farmers acquiring land
for the sole purpose of charcoal production. The data also revealed a periodic variation in the
incidence of fires in the region. Increases were observed in 2002 and 2007, followed by a decrease
between 2010 and 2013, and then a further increase between 2016 and 2022. These fluctuations can be
attributed to a number of factors. Firstly, weather conditions play a key role [74]. Prolonged periods
of drought and high temperatures favour the rapid spread of fires [74]. In addition, the fragmentation
of natural habitats and the expansion of urbanised areas increase exposure to fire [75]. Urbanisation
often leads to a greater human presence in at-risk areas, thereby increasing the risk of accidental fires
[76]. Moreover, human activity, such as extensive agriculture, logging and uncontrolled agricultural
burning practices, can also play a role in the increase in fires [36,76]. In the LCPB, the months with
the most fire occurrences correspond to drier months i.e ....... [31]. During these periods, the
desiccation of vegetation and soils, coupled to wind shifts, are conducive to the spread of fires [77].
Results of the current study corroborates the findings of Ref. [78], indicating that the majority of
vegetation fires detected in the Sudanian and Zambezi savannahs of the DR Congo are spread during
drier months, Which are characterised by late fires, known to be destructive to biodiversity because
they occur at a time when combustible biomass is highly available. Clearly, the fires detected in the
LCPB during the study periods (2002-2022) are linked to the conquest of new agricultural land being
cleared by fire, as was the case in Burundi [79]. Indeed, during these activities, fallow land is
cultivated and new land is cleared. In both cases, fire is used to facilitate agricultural activities. Our
results showed that the majority of fires in the LCPB are detected during daylight hours, particularly
between 11am and 12pm. In peasant agriculture, at the end of the day's work, farmers pile and burn
the dried biomass, which explains the high number of fires occuring during the day . Another reason
could be the times when the Aqua satellite passes overhead, as it is very active in the tropics during
the day, when it records a large number of fires [62]. Our results are similar to those found by Ref.[71]
in the Luki Biosphere Reserve, and those of Ref. [79] in Burundi. In the study area, the most common
fires are those with very low to low PR corresponding to agricultural fires, whithout any control [71].
In the tropics, low PR fires are associated with grassy formations [60], which are common in fallow
and uncleared land. The spatial distribution of fires indicates a spatial concentration of fire foci in the
central and more south-eastern part of the LCPB region. In these areas, there is still considerable
vegetation cover (savannah and forest) [33], which would explain this spatial distribution of fires.
The results of the spatio-temporal dynamics of burnt areas in the LCPB revealed that from 2004
onwards, the surface area of burnt areas in the LCPB has remained at a high level, exceeding 5000
km?. This can undoubtedly be linked to the rapid development of human activities such as agriculture
and charcoal production [4,80]. Furthermore, analysis of the spatial distribution of vegetation fires in
the LCPB showed that fires were more prevalent in the savannahs, but at their peak in August, the
largest areas burnt were recorded in the forests. The high frequency of fires in savannahs can be
explained by the fact that these plant formations are open, with a continuous grass or herbaceous
cover, which makes the ecosystem more exposed to fires [78]. The same observation was made by
Ref. [81] in Botswana and Ref. [82] in Cameroon. Thus, the nature of the vegetation formation and
land cover/use are essential factors in assessing the level of exposure and vulnerability of an
environment to fire risk [54]. Furthermore, the month of August corresponds to the peak of the dry
season in the LCPB, when vegetation fires reach their peak. During this month, fires occur later, and
forest formations remain very sensitive to these types of fire [83]. This justifies the large areas of forest
burnt during this period.
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The number of fires and burnt areas in the LCPB increases considerably closer to the roads, but
far to the villages. This finding reinforces the results of previous research that has already highlighted
the damaging impact of road infrastructure on the natural environment [67,84]. Ref. [73] also
demonstrated that roads, by allowing easier access to forest areas, potentially increase the risk of
introducing a source of fire ignition. In addition, the proximity of roads is often associated with an
increase in human activity, such as the presence of hikers, campers, hunters or other forest users. This
increased human activity can, in turn, increase the risk of accidental fires [73]. Furthermore, the
decrease in fires around dwellings can be explained by the clustering of villages in densely populated
areas, which reduces the amount of vegetation or fuel available for fires. This limits the ability of
flames to spread and therefore reduces the intensity of the fire. People can detect smoke and report
fire outbreaks quickly, enabling early intervention and quicker control of the flames.

4.3. Implications for combating wildfire and preserving the biodiversity of the miombo in the LCPB

Vegetation fires have a significant impact on biodiversity and fragile ecosystems, as highlighted
by studies such as Ref. [85]. In the specific context of miombo, these fires play a crucial role in species
regeneration [86]. In the LCPB, these fires are a major concern because of their extent, their spatio-
temporal trends, and their impact on plant formations. The adverse consequences for biodiversity
request for the implementation of effective prevention and control measures [87,88]. Firstly, to
mitigate these vegetation fires, it is essential to raise awareness and educate local communities about
the dangers and consequences of these fires [89]. Awareness-raising campaigns are needed to
promote sustainable agricultural practices, such as the use of controlled slash-and-burn techniques
or the adoption of alternative land-clearing methods. It is also crucial to control fires during charcoal
production and to strictly apply the regulations against hunting by fire [90,91]. These measures will
certainly help preserving biodiversity and protect the fragile ecosystems of the LCPB.

Furthermore, it is still essential to adapt the vision and practices of the stakeholders involved by
combining traditional and modern methods of bushfire control. In Senegal for example, despite a
number of obstacles, traditional early fire management is still in force, and bushfire regulations have
evolved to give local populations the right and duty to manage their natural resources [89]. This
successful experience could be adopted by local decision-makers for the management of LCPB. In
addition, the introduction of regulations aimed at ensuring sustainable management of forest
ecosystems and the promotion of an integrated and participatory management policy are important
assets [92,93]. At the same time, the use of innovative technologies such as satellite fire detection
systems or drones to spot fire outbreaks as soon as they occur [94,95]. In addition, the creation of
buffer zones and protective corridors around roads can help reduce the risk of fires spreading from
adjacent areas [96]. However, these buffer zones need to be complemented by design and
construction measures that are appropriate for fire-risk areas.

It is worth noting that the current study is based on data that may be limited in terms of spatial
and temporal resolution, which may influence the accuracy of the results. The results of this study
are specific to the LCPB and may not be directly generalised to other regions or production basins
albeit of similar characteristics. Furthermore, in this study the focus was on the drivers and
consequences of wildfires in the BPCB, but other aspects such as socio-economic impacts on local
communities may also be investigated in future research.

5. Conclusion

The study analysed the impact of vegetation fires in the LCPB by examining their causes and
spatio-temporal dynamics. The spatio-temporal analysis of active fires and burnt areas revealed that
they are predominantly distributed along roads, particularly in the savannahs. These fires occur
mainly during the dry season, between April and November, and are generally detected during the
day, mainly between 11am and 12pm. The month of August marks the annual peak in fires, causing
significant damage to the forests. From these results, it is clear that agricultural activities, charcoal
production and the road network in the LCPB contribute to the increase in vegetation fires, which
have a significant impact on biodiversity and forest degradation. In order to control and prevent these
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fires while preserving regional biodiversity, it is essential to raise awareness, to monitor and to
improve road infrastructure, as well as improving the management of human activities. This research
provides valuable information for the prevention and management of fires, which can be used to
develop more effective fire-fighting policies and strategies, as well as land-cover plans to reduce
ecological and socio-économical risk associated to bushfire.
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