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Abstract

Rapid urbanization in major African cities is driving profound land-use transformations, with substantial consequences for landscapes,
ecosystems, and spatial planning. In Kinshasa, however, recent trajectories of landscape transformation, conversions among land-use and land-
cover classes, and spatial variation in the intensity of urban expansion remain insufficiently documented at intra-urban and peri-urban scales. This
study analyzes the spatiotemporal dynamics of urbanization and landscape anthropization in Kinshasa, Democratic Republic of Congo, from 2001
t0 2024.

The analysis draws on Landsat satellite imagery derived from annual composites processed in Google Earth Engine and classified using the
Random Forest algorithm. Eight land-use and land-cover classes were considered: forests, gallery forests, savannahs, wetlands, croplands, bare
land, built-up areas, and water. Changes were assessed using land-use and land-cover maps, transition matrices, spatial landscape-structure
metrics, the landscape disturbance index, and indicators of the mean annual rate and intensity of urban expansion.

The results reveal progressive anthropization of Kinshasa's landscape over the study period. Although savannahs remained the dominant class,
their share decreased from approximately 58% in 2001 to 47.51% in 2024. Forests also declined sharply, from 20.56% in 2001 to 7.76% in 2024.
Conversely, cropland increased from 6.39% to 27.43%, while built-up areas expanded from 3.01% to 6.62%. Transition matrices indicate substantial
conversion of natural vegetation, particularly savannahs and forests, into croplands and built-up areas. The landscape disturbance index increased
from 0.14in 2001 to 0.56 in 2024, confirming intensifying anthropogenic pressure. Urban expansion was spatially uneven, characterized by
centrifugal growth and the advance of urbanization fronts into peri-urban areas.

These findings confirm that urbanization in Kinshasa follows a diffusion-coalescence trajectory, characterized by the expansion of human-modified
land uses at the expense of natural vegetation. The study highlights the need to strengthen urban planning, protect remnant ecosystems, and
sustainably manage peri-urban areas to limit the environmental and socio-spatial impacts of urban sprawl.

1. INTRODUCTION

Urbanization is one of the major processes transforming contemporary landscapes. Worldwide, urban growth is accompanied by rapid changes in
land use and land cover, particularly through the conversion of natural, agricultural, and semi-natural areas into built-up land, infrastructure, and
other forms of human land use [1-6]. This process is especially pronounced in the Global South, where urban expansion is driven by population
growth, internal migration, the concentration of economic activities, and weak spatial-planning systems [7-10]. Analyzing the spatiotemporal
dynamics of urbanization has therefore become essential for understanding trajectories of urban landscape transformation and informing
sustainable development policies [11].

Sub-Saharan Africa is currently experiencing one of the world's fastest rates of urban growth. Often characterized by extensive spatial sprawl, this
urbanization frequently unfolds amid limited urban governance, infrastructure deficits, mounting land pressure, and unplanned settlement of
peripheral areas [10, 12]. Its environmental and socio-spatial consequences are numerous, including fragmentation of natural vegetation, loss of
green space, soil sealing, expansion of informal settlements, greater exposure to natural hazards, and degradation of urban ecosystem services [4,
5, 13]. These challenges are particularly acute in large African metropolitan areas, where urban expansion often outpaces institutional capacity for
planning, regulation, and development.

Kinshasa, the capital of the Democratic Republic of Congo, is a striking example of this dynamic. Experiencing rapid demographic and economic
growth, the city has expanded spatially for several decades, driven by natural population increase, internal migration, the concentration of
administrative and economic functions, and the search for employment opportunities and services [14-17]. This expansion has increased built-up
and agricultural land, often at the expense of remnant forests, gallery forests, savannahs, and other natural or semi-natural vegetation. In several
parts of the city, urbanization proceeds with limited control, particularly in peri-urban areas, interstitial spaces, and ecologically sensitive zones,
thereby increasing erosion and flood risks, biodiversity loss, and deterioration of living conditions [18—-20].

Several studies have documented the extent of urban sprawl in Kinshasa and its effects on the city’s spatial organization [15, 16, 18, 19, 21-24].
They show that urban growth is accompanied by increasing occupation of peripheral areas and, in some cases, hazard-prone locations such as
steep slopes, valleys, and poorly drained land. Despite their substantial contributions, however, these studies provide limited coverage of recent
land-use dynamics over an extended period, transitions among landscape classes, spatial processes of landscape transformation, and variation in
urban-expansion intensity with distance from the city center.

These dimensions are crucial for understanding not only the magnitude of urbanization, but also its mechanisms, trajectories, and implications for
sustainable urban planning.

Recent advances in remote sensing, cloud-based geospatial processing platforms, and supervised classification methods provide new
opportunities to analyze urban dynamics across broad spatial and temporal scales [25-28]. Landsat image time series, combined with the
processing capabilities of platforms such as Google Earth Engine and SEPAL, make it possible to map land use and land cover, measure landscape
change, and identify urban-expansion fronts over several decades. Robust algorithms such as Random Forest improve multispectral image
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classification and produce reliable land-use and land-cover maps for spatial-transition analysis [29-32]. Transition matrices, landscape-structure
indices, and urban-expansion indicators are also useful for characterizing processes such as fragmentation, aggregation, attrition, dissection, and
patch creation [33-37].

Against this background, the present study analyzes the spatiotemporal dynamics of urbanization and landscape anthropization in Kinshasa from
2001 to 2024. It uses Landsat satellite imagery processed in Google Earth Engine, supervised classification with the Random Forest algorithm,
transition matrices, spatial landscape-structure indices, and urban-expansion intensity indicators. The objectives are to identify trajectories of land-
use and land-cover change, characterize landscape-transformation processes, and determine the areas most affected by urban expansion through
a radial approach based on concentric rings around the city center.

We hypothesize that urbanization in Kinshasa from 2001 to 2024 was accompanied by progressive landscape anthropization, reflected in the
expansion of built-up and agricultural land at the expense of natural vegetation. We further expect this dynamic to be spatially uneven and to follow
a radial diffusion-coalescence pattern, with intensity varying according to distance from the city center and urbanization fronts advancing into peri-
urban areas. By documenting these transformations using multitemporal satellite data, this research improves understanding of Kinshasa's recent
urban-growth trajectory and provides decision-support evidence for more sustainable and resilient urban planning.

2. MATERIALS AND METHODS
2.1. Study area

The study was conducted in Kinshasa, the capital of the Democratic Republic of Congo, in the western part of the country between 4° and 5° S and
15° and 16° E. The study area covers a common area of 1,146 km?, delineated from the city's administrative boundaries provided by the Common
Geographic Reference Framework of the Democratic Republic of Congo. This area was subdivided into concentric 5-km rings centered on Kinshasa
Central Station (4°18'5.07" S, 15°19'1.96" E). This approach captures both the consolidated urban core and the city's peri-urban areas and enables
analysis of urbanization dynamics according to distance from the city center [16, 20, 38]. This delineation was selected to encompass not only the
densely urbanized area but also the peri-urban spaces where land-use and land-cover transformations are particularly rapid. Here, the peri-urban
zone is understood in morphological terms as a transitional space characterized by mixed land use, with a minority of urban settlements embedded
within predominantly non-built-up land [39-41].

Kinshasa has an Aw climate according to the Képpen-Geiger classification [42]. Two main seasons occur: a rainy season, generally from October to
May, with a short interruption from late December to mid-February, and a dry season from June to September. Mean annual precipitation is
approximately 1,432 mm [18, 43].

Historically, the natural vegetation of the Kinshasa region comprised dense forests, savannahs, and semi-aquatic and aquatic vegetation in valleys
and around Pool Malebo [18]. This vegetation has declined sharply because of urbanization, agriculture, and the exploitation of plant resources [15].
The present landscape is dominated by grassland savannahs, degraded vegetation, fruit trees concentrated in residential plots, and expanding built-
up areas, particularly in peri-urban zones.

2.2. Satellite data

The spatiotemporal dynamics of land use and land cover in Kinshasa's urban landscape were analyzed using Landsat satellite imagery for 2001,
2009, 2014, 2019, and 2024. The images were annual composites downloaded from SEPAL, a platform developed by the Food and Agriculture
Organization of the United Nations for remote-sensing-based monitoring of land and forest cover.

The composites were derived from the Landsat Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager
(OLI) sensors. The imagery had undergone atmospheric, radiometric, and geometric corrections, making it suitable for diachronic land-use and
land-cover analysis.

SEPAL annual composites were selected because they reduce the effects of cloud cover and improve comparability among observation dates. This
is especially important in humid tropical regions, where persistent cloudiness often limits the direct use of optical satellite imagery. SEPAL is a
cloud-computing platform designed for autonomous land monitoring with remote-sensing data. Its integration with Google Earth Engine and
several open-source tools facilitates the processing, analysis, and classification of large volumes of satellite data.

The years 2001, 2009, 2014, 2019, and 2024 were selected to capture several important phases of Kinshasa's recent urban development. The year
2001 marked the beginning of political reconfiguration after several years of instability. The year 2009 followed the 2008 global financial crisis and
coincided with a gradual economic recovery, the revival of several urban projects, and continued population inflows to the capital. The year 2014
represented a phase of intensifying urban growth and partial infrastructure modernization amid continuing population growth and often poorly
coordinated urban development [17].
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The year 2019 marked the first peaceful transfer of power in the Democratic Republic of Congo, which may have influenced investment, planning,
and real-estate development. Finally, 2024 provides the most recent available data and captures transformations occurring after this political
transition.

2.3. Image preprocessing and classification

Before classification, Landsat imagery was prepared in Google Earth Engine to facilitate identification of the main land-use and land-cover classes.
False-color composites were generated from shortwave-infrared, near-infrared, and visible bands to improve visual discrimination among built-up
areas, bare land, vegetation, wetlands, and water bodies [44, 45].

Eight land-use and land-cover classes were used in the supervised classification: forests, gallery forests, savannahs, wetlands, croplands, bare land,
built-up areas, and water. These classes were defined according to the ecological, morphological, and urban characteristics of Kinshasa's
landscape. Sample points were collected through visual interpretation of false-color composites, supported by high-resolution imagery available in
Google Earth Engine and Google Earth Pro. The samples were then divided into a training dataset for model calibration and an independent dataset
for map validation [27, 46].

Supervised classification was performed using the Random Forest algorithm [29, 30, 47]. This algorithm constructs an ensemble of decision trees
to assign each pixel to a land-use and land-cover class based on its spectral characteristics. Random Forest is widely used in remote sensing
because of its robustness, its ability to handle complex data, and its strong performance in land-use and land-cover mapping. Several studies report
that it performs well and often outperforms other classifiers, including support vector machines, k-nearest neighbors, and maximum-likelihood
classification [30, 45, 48, 49].

The entire classification workflow from preparation of the training data to production of the classified maps and evaluation of model performance
was implemented in Google Earth Engine [27, 32].

Table 1
Description of the land-use and land-cover classes used in this study for Kinshasa.
Types of Description
land use
classes
Forest Urban and peri-urban relict forests: These forests, often small, are remnants of the vast forest ecosystems that once covered
the region. They are found in protected or inaccessible areas.
Forest Forests are located along rivers and streams; they play a key role in protecting watersheds and provide a habitat for
galleries biodiversity.
Savannah The savannahs of Kinshasa are partly of natural origin, but they are also the result of deforestation and bush fires. The

exploitation of forest resources and shifting agriculture have contributed to the transition from forest ecosystems to
savannahs. These savannahs are a major component of their ecological landscape. They are located on the periphery and
cover a large part of the non-urbanized areas. These ecosystems, typical of tropical regions, are characterized by a
predominance of herbaceous vegetation, punctuated by a few trees or shrubs.

Wetland The wetlands of Kinshasa are essential ecosystems, although they are often neglected or degraded. Located mainly in low-
lying areas, near watercourses or in topographical depressions, they play a crucial role in water regulation and local
biodiversity.

Field Fields are mainly concentrated in outlying areas such as Maluku, Nsele, Mont Ngafula and Kimwenza. A few small plots of
cultivated land are found in urban interstitial spaces, such as along roads, near dwellings or in flood-prone areas.

Bare Bare ground in the city of Kinshasa refers to land areas where vegetation and infrastructure are absent or very sparse. These

grounds areas, which are often found on the outskirts of cities, on fallow land, or in recently deforested or degraded areas, play a special

role in the ecology and urbanization of the city.

Buildings The buildings of the city of Kinshasa represent man-made infrastructures, including residential, commercial, industrial and
institutional buildings.

Water The waters of the city of Kinshasa include all the water resources present on its territory. They play a crucial role in the
ecological, economic and social functioning of the capital, although their management poses many challenges.

2.4. Classification validation

Classification accuracy was evaluated using independent validation points collected in Google Earth Pro for each study year. In total, 1,180 points
were used for 2001, 1,150 for 2009, 1,000 for 2014, 1,180 for 2019, and 1,250 for 2024. The points were compared with the mapped classes to
construct confusion matrices.

Accuracy was assessed using overall, producer’s, and user's accuracy for each land-use and land-cover class. Overall accuracy estimates the total
proportion of correctly classified pixels; producer's accuracy reflects omission errors, and user's accuracy reflects commission errors. This
procedure assesses the reliability of the resulting land-use and land-cover maps before their use in spatiotemporal change analysis [50-52].

2.5. Land-use and land-cover change analysis
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Spatiotemporal land-use and land-cover changes were analyzed from the classified maps for 2001, 2009, 2014, 2019, and 2024. Transition matrices
were produced for four successive periods: 2001-2009, 2009-2014, 2014-2019, and 2019-2024, to quantify conversions among classes. This
approach identifies classes that remained stable, classes that declined, and the main conversion pathways between the initial and final landscape
states [50, 53, 54].

In each transition matrix, rows represent land-use and land-cover classes in the initial year, and columns represent classes in the final year.
Diagonal cells indicate areas that remained unchanged between the two dates, whereas off-diagonal cells represent conversion from one class to
another. Values were expressed as percentages of the total study area to facilitate comparison among observation periods.

A stability index was also calculated for each land-use and land-cover class to assess the proportion of pixels that remained in the same class
relative to pixels that changed class. The index identifies the most stable classes and those undergoing frequent transformation. A high value
indicates strong stability, whereas a low value indicates greater instability and more frequent land-use and land-cover change [52, 55].

2.6. Analysis of landscape spatial structure and anthropization

Landscape spatial structure was analyzed using class-level landscape metrics. These metrics characterize the spatial organization of landscape
patches and identify transformation processes associated with changes in Kinshasa's urban and peri-urban landscape [33, 34, 56]. The selected
metrics were class area, number of patches, largest patch index, and perimeter—area fractal dimension.

Class area measures the spatial extent of each land-use and land-cover type. The number of patches indicates the degree of class subdivision or
fragmentation. The largest patch index quantifies the spatial dominance of the largest patch within a class, while the perimeter—area fractal
dimension measures patch-shape complexity. These metrics were calculated in FRAGSTATS v4.2, which is widely used for quantitative analysis of
landscape spatial structure [34, 56].

Spatial landscape-transformation processes were interpreted from joint changes in patch number and total class area using the decision tree
proposed by Bogaert et al., [35]. The method distinguishes processes including patch creation, attrition, aggregation, fragmentation, and dissection
[35, 57]. A threshold of t = 0.75 was used to distinguish fragmentation from dissection: values greater than 0.75 indicate dissection, whereas values
less than or equal to 0.75 indicate fragmentation [58].

The degree of landscape anthropization was assessed using the landscape disturbance index, defined as the ratio of the area occupied by
anthropogenic classes to that occupied by natural classes. Here, anthropogenic classes comprise croplands, bare land, and built-up areas, whereas
natural classes comprise forests, gallery forests, and savannahs. An index value greater than 1 indicates dominance of anthropogenic classes; a
value below 1 indicates dominance of natural classes [33].

2.7. Urban expansion analysis

Urban expansion in Kinshasa was analyzed at two complementary scales. First, the entire study area was considered to evaluate overall built-up
expansion from 2001 to 2024. Second, a radial analysis was conducted using concentric 5-km-wide rings centered on Kinshasa Central Station and
extending to 50 km. This approach examines spatial variation in urban expansion with distance from the city center and identifies the urban and
peri-urban zones most affected by built-up growth.

Two indicators were used to quantify urban-expansion dynamics: the Annual Urban Expansion Rate (AUER) and the Urban Expansion Intensity Index
(UEI).

The AUER measures the mean annual growth in built-up area between two observation dates. It indicates the rate at which built-up land increases
across the entire study area or within a given spatial unit [36].

1

ULA® \ 70
AUER = . —1| x 100
ULA':

1

where AUER is the annual urban expansion rate ULA:2 and ULA?, and the two area terms denote built-up urban land at times t, and t,,
respectively, for each observation period.

The UEIl measures the mean annual proportion of newly built-up land relative to the total area of the spatial unit considered. It is particularly useful
for comparing urbanization intensity among periods or concentric rings [37]. Index values were interpreted following Abdullahi and Pradhan [59]
and Akubia and Bruns [60]: values below 0.28 indicate very slow expansion; 0.28-0.59, slow expansion; 0.59-1.05, medium-speed expansion;
1.05-1.92, rapid expansion; and values above 1.92, very rapid expansion.
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where UEIl is the urban expansion intensity index for spatial unit j; ULA’Z?ZULAE1 the two area terms denote built-up urban land in unit j at times t,
and t,, respectively; TLA, is the total land area of spatial unit i; and At is the observation interval (t, - t,).

Using these two indicators together captures both the overall rate of built-up growth and the spatial distribution of urban-expansion intensity. This
approach is well suited to rapidly growing metropolitan areas, where urbanization advances unevenly along differentiated fronts across central,
intermediate, and peri-urban zones.

3. RESULTS
3.1. Land-use and land-cover classification and mapping

The land-use and land-cover maps for 2001, 2009, 2014, 2019, and 2024 distinguish eight classes: forests, gallery forests, savannahs, wetlands,
croplands, bare land, built-up areas, and water (Fig. 2). They reveal a progressive transformation of Kinshasa's landscape, characterized by the
expansion of anthropogenic classes primarily croplands and built-up areas at the expense of natural vegetation.

Classification performance was satisfactory, with overall accuracies ranging from 81% to 97% (Table 2). Overall accuracy was 83% in 2001, 81% in
2009, 97% in 2014, 95% in 2019, and 94% in 2024. These values support the reliability of the maps for diachronic land-use and land-cover analysis.

Overall, the maps show the expansion of built-up areas around the urban core and toward peripheral zones, whereas croplands expanded mainly in
peri-urban areas (Figure 2). Conversely, forests and savannahs declined, indicating increasing landscape anthropization from 2001 to 2024.

Table 2. Accuracy of supervised classification of Landsat imagery for 2001, 2009, 2014, 2019, and 2024 using the Random Forest algorithm.

Accuracy %

2001 2009 2014 2019 2024
Land use type Producer User Producer User Producer User Producer User Producer User
Forest 70 82 92 87 97 96 93 90 95 90
Forest galleries 63 73 86 80 99 99 99 98 95 97
Savannahs 91 83 80 73 93 92 86 88 81 85
Wetland 92 92 77 100 99 99 99 99 98 98
Field 85 100 56 73 93 95 91 91 92 90
Bare ground 78 68 83 83 97 96 91 91 88 94
Buildings 96 80 95 91 99 99 96 95 97 96
Water 93 100 100 100 99 99 99 99 99 99
Overall accuracy 83 81 97 95 94

3.2. Changes in landscape composition

Landscape composition in Kinshasa changed substantially between 2001 and 2024 (Figure 3). Savannahs remained the dominant class, but their
share progressively declined from 57.94% in 2001 to 47.51% in 2024. Forests also decreased markedly, from 20.56% to 7.76% over the same
period. Conversely, anthropogenic classes expanded considerably. Cropland increased from 6.39% in 2001 to 27.43% in 2024, indicating substantial
agricultural expansion. Built-up areas more than doubled, from 3.01% to 6.62%, confirming the continued growth of the urban fabric. Gallery forests
followed a more variable trajectory, declining between 2001 and 2019 before recovering slightly in 2024. Wetlands and water remained limited in
extent and relatively stable. Taken together, these results indicate progressive landscape transformation through the loss of natural vegetation and
expansion of anthropogenic land uses.

3.3. Transitions and stability of land-use and land-cover classes
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The transition matrices show that the main land-use and land-cover changes involved conversion of natural vegetation into anthropogenic classes
(Table 3). Across the 2001-2024 study period, savannahs and forests were the principal sources of change, primarily through conversion to
croplands and, to a lesser extent, built-up areas.

From 2001 to 2009, savannahs were largely stable, with 42.93% of the total study area remaining in this class, although 10.30% was converted to
croplands (Table 3). Forests also showed relative stability, with 14.97% of the study area remaining forested, although conversion to savannahs and
other classes occurred. From 2009 to 2014, conversion of savannahs to croplands remained substantial at 10.57%, while forest decline occurred
mainly through conversion to savannahs.

This trajectory continued from 2014 to 2019, when 9.56% of the study area changed from savannahs to croplands and built-up areas expanded
onto former forest, savannah, and bare land (Table 3). From 2019 to 2024, transitions were again dominated by conversion of savannahs to
croplands (6.68% of the study area), together with the conversion of some forests to savannahs and built-up areas.

The stability index corroborates these patterns (Table 4). Savannahs remained relatively stable throughout the study periods, whereas forest
stability declined sharply in 2019-2024. Croplands and built-up areas became increasingly stable over time, reflecting their progressive
consolidation in the landscape. Conversely, bare land exhibited low stability, indicating that it functions as a transitional class in urbanization and
land-transformation processes.

Table 3. Transition matrices for land-use and land-cover classes in Kinshasa for 2001-2009, 2009-2014, 2014-2019, and 2019-2024, derived from
Random Forest classification of Landsat imagery. Row totals represent class proportions in the initial year, and column totals represent class
proportions in the final year. Diagonal cells (bold) are stable areas; off-diagonal cells indicate conversions among classes. Cell values are
percentages of the total study area.

2009

Land use/cover forests forest galleries savannahs wetland fields  bare ground buildings water Total

2001 forests 14.97 1.74 2.02 0.65 0.33 0.48 0.37 0.01 20.56
forest galleries 1.09 4.42 1.6 0.06 0.35 0 0 0.01 7.54
savannahs 1.34 2.53 42.93 0.15 10.3 0.29 0.4 0 57.94
wetland 0.11 0.05 0.04 1.18 0.01 0.02 0.12 0.04 1.56
fields 0.03 0.08 2.7 0 3.56 0.02 0.01 0 6.39
bare ground 0.57 0.01 0.34 0.06 0.01 1.13 0.71 0 2.83
buildings 0.25 0 0.25 0.13 0 0.26 2.12 0.01 3.01
water 0 0 0 0.02 0 0 0.01 0.13  0.16
Total 18.35 8.83 49.87 2.26 14.55 2.2 3.73 0.21 100

2014

Land use/cover forests forestgalleries savannahs wetland fields bare ground buildings water Total

2009 forests 11.55 1.73 3.66 0.51 0.15 0.31 0.43 0 18.35
forest galleries  0.17 4.44 3.15 0.34 0.73 0 0 0 8.83
savannahs 0.93 0.64 37.09 0.06 10.57 0.28 0.31 0 49.87
wetland 0.87 0.01 0.06 1.01 0.01 0.03 0.23 0.03 2.26
fields 0 0.19 3.84 0.04 10.49 0.01 0 0 14.55
bare ground 0.3 0.01 0.34 0 0.02 1.01 0.51 0 2.2
buildings 0.34 0 0.24 0.06 0.01 0.32 2.75 0.01 3.73
water 0.02 0 0 0.04 0 0 0 0.14 0.21
Total 14.19 7.02 48.38 2.06 2196 1.96 4.24 0.19 100
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2019

Land use/cover forests forestgalleries savannahs wetland fields bare ground buildings water Total

2014 forests 10.00 0.19 2.96 0.07 0 0.24 0.68 0.03 14.19
forest galleries  0.76 4.03 1.81 0.07 0.35 0 0 0 7.02
savannahs 1.32 0.68 35.98 0.16 9.56 0.14 0.54 0 48.38
wetland 0.09 0.07 0.42 1.33 0.08 0 0.04 0.03 2.06
fields 0.01 0.23 4.68 0.04 17.01 O 0 0 21.96
bare ground 0.1 0 0.28 0.01 0.02 0.63 0.89 0.01 1.96
buildings 0.31 0 0.34 0.05 0 0.2 3.33 0.01 4.24
water 0 0 0 0.01 0 0 0 0.18 0.19
Total 12.59 5.21 46.48 1.74 27.03 1.21 5.49 0.26 100

2024

Land use/cover forests forestgalleries savannahs wetland fields bare ground buildings water Total

2019 forests 6.14 1.05 47 0.05 0 0.15 0.48 0.02 12.59
forest galleries  0.08 3.67 1.13 0.1 0.21 0 0.01 0 5.21
savannahs 1.09 2.08 35.16 0.55 6.68 0.11 0.81 0 46.48
wetland 0.02 0.03 0.18 1.38 0.02 0 0.06 0.05 1.74
fields 0 0.49 5.65 0.19 20.5 0.01 0.19 0 27.03
bare ground 0.12 0 0.15 0 0 0.25 0.69 0 1.21
buildings 0.3 0.01 0.54 0.05 0 0.21 4.37 0.01 5.49
water 0.01 0 0 0.01 0 0.01 0.01 0.23 0.26
Total 7.76 7.34 47.51 2.32 27.43 0.72 6.62 0.3 100

Table 4. Stability index for each land-use and land-cover class in Kinshasa during the four transition periods.

Stability index forests forest galleries savannahs wetland fields bare ground buildings water
2001-2009 1.67 0.59 1.95 0.81 0.26 0.41 0.84 1.30
2009-2014 1.23 0.64 1.54 0.44 0.67 0.47 1.12 1.40
2014-2019 1.48 0.97 1.57 1.17 1.14 0.33 1.09 2.00
2019-2024 0.76 0.71 1.49 1.05 1.53 0.17 1.30 1.92

3.4. Landscape spatial structure and anthropization

Landscape metrics reveal a progressive reorganization of Kinshasa's spatial landscape structure between 2001 and 2024 (Table 5). Depending on
the period, natural vegetation, particularly forests and savannahs, was primarily affected by attrition, fragmentation, or dissection. These changes
reflect a reduction in total class area and increasing disruption of spatial configuration.

Forests declined continuously, with particularly pronounced fragmentation during 2019-2024 (Table 5). Although savannahs remained dominant,
they also underwent substantial transformations, notably dissection and progressive conversion to other classes. Conversely, croplands and built-
up areas exhibited patch-creation or aggregation dynamics, indicating their expansion and consolidation in the landscape.

The landscape disturbance index confirms this anthropization trend (Fig. 4). It increased progressively from 0.14 in 2001 to 0.26 in 2009, 0.40 in
2014, 0.50in 2019, and 0.56 in 2024. Although natural classes remained dominant overall, this increase indicates growing anthropogenic pressure
associated with the expansion of cropland, bare land, and built-up areas.

Overall, the landscape became progressively more human-modified, with natural vegetation declining and becoming increasingly fragmented, while
anthropogenic classes gained both area and spatial continuity (Table 5; Fig. 4).
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Table 5. Landscape-pattern dynamics and spatial transformation processes (STP) in 2001, 2009, 2014, 2019, and 2024, identified using the
decision-tree algorithm of Bogaert et al. (2004). NP, number of patches per class; CA, class area (km?); LPI, largest patch index (%); PAFRAC,
perimeter—area fractal dimension.

Forest Forest galleries  Savannahs Wetland  Field Bare ground Buildings Water
NP_2001 27101 30963 32166 6025 36148 15572 15743 982
CA_2001 2180.07 799.20 6144.54 165.83 677.29 299.74 319.48 17.55
LPI1_2001 7.61 0.50 20.13 0.36 0.35 0.42 0.87 0.04
PAFRAC_2001 1.43 1.45 1.43 1.45 1.43 1.45 1.48 1.51
NP_2009 26362 32180 58030 18888 63494 11954 12770 1419
CA_2009 1945.70 936.20 5289.25 238.99 1542.83 233.30 395.43 21.99
LPI_2009 5.07 0.35 18.33 0.34 2.44 0.17 1.04 0.04
PAFRAC_2009 1.46 1.45 1.46 1.47 1.51 1.40 1.46 1.47
STP_2001-2009  Attrition Creation Dissection Creation Creation Attrition Aggregation  Creation
NP_2014 12158 11361 43694 7066 32216 10809 9221 747
CA_2014 1504.37 744.07 5130.82 218.39 2328.46 207.61 449.65 20.33
LPI_2014 4.51 0.50 19.30 0.35 415 0.14 1.67 0.04
PAFRAC_2014 1.44 1.38 1.45 1.42 1.43 1.45 1.45 1.48
STP_2009-2014  Attrition Attrition Attrition Attrition  Aggregation  Attrition Aggregation  Attrition
NP_2019 18763 17111 83525 6384 43047 14975 16121 922
CA_2019 1334.54 551.88 4928.60 184.57 2865.91 128.41 582.03 27.76
LPI_2019 1.80 0.26 10.40 0.35 4.82 0.07 212 0.05
PAFRAC_2019 1.47 1.44 1.49 1.39 1.44 1.46 1.48 1.49
STP_2014-2019 Dissection Fragmentation Dissection Attrition  Creation Fragmentation  Creation Creation
NP_2024 22441 28930 77559 13612 30575 14274 17120 1105
CA_2024 822.15 778.38 5038.24 246.21 2908.13 76.62 701.77 32.20
LPI_2024 1.62 0.41 12.43 0.33 3.75 0.01 2.63 0.05
PAFRAC_2024 1.51 1.46 1.49 1.41 1.46 1.46 1.44 1.50
STP_2019-2024 Fragmentation Creation Aggregation Creation  Aggregation  Attrition Creation Creation

3.5. Urban-expansion dynamics

Urban-expansion indices show a clear increase in built-up land across Kinshasa between 2001 and 2024 (Figure 5). At the scale of the entire study
area, urban expansion was moderate in 2001-2009 and 2009-2014, with intensity classified as medium-speed expansion. It accelerated sharply in
2014-2019, when both AUER and UEIl reached their highest values, corresponding to very rapid expansion. Expansion slowed slightly in 2019-2024
relative to the preceding period but remained high.

The radial distribution of built-up land shows progressive expansion of urban fabric between 2001 and 2024 (Fig. 6). In 2001, the largest built-up
areas were concentrated mainly in rings close to the center, with high values at distances of 10-20 km. This pattern persisted in 2009 and 2014,
although built-up areas increased generally at intermediate distances. By 2019 and 2024, expansion was most pronounced at 15-30 km, where
built-up areas reached their highest values.

This trajectory indicates consolidation of the urban fabric in intermediate zones and the advance of the urbanization front into peri-urban areas.
Beyond 40 km, built-up areas decreased sharply, showing that urbanization remained limited in the most distant peripheral zones.

Changes in AUER across the concentric rings confirm that urban expansion was spatially differentiated (Figure 7). During 2001-2009 and 2009-
2014, expansion rates varied considerably, with higher values at intermediate distances, particularly at approximately 20-35 km. The highest values
occurred in 2014-2019, especially at 15-25 km, where AUER peaked, indicating acceleration of the urbanization front in peri-urban areas.
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Expansion remained sustained in 2019-2024, with high values at approximately 25-35 km and a notable increase near 50 km.

UEII likewise confirms that the strongest expansion dynamics were concentrated at intermediate distances (Figure 8). The highest values occurred
in 2014-2019, with a pronounced peak at approximately 20 km that indicates very rapid expansion in the inner peri-urban zone. Intensity also
remained high in 2019-2024, primarily at 20-35 km, reflecting the continued outward expansion of built-up land. Beyond 40 km, UEII values were
very low or close to zero, indicating that urbanization remained limited in the most distant peripheral zones.

4. DISCUSSION
4.1. Progressive anthropization of Kinshasa's landscape

The findings reveal rapid transformation of Kinshasa's landscape from 2001 to 2024, characterized by the expansion of anthropogenic classes at
the expense of natural vegetation. The decline in forests and savannahs, coupled with the expansion of croplands and built-up areas, confirms
continued anthropization of the urban and peri-urban landscape. This trajectory is consistent with observations from several African metropolitan
areas, where population growth, expanding economic activities, and mounting land pressure rapidly convert natural and semi-natural areas into
built-up and agricultural land [2, 4, 10, 13].

In Kinshasa, this dynamic is particularly evident in the sharp decline in forests and the expansion of croplands. Forest loss reflects pressure on
remnant vegetation, whereas cropland expansion highlights the growing importance of agriculture in peri-urban areas. This finding agrees with
earlier studies reporting rapid transformation of Kinshasa’s peripheral landscapes through the combined effects of urbanization, agriculture, and
exploitation of plant resources [16, 19, 21, 22, 24].

It also confirms that urbanization in Kinshasa extends beyond the growth of built-up land and involves a broader reorganization of land uses.

The progressive increase in the landscape disturbance index reinforces this interpretation. Although natural classes still occupy a substantial share
of the study area, their decline in favor of anthropogenic classes indicates increasing pressure on urban and peri-urban ecosystems. This trend may
reduce ecological connectivity, disrupt hydrological regulation, threaten biodiversity conservation, and diminish the landscape’s capacity to provide
essential ecosystem services [4, 5, 60, 61].

4.2. Natural vegetation conversion and land-use consolidation

The transition matrices identify savannahs and forests as the principal source classes for conversion. Savannahs were converted mainly to
croplands, while portions of forest changed to savannah, cropland, or built-up land. This pattern suggests two concurrent pressures: agricultural
pressure that converts savannahs to cultivated land, and urban pressure that progressively transforms bare land, vegetation, and some interstitial
spaces into built-up areas. Similar trajectories have been reported in other tropical urban settings, where both urban and agricultural expansion are
major drivers of land-use and land-cover change [61-65].

Cropland’s expansion demonstrates the importance of agriculture in Kinshasa's peri-urban dynamics. It may represent a response to food demand
from a growing urban population, but it also places additional pressure on savannahs, gallery forests, and remnant forests. Peri-urban agricultural
expansion is therefore an ambivalent process: it contributes to the city’s food supply while also degrading natural vegetation where sustainable
planning and land-management practices are lacking [16, 20, 66—68].

The increasing stability of croplands and built-up areas indicates that these classes are becoming consolidated within the landscape. Conversely,
declining forest stability, particularly during the most recent period, points to the increasing vulnerability of natural vegetation to land conversion.
This contrast between increasingly stable anthropogenic classes and increasingly unstable natural classes confirms a progressive transition
toward a landscape dominated by human land uses.

4.3. Landscape fragmentation and the diffusion-coalescence process

Landscape metrics show that natural vegetation underwent attrition, fragmentation, or dissection depending on the period. Fragmentation of
forests and savannahs reduces the spatial continuity of natural habitats, potentially restricting ecological flows and increasing the isolation of
remnant patches. These findings are consistent with established landscape-ecology theory, according to which urbanization changes not only the
area of land-use and land-cover classes, but also their spatial configuration, connectivity, and morphological complexity [33, 35, 56, 57].

In contrast, built-up areas and croplands exhibited patch creation, aggregation, or consolidation. This pattern indicates a shift from initially
discontinuous urbanization toward a more compact spatial configuration in some sectors. It partly supports the diffusion-coalescence hypothesis,
whereby urban growth often begins through the diffusion of scattered built-up patches that subsequently merge into more continuous urban
structures [2, 38, 69-74].

In Kinshasa, this process is expressed through consolidation of built-up land in established urban zones and the emergence of new urbanization
fronts in peri-urban areas. Coalescence describes the progressive merging of urban patches near the central core, whereas diffusion corresponds
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to the outward extension of built-up land into more distant sectors. This dynamic explains the radial progression observed in the intermediate rings
and confirms that Kinshasa's urbanization does not follow a uniform model, but instead proceeds along a spatially differentiated trajectory.

4.4. Radial and peri-urban expansion

The analysis shows that built-up growth varied strongly with distance from the city center. During the earlier periods, urbanization remained
relatively concentrated around the urban core, whereas the more recent periods especially 2014-2019 and 2019-2024, showed intensification at
intermediate and peri-urban distances. This trajectory indicates that urbanization fronts have progressively shifted beyond the consolidated center
[75, 76].

This peri-urbanization is consistent with patterns previously described for Kinshasa, where urban growth often occurs through progressive
occupation of peripheral land, sometimes outside a robust planning framework [7, 15, 19, 77]. It also resembles trends observed in several large
cities of the Global South, where recent urban growth is characterized by rapid spatial sprawl, discontinuous occupation of peripheral areas, and
intense pressure on infrastructure and urban services [8, 24, 78, 79]

High urban-expansion intensity in the intermediate rings indicates that these areas have played a central role in Kinshasa's recent growth. They are
transitional zones where residential, agricultural, land-market, and infrastructure dynamics converge. This warrants particular attention because
peri-urban areas often concentrate land-use conflicts, infrastructure deficits, exposure to environmental hazards, and rapid loss of remnant
ecosystems.

4.5. Implications for urban planning and environmental management

The findings have several implications for urban planning in Kinshasa. First, forest loss, savannah fragmentation, and the expansion of
anthropogenic land uses highlight the need to conserve remnant ecosystems, particularly gallery forests, wetlands, valleys, and remaining
vegetated spaces in urban and peri-urban areas. These ecosystems are important for water regulation, erosion control, biodiversity conservation,
and improved urban living conditions [4, 68].

Second, the expansion of built-up land across the peri-urban rings demonstrates the urgency of strengthening planning and land-use control.
Planning informed by up-to-date spatial data could guide densification in already urbanized areas, limit uncontrolled sprawl, protect ecologically
sensitive zones, and better anticipate infrastructure needs. Such approaches are essential to prevent urban expansion from exacerbating socio-
spatial inequalities, increasing natural-hazard exposure, and placing additional pressure on resources [80-83].

Third, rapid cropland expansion calls for integrated management of peri-urban agricultural areas. Urban policy should recognize these areas not
merely as potential land reserves, but also as essential components of food security, the local economy, and territorial resilience. Sustainable
farming practices, soil conservation, ecological restoration, and green corridors could reduce the adverse effects of anthropization while
maintaining the landscape's productive functions.

4.6. Study contribution and limitations

A principal contribution of this study is its integration of multiple analytical levels: multitemporal land-use and land-cover classification, transition
matrices, landscape metrics, an anthropization index, and ring-based urban-expansion indicators. This framework moves beyond a simple measure
of built-up growth to provide a more detailed assessment of Kinshasa's landscape-transformation trajectories. It therefore helps address the limited
understanding of the spatial processes underlying the city's recent urbanization.

Several limitations should nevertheless be acknowledged. The spatial resolution of Landsat imagery may limit detection of small built-up patches,
gardens, interstitial agricultural plots, and highly fragmented vegetation. Spectral confusion may also occur among bare land, built-up areas,
croplands, and dry savannahs despite the use of Random Forest and validation with independent points. Finally, the study focuses primarily on
spatial and landscape change and does not directly model the socioeconomic, land-tenure, or institutional factors driving these transformations.

These limitations point to several avenues for future research. Higher-spatial-resolution imagery, integration of demographic and socioeconomic
data, and prospective modeling of urban expansion would improve understanding of the landscape transformation and help anticipate future urban-
growth trajectories in Kinshasa.

CONCLUSION

This study analyzed the spatiotemporal dynamics of urbanization in Kinshasa from 2001 to 2024 using Landsat imagery, Random Forest
classification, transition matrices, landscape metrics, and urban-expansion indicators. The findings reveal progressive landscape anthropization,
characterized by the decline of natural vegetation and the expansion of anthropogenic land-use and land-cover classes.

Between 2001 and 2024, savannah cover decreased from 57.94% to 47.51%, and forest cover from 20.56% to 7.76%. Conversely, croplands
increased from 6.39% to 27.43%, and built-up areas from 3.01% to 6.62%. These changes were accompanied by an increase in the landscape
disturbance index from 0.14 to 0.56, indicating growing anthropogenic pressure.
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The radial analysis shows that urban expansion was spatially uneven. Growth was concentrated primarily at intermediate and peri-urban distances
and intensified markedly from 2014 to 2019. These results support a diffusion-coalescence dynamic that combines consolidation of the existing
urban fabric with the outward expansion of built-up land.

The findings underscore the need to strengthen urban planning in Kinshasa, particularly in peri-urban areas, to limit uncontrolled sprawl, conserve
remnant ecosystems, and guide urban growth toward more sustainable forms.
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Figure 1

Location and boundaries of the study area in Kinshasa. Concentric 5-km rings were generated around Kinshasa Central Station (4°18'5.07" S,
15°19'1.96" E).
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Figure 2

Land-use and land-cover patterns and landscape composition in Kinshasa in 2001, 2009, 2014, 2019, and 2024.
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Figure 3

Changes in the proportional area of land-use and land-cover classes in Kinshasa during the study period. Bg, bare land; Built, built-up areas; For,
forest; Gf, gallery forest; Sav, savannah; Wet, wetland; Wat, water.
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Figure 4

Landscape disturbance index for the city of Kinshasa observed between 2001, 2009, 2014, 2019 and 2024.
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Changes over time in the annual urban expansion rate index (AUER) and the urban expansion intensity index (UEII) across the Kinshasa cityscape.
To estimate these indices, we used the administrative area of the city of Kinshasa, which is 1146 km?2. This area, delimited by concentric rings (Fig.
1), covers much more than the entire urban and peri-urban areas of the city [20].
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Figure 6

Surface area occupied by the urban area in rings equidistant by 5 km from the centre per year
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Figure 7

Annual Urban Expansion Rate (AUER) within concentric 5-km rings around the city center during each transition period.
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Figure 8

Urban Expansion Intensity Index (UEII) within concentric 5-km rings around the city center during each transition period.
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