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Abstract: Lomami National Park, located in the Democratic Republic of Congpo, is renowned for the integrity
of its forest ecosystems, safeguarded by the absence of agricultural activities and limited road access. However,
these ecosystems remain under-researched, particularly regarding forest cover dynamics. This research gap
poses a significant challenge to establishing rigorous monitoring, which is essential for ensuring the long-term
preservation of these valuable ecosystems. This study evaluates land cover dynamics within Lomami National
Park through supervised classification of Landsat images from 2008, 2016, and 2024. Seven spatial structure
indices were calculated to highlight the dynamics of landscape composition and configuration, distinguishing
between the park's core and buffer zones. The underlying spatial transformation processes were identified
using a decision tree approach. The results highlight a striking contrast in forest cover stability between
Lomami National Park and its surrounding periphery. Within the park, forest cover has not only been
preserved but has also shown a modest increase, rising from 92.60% to 92.75%. In contrast, the peripheral zone
experienced a significant decline in forest cover, decreasing from 79.32% to 70.48% over the same period. This
stability within the park goes beyond simply maintaining forested areas; it includes the preservation and
strengthening of the spatial structure of forest ecosystems. For instance, edge density, which is a key indicator
of forest edge compactness, remained stable in the park, fluctuating between 8 m/ha and 9 m/ha. However, in
the peripheral zone, edge density exceeded 35 m/ha, suggesting that forest edges in the park are considerably
more cohesive and intact than in the surrounding areas. Furthermore, the spatial transformation processes
within each area underscore these contrasting dynamics. In the park, the main process was aggregation of
primary forest patches, which reflects a trend toward continuous and connected forest landscapes. By contrast,
the peripheral zone experienced dissection, indicating fragmentation and breakdown of forest patches.
Together, these findings underscore the park’s role in maintaining both the extent and the structural integrity
of forest ecosystems, setting it apart from the more degraded periphery. These findings highlight not only the
resilience of forest ecosystems in the face of limited anthropogenic pressures but also the crucial importance of
effective land management and rigorous conservation strategies in addressing the challenges of urbanization
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and surrounding rural expansion. They further emphasize that well-adapted conservation measures, combined
with specific demographic and socio-economic conditions, can play a pivotal role in long-term forest
preservation and ecological stability.

Keywords: primary forest; spatial structure; ecosystem conservation; remote sensing/gis; ecological resilience;
land-use planning; protected area

1. Introduction

Tropical forests are globally recognized as the principal reservoirs of terrestrial biodiversity,
both in terms of species diversity and ecosystem variety [1]. They play a crucial role in climate
regulation at both local and global scales [2]. By slowing runoff and mitigating soil erosion, these
forests help reduce the destructive impact of torrential rains [2,3]. Additionally, they store substantial
amounts of carbon (247 gigatons) while generating a significant portion of the world's annual oxygen
(20% to 30%) [4,5]. In Central Africa, these ecosystems provide livelihoods for nearly 60 million
people who live near or depend on these forests [6—8].

Despite their critical importance, tropical forests are under unsustainable pressures.
Deforestation and degradation, driven by excessive logging, agricultural expansion, and mining
activities, threaten these ecosystems at an alarming rate. Africa loses approximately 3.9 million
hectares of forest annually, endangering the unique biodiversity and ecosystem services provided by
these regions [6,7,9-11]. Unlike other tropical regions where deforestation is often driven by large-
scale exploitation projects, in Central Africa, it is primarily caused by small-scale activities such as
subsistence agriculture, charcoal production, and fuelwood collection, leading to the loss of nearly
18 million hectares of forest since 2000 [7]. While these practices are driven by immediate economic
needs, they compromise resource sustainability and increase the vulnerability of ecosystems to
degradation.

In response to these challenges, several Central African states have implemented policies to
increase the proportion and extent of their forest cover. The Democratic Republic of the Congo (DRC)
launched an ambitious conservation policy with the goal of protecting 17% of its territory through
the establishment of protected areas [12]. This initiative led to the creation of the Lomami National
Park in 2016, covering an impressive area of 88,879 km?, complemented by a buffer zone of 22,000
km? [13]. This park consists primarily of lowland tropical moist forests, with emergent islands of
edaphic and hydromorphic savannah in its southern part. Located in a region characterized by
extremely low population density, this protected area is known for the integrity of its relatively
undisturbed forest ecosystems, due to the absence of significant agricultural activities, logging, and
road inaccessibility [13,14]. However, this assertion is not supported by empirical data. Despite their
reputation, these ecosystems remain largely understudied, particularly regarding forest cover
dynamics. No detailed studies have yet been conducted to illuminate this essential dimension of
forest ecosystem health and resilience.

The lack of quantifiable data on forest dynamics limits our ability to accurately assess the
effectiveness of conservation measures, hinders the evaluation of ecosystem services provided by
these forests, and complicates the justification for conservation investments. This situation also
restricts access to available funding and the mobilization of initiatives in favor of the park by
organizations and policymakers [15]. Furthermore, this data insufficiency makes it difficult to
identify threats early, hinders the optimal implementation of preventive measures, and may result in
delayed detection of changes, making corrective interventions more challenging and costly [16].
Finally, it leads to inefficient allocation of available resources and the implementation of inadequate
plans, thus compromising the ability of managers to make informed decisions based on accurate and
up-to-date data [17,18].

The spatial and temporal dynamics of primary forest ecosystems within parks in Africa,
particularly in Gabon and Cameroon, are well-documented. Studies highlight the complexity and
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stability of these ecosystems in the face of natural and anthropogenic disturbances. However, gaps
remain in understanding the specific dynamics of less studied or newly established parks, such as
the Lomami National Park. The rationale for conducting a study on deforestation in Lomami National
Park lies in the observed research gap in existing literature. Previous studies have primarily
quantified deforestation at the provincial level [19], while investigations focused on Lomami National
Park since its establishment have predominantly centered on characterizing its fauna [20-23] or
composition, structure, and the sustainability of use of its forests by local communities in buffer zones
[24]. The absence of detailed quantitative data on forest dynamics in parks like Lomami restricts our
ability to effectively assess the impacts of conservation measures and potential threats. Studying and
quantifying the forest dynamics of the Lomami National Park will fill this gap by providing essential
data on spatial and temporal changes in an unexplored context. Consequently, these studies have
largely overlooked the critical analysis of the spatiotemporal dynamics of habitats within the park.
By addressing this oversight, the current study aims to provide a comprehensive understanding of
deforestation trends and their implications for habitat integrity, thereby contributing to more
effective conservation strategies within this vital ecological zone.

Furthermore, it is also recognized that even ecosystems considered intact can undergo subtle
modifications and long-term changes [25]. Monitoring these evolutions is crucial for ensuring
biodiversity preservation, assessing human impact, and identifying potential threats before they
become critical [26]. To meet these needs, various complementary approaches to data acquisition and
analysis, such as remote sensing and landscape ecology, are employed. Remote sensing, particularly
through satellite imagery, provides valuable data on the extent of forest habitats, deforestation, and
habitat fragmentation, enabling the assessment of human activities and the detection of
environmental trends on a large scale [27-29]. Landscape ecology analyzes the spatial structure of
landscapes to understand how it influences biodiversity and population dynamics [30,31]. The
combination of these approaches, less time-consuming and resource-intensive than traditional
methods such as forest inventories, weather stations, and environmental sensors, proves particularly
effective for monitoring the health of forest ecosystems within protected areas [32,28,33]. It allows for
the design of integrated management strategies aimed at ensuring the long-term preservation of
forest biodiversity [34-36].

This study aims to fill this significant gap in understanding the evolution of forest cover in the
Lomami National Park and its periphery by conducting a thorough spatial analysis of the dynamics
of these forest ecosystems between 2008 and 2024. We hypothesize that due to low population
density, geographic isolation, and the absence of significant agricultural activities and logging, the
forest ecosystems of the Lomami National Park remain relatively undisturbed, with few significant
changes over time.

2. Materials and Methods

2.1. Study area

The study area encompasses the Lomami National Park and its periphery (figure 1). Located
approximately at 2° 32" 42" S and 25° 42' 20" E, Lomami National Park spans across the Maniema and
Tshopo provinces, covering an area of 8,879 km?2. It is surrounded by a buffer zone of 22,000 km?2. The
park is predominantly covered by lowland equatorial rainforest, with hydromorphic savannas
localized in its southern part. This forest is rich in floristic biodiversity, hosting species such as Milicia
excelsa (Welw.) C.C. Berg, Gilbertiodendron dewevrei (Linnaeus), Entandrophragma spp., Pycnanthus
angolensis (Linnaeus), and Musanga cecropioides (R.Br. ex Tedlie) [13,37]. Despite this diversity, the
region remains one of the least botanically explored areas in tropical Africa [38,39]. Since 2007,
research conducted by the Lukuru Foundation under the TL2 project has revealed notable faunal
richness, including 59 species of large mammals and 240 species of birds. A significant discovery was
the Cercopithecus lomamiensis [40], a newly identified primate species endemic to the forests
between the Tshuapa and Lomami rivers [40]. The region's climate is equatorial, with an average
annual rainfall of 1,600 mm and monthly temperatures ranging between 23°C and 26°C. The short
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dry season occurs from June to July [24]. The soils are ferralitic, composed of sand and clay [37].
Approximately a hundred small hamlets border the park, where local communities primarily engage
in subsistence agriculture, hunting, and fishing, mainly within the park’s buffer zone [37].
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Figure 1. Geographical location of the Lomami National Park (protected area). The park is in the
Maniema and Tshopo provinces, in DRC (A). The park covers a total area of 30,000 km? and is attached
to a densely populated peripheral zone, including the city of Kindu (B).

2.2. Data

The landscape under study was derived from three satellite images obtained via the geospatial
analysis platform Google Earth Engine (GEE), sourced from the USGS/Google site. These images
were acquired using Landsat sensors, specifically from 2008 (Enhanced Thematic Mapper Plus
sensor), 2016, and 2024 (Operational Land Imager sensor), all with a spatial resolution of 30 meters.
The choice of these sensors was based on the availability of the images. The images were acquired
during the dry season (June-July) to ensure consistency in the spectral response of different
vegetation covers [41,42]. These images span three distinct periods: (a) before the park's
establishment, (b) during the park's creation, and (c) after the park's creation. This temporal selection
allows for a comparison of conditions before and after the establishment of the Lomami National
Park. The only preprocessing applied involved the use of the FilterMetadata (CLOUD_COVER,
‘less_than’ 20) filter, based on the image metadata. This filter selects images with cloud cover less
than 20% [43], thereby reducing cloud-affected images, which improves the reliability of the results
and the understanding of observed surface variations [44]. For the analysis, Google Earth Engine was
utilized for Landsat image preprocessing and land cover classification. Additionally, ArcGIS Pro 3.3
software was used for map layout design.
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2.3. Landsat images’ classification

Using the preprocessed data, a false-color composite of the Landsat images was created by
combining the near-infrared, red, and green bands. The near-infrared and red bands allow optimal
discrimination of vegetation, while the green band enhances image contrast by adding extra details,
facilitating the detection of non-vegetated areas [45,46]. Using a GARMIN 64S GPS device (accuracy
+3 m), 500 training zones representing various land cover classes of the Lomami National Park and
its peripheral zone were collected. These zones included forests, savannas, water bodies, as well as
urbanized and agricultural areas. The data collection was carried out during a field mission in the
park in October 2023. Subsequently, these data were merged into a single, unified collection.

These zones were used to create a model for training the Random Forest algorithm, which
employs an ensemble approach based on multiple decision trees. This method enhances classification
accuracy by reducing errors and providing more reliable predictions [47,48]. Four land cover classes
were defined: forest areas, savanna, water, and urbanization and agriculture complex (Table 1).

To assess classification accuracy, we followed the best practices recommended by Olofsson et al.
[49], using unbiased area estimators and estimating uncertainty with reference observations obtained
from change maps for the periods 2008-2016 and 2016-2024. Samples were stratified according to
stable classes and changes for each period, with sample sizes determined using Cochran's method
[50]. These land cover classes included: Forest, Urbanization and agricultural Complex, Water,
Savanna, Forest Gain, Urbanization and agricultural Complex Gain, Water Gain, and Savanna Loss.
A total of 1040 points were sampled over the two periods, with proportions distributed according to
stratum size. Error matrices, indicating estimated area proportions and confirmed values, were
generated using QGIS version 3.26.1 (developed by the global QGIS community, Buenos Aires,
Argentina), providing accuracy measures such as overall accuracy, user's accuracy, and producer's
accuracy.

Table 1. Description and illustration of land cover classes and the number of training zones used in
analyzing the landscape dynamics of Lomami National Park and its peripheric zone.

Number of training

Land cover L. .
lass Description Illustration zones
C
(Polygone)
Natural land cover class
representing areas predominantl
Forest P g. P y 100
covered with trees and dense
vegetation.
Urbanization Anthropogenic land cover class
and consisting of built-up and bare 100
agriculture soil, as well as the adjacent

complex agricultural lands.
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Natural land cover class including
Water water bodies such as rivers and 100
other water masses.
Anthropic land cover class
characterized by grassy vegetation
Savannah formations with a cover of tall 100

grasses measuring less than 80 cm
in height.

2.4. Assessment of landscape dynamics

To analyze the relationships between landscape configuration and ecological processes, it is
crucial to quantify landscape structures using metrics [51,52]. Since landscape measurements often
exhibit high correlations [53,54], it is important to select diverse metrics to avoid redundancy and
achieve a more accurate assessment. Therefore, six metrics were calculated for Lomami National Park
and its periphery, enabling a detailed analysis of anthropization levels and the underlying ecological
processes (Table 2).

Table 2. Synthesis of computed landscape metrics

Index Ecological signification

This index measures the total area of all patches within a given land use
class. A high total area in natural zones indicates continuity and integrity of
Class area (CA) ecosystems, whereas a reduced area suggests fragmentation due to
anthropogenic activities [55 ,56]. An intact landscape will have a high total
area for natural classes, reflecting minimally disturbed ecosystems.
This index counts the number of distinct patches or fragments of a class
within the landscape. An increase in the number of patches, coupled with a
decrease in total area, reveals heightened fragmentation, often resulting
Patch number (PN) from agricultural or urban activities [56]. A high number of patches in a
disturbed landscape indicates division into smaller fragments, which
reduces habitat connectivity.

It represents the proportion of the area occupied by the largest patch of a
class relative to the total area of all patches of that land cover class. A high

Largest Pacth Index (LPI) value indicates low fragmentation, suggesting that the land cover class is

relatively continuous [57,58]. This reflects a predominant presence of large

patches in a minimally disturbed landscape.

This ratio between the cumulative area of anthropogenic classes and that of
natural classes measures the predominance of anthropogenic pressure in
the landscape [59,60]. A value less than 1 indicates dominance of natural

classes, while a value greater than 1 reveals a strong anthropogenic

Disturbance index (U)
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influence. This index helps to understand the impact of human activities on
the landscape pattern.
It measures the degree of aggregation or dispersion of patches within a
class. A high index value indicates that the patches are closely grouped and
Agrégation Index (AI) form continuous blocks, whereas a low index value suggests greater
dispersion and fragmentation [61]. This index provides insights into habitat
continuity and ecological connectivity.
This index quantifies the total length of patch edges per hectare, measuring
the roughness of the patches. A high edge density indicates greater
Edge density (ED) complexity of the patches, often associated with increased fragmentation
[62]. Edge density provides information on patch structure and the extent
of fragmentation.

A deforestation rate, derived from changes in the forest class area, provided information on the
intensity of human impacts on forest ecosystems. It was determined using the equation proposed by
[63]. The use of the "Landscapemetrics" package in R (version 4.2.3) enabled the quantification of
these aspects [64 ,65]. Additionally, the decision tree algorithm developed by Bogaert et al. [66], which
involves comparing the PN, CA, and total perimeter of land use patches, was applied to identify
spatial transformation processes in a landscape between two specific dates. A decrease in the PN and
CA indicates patches attrition, while an increase in CA suggests aggregation. If the CA increases
while the PN remains constant, this indicates enlargement. A simultaneous increase in both CA and
the PN signals the creation of new patches, whereas a decrease in CA with an increase in the PN
indicates dissection. Fragmentation is characterized by an increase in the PN and a significant loss of
CA. To distinguish between fragmentation and dissection, a ratio of total areas between different
times is used, with a ratio greater than 0.75 indicating dissection and a ratio of 0.75 or less suggesting
fragmentation [67]. A decrease in total area may result in perforation if the total perimeter increases,
or a reduction in patch size if the perimeter remains constant. If the number of patches and total area
are stable, a constant total perimeter suggests displacement, while a variable perimeter indicates
deformation.

3. Results

3.1. Classification and mapping

Table 3 provides a summary of the accuracy results for the supervised classifications of Landsat
7,8, and 9 images, obtained using the Random Forest classifier for the periods from 2008 to 2024. The
classifications exhibited an overall accuracy exceeding 80% for each analyzed period, demonstrating
remarkable reliability in differentiating various land cover types. User and producer accuracy values,
ranging from 82% to 89%, further attest to the high quality of the results. Additionally, the 95%
confidence interval for the stratified area estimates of each land cover class remains below 5% for all
studied periods, reinforcing the robustness of the conclusions drawn from this analysis.
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Table 3. Summary of indices illustrating the accuracy of Landsat classified images on the Google
Earth Engine geospatial analysis platform for the periods 2008-2016 and 2016-2024. UAC:
Urbanization and agriculture complex.
2008-2016
Forest UAC Water Savanna Forest UAC Gain Water Gain Savanna Loss
Gain
Pr [%] 84.22 84.25 83.22 83.34 83.12 84.23 83.55 85.22
Pu [%] 85.25 85.22 83.56 83.46 85.12 83.12 84.38 83.34
95% CI 0.42 0.44 0.47 0.45 0.46 0.46 0.39 0.43
PG 85.33
2016-2024
Forest Rural Water Savanna Forest Rural Complex Gain ~ Water Gain Savanna Loss
Complex Gain
Pr [%] 84.33 84.55 86.33 84.52 84.22 84.66 84.33 83.44
Pu [%] 84.88 83.46 85.56 83.23 84.75 82.23 84.66 88.24
95% CI 0.36 0.41 0.42 0.48 0.38 0.47 0.42 0.46
PG 85.82

The visual analysis of land cover maps for Lomami National Park and its peripheral zone
reveals, on one hand, relative stability in the spatial structure of the protected landscape, and on the
other hand, notable transformations in the peripheral zone (Figure 2). Indeed, the stability observed
in the protected area is reflected by the absence of significant and perceptible dynamics within
different land use classes between the periods 2008-2016 and 2016-2024. In contrast, the peripheral
zone shows centrifugal spatial changes, marked by a regression in forest cover, replaced by rural
complexes, mainly around settlements along the Congo River and its tributaries.

N
Forest 01020 40km A
Savanna Lt

Urbanization and agriculture complex

D Protected area
E Peripheral zone

Water

Figure 2. Mapping of land cover changes in Lomami National Park and its peripheral zone between
2008, 2016, and 2024, derived from supervised classifications of Landsat images using the Random
Forest algorithm.

3.2. Dynamics of land cover composition in Lomami National Park and its periphery between 2008 and 2024

The evolution of land cover in Lomami National Park reveals a general trend towards landscape
stability, with a slight increase in forest cover observed between 2008 and 2024 (figure 3). In contrast,
the adjacent peripheral zone has experienced a relative regressive dynamic in its forest ecosystems.
In 2008, forests covered 92.06% and 79.32% of the areas in the protected zone and the peripheral zone,
respectively. By 2016, these proportions had changed, reaching 92.24% for the protected zone, while
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the peripheral zone saw a decrease to 75.91%. This trend continued until 2024, with forest cover
reaching 92.75% in the protected zone, while it reduced to 70.48% in the peripheral zone.

Meanwhile, the water class area showed a slight increase, from 0.25% to 0.27% in the protected
zone and from 1.71% to 1.85% in the peripheral zone between 2008 and 2016. Conversely, savannas
experienced a slight regression, with their area decreasing from 4.29% to 4.21% in the protected zone
and from 3.60% to 2.97% in the peripheral zone. The urbanization and agriculture complex exhibited
varied dynamics: a decrease in the protected zone, from 3.40% to 3.28%, while in the peripheral zone,
it increased from 15.36% to 19.27% between 2008 and 2016. By 2024, the urbanization and agriculture
complex in the protected zone had dropped to 3.10%, while it significantly increased in the peripheral
zone, reaching 25.73%.

There is a general trend towards an increase in forest cover in the protected zone at the expense
of savannas and rural complexes. The relative stability of water bodies and the relative increase in
urbanization and agriculture complex, particularly in the peripheral zone, suggest that human
activities are more pronounced at the park’s periphery. However, with an annual deforestation rate
of 0.03%, significantly lower than the national average of 0.40%, these dynamics highlight the
effectiveness of conservation efforts within the park while also underscoring the need for continuous
monitoring and management, especially in areas where anthropogenic pressures are increasing.

100 A
90 4
8%':;- £ 100 -
7% 3 90 -
607 @
5£- % 80 1
5 5 70 4
40> - >
3 8 60 -
3% T 50 .
205 - & Peripheral zone
- = 40 A
1654 Protected area 5
5 mrie | 5 28 1
!g Forest UAC Water Savanna !g 10 - ID%
o o
a a 0 s
Forest UAC Water Savanna
[2008 02016 E2024 [2008 2016 E2024

Figure 3. Evolution of the total area of land cover classes in the Lomami National Park and its
periphery zone 2008 and 2024. The total areas are 30,685.2 km? for the protected zone and 12,686.05
km? for the periphery.

Additionally, the transition matrices presented in Table 4 show a notable consistency in the
landscape matrix with few significant conversions between land cover classes for the protected area.
In contrast, relatively significant conversions were observed in the periphery zone adjacent to the
park.

Between 2008 and 2016, only 1.97% of forests in the protected area and 6.13% of those in the
periphery zone were converted to other land cover types. Conversely, 2.15% and 2.73% of areas
occupied by rural complexes, water bodies, and savannas were reconverted to forests. The main
changes include the conversion of 2.08% of rural complexes to forests and 1.80% of forests to rural
complexes in the protected area, as well as 5.86% of forests converted to rural complexes in the
adjacent zone of the park.

Between 2016 and 2024, 1.56% of forests in the protected area and 8.24% in the buffer zone were
converted to other land cover classes, while 1.77% and 2.81% of areas occupied by rural complexes,
water bodies, and savannas were reconverted to forests. Land cover changes were minimal, with low
forest losses and gains between 2008-2016 and 2016-2024 in the protected area. In contrast, forests
experienced notable conversions in the periphery zone adjacent to Lomami National Park.
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Table 4. Transition matrix of land cover classes in Lomami National Park and its peripheral zone
between 2008-2016 and 2016-2024. Rows represent the proportions of land cover classes at the initial
date, columns at the final date, and the bold values indicate the proportions that remained stable. The
values in the table are expressed as percentages (%) of the total area of the protected zone (30,685.20
km?) and the peripheral zone (12,686.05 km?). UAC: urbanization and agriculture complex.

Protected area

UAC Forest Water Savanna Total 2008
UAC 1.29 2.08 0.00 0.03 3.40
Forest 1.80 90.09 0.02 0.15 92.06
Water 0.00 0.00 0.25 0 0.25
Savanna 0.19 0.07 0 4.03 4.29
Total 2016 3.28 92.24 0.27 421
UAC Forest Water Savanna Total 2016
UAC 1.56 1.46 00.0 0.26 3.28
Forest 1.48 90.68 0.01 0.07 92.24
Water 0.00 0.03 0.24 00.0 0.27
Savanna 0.06 0.28 0.00 3.87 4.21
Total 2024 3.10 92.45 0.25 420
Periphery
UAC Forest Water Savanna Total2008
UAC 12.81 244 0.06 0.05 15.36
Forest 5.86 73.18 0.08 0.19 79.32
Water 0.01 0.01 1.70 00.0 1.71
Savanna 0.59 0.28 0.01 2.72 3.6
Total 2016 19.27 75.91 1.85 297
UAC Forest Water Savanna Total2016
UAC 17.04 2.02 0.01 0.20 19.27
Forest 7.97 67.67 0.01 0.26 7591
Water 0.12 0.11 1.59 0.03 1.85
Savanna 0.6 0.68 0.01 1.67 2.96
Total 2024 25.73 70.48 1.62 2.16

The Landscape Disturbance Index serves as an essential tool for assessing landscape
anthropization, providing quantitative information on the changes observed between 2008 and 2024
in the study areas. In this study, the index values revealed a general trend towards low values (Figure
4), indicating a predominance of natural land cover classes. However, an increasing trend was noted
in the peripheral zone adjacent to the park. In 2008, the index was 0.08 and 0.23 for the protected and
peripheral zones, respectively, and 0.08 and 0.23 in 2016 for both zones, subsequently 0.75 and 0.38
in 2024 for both zones. These values suggest both minimal landscape alteration in the protected zone
and a growing increase in anthropization in the peripheral zone adjacent to the park. This observation
underscores the importance of effective conservation measures to maintain ecosystem integrity in
urban areas and highlights the negative impact of anthropogenic activities on the sustainability of
natural resources and habitats for local wildlife.

The Landscape Disturbance Index serves as a critical tool for assessing landscape anthropization,
providing quantitative insights into changes observed between 2008 and 2024 within the study zones.
In this study, the index values revealed a general trend towards low values (Figure 3), indicating a
predominance of natural land classes throughout the study period. In 2008, the index was 0.04,
suggesting minimal landscape alteration due to human activities in the surveyed park zones. This
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value slightly increased to 0.09 by 2016, possibly indicating a marginal rise in anthropization.
Importantly, this value remained constant at 0.09 in 2024 for both park zones studied, indicating
stability in the observed level of anthropization. The consistent index values between 2016 and 2024
highlight stability in the prevalence of natural landscape features studied, despite an initial slight
increase. This observation underscores the importance of effective conservation measures to maintain
ecosystem integrity in urban areas, ensuring sustainability of natural resources and habitats for local
wildlife.
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Figure 4. Evolution of the anthropization index in the Lomami National Park and its peripheral zone
between 2008 and 2024.

3.3. Dynamics of forest configuration in Lomami National Park and its periphery between 2008 and 2024

In the protected area, the Largest Patch Index (LPI) shows a steady increase from 55.27 in 2008
to 56.58 in 2024 (table 5). This upward trend indicates that the largest forest patches are becoming
more dominant, reflecting ongoing forest consolidation and the expansion of existing large patches.
Meanwhile, Edge Density (ED) has slightly decreased from 8.62 m/ha in 2008 to 8.57 m/ha in 2024.
This reduction suggests that as forest patches increase in size and consolidate, the total edge length
relative to forest area decreases, leading to less fragmented edges. Additionally, the Aggregation
Index (AI) shows a consistent increase from 98.12% in 2008 to 98.51% in 2024, highlighting a growing
degree of spatial aggregation of forest patches. This indicates a trend towards more clustered and
less fragmented forest areas. Collectively, these metrics reveal that the protected area is experiencing
larger and more aggregated forest patches, with stable complexity and reduced edge density,
underscoring effective forest consolidation and spatial coherence.

Conversely, in the peripheral zone adjacent to the park, the Largest Patch Index (LPI) has
decreased from 48.10 in 2008 to 46.49 in 2024. This decrease reflects a trend towards the prevalence
of smaller forest patches, which could indicate increased habitat fragmentation. Edge Density (ED)
has increased from 36.65 m/ha in 2008 to 38.84 m/ha in 2024, suggesting that, unlike the central zone,
the fragmentation of forest patches leads to an increase in edge length relative to the total forest area.
Furthermore, the Aggregation Index (AI) has consistently decreased from 83.99% in 2008 to 81.64%
in 2024, indicating a declining level of spatial aggregation of forest patches and an increasing trend
towards fragmentation.

Overall, the metrics for the peripheral zone reflect a relatively contrasting dynamic compared to
those observed in the protected area, demonstrating a trend towards smaller and more fragmented
forest patches, with variable spatial complexity and increased edge density. These observations
illustrate patterns of degradation in the peripheral zone, in contrast to the consolidation observed in
the protected area.

The evaluation of structural dynamics in Lomami National Park and its periphery, using
decision tree approach [66], highlighted aggregation as a key spatial transformation process (table 6).
Conversely, dissection (tobs=0.92 > t=0.75) was identified as the spatial transformation process in the
peripheral zone adjacent to the park. Indeed, in the protected area between 2008 and 2024, a decrease
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in the number of forest patches was observed, accompanied by an increase in their total area.
Conversely, an increase in the number of patches coupled with a decrease in total area was observed
in the park’s periphery. The reduction in the number of forest patches, coupled with the increase in
their total area, indicates a trend towards larger and more consolidated forest areas, enhancing
ecological coherence and potentially habitat quality. On the other hand, the increase in the number
of patches coupled with a reduction in their total area reflects habitat degradation, potentially due to
increased anthropogenic activities in the area, which can lead to biodiversity loss and decreased
ecological resilience.

Table 5. Indices calculated to characterize the spatial configuration of forest in the Lomami National
Park and its periphery between 2008, 2016, and 2024.CA: Class Area (km2); PN: Patch number; LPI:
Largest Patch Index (%); ED: Edge Density (m/ha); Al: Aggregation Index (%).

Metrics Date
2008 2016 2024
Protected area
CA 28189.21 28279.63 28317.68
PN 17934 16546 161400
LPI 55.27 56.22 56.58
ED 8.62 8.59 8.57
Al 98.12 98.27 98.51
Periphery

CA 10062.11 9629.98 8941.13
PN 30161 35274 35354
LPI 48,10 46.60 46,49
ED 36.65 36.92 38.84
Al 83.99 82.25 81.64

Table 6. Identification of the Spatial Transformation Process (STPs) of the Forest land cover class in
the Lomami National Park and its peripheral zone from 2008-2016 and 2016-2024 using a decision tree

approach [66].
Period Protected area Periphery
2008-2016 Aggregation Dissection
2016-2024 Aggregation Dissection

4. Discussion

4.1. Methodological approach

Six landscape metrics were employed to evaluate the extent of anthropization in Lomami
National Park and its periphery. These indices are pivotal for understanding ecological processes by
quantifying landscape complexity, spatial organization, and the interaction between natural and
anthropogenic influences across different scales—patches, classes, and entire landscapes [68]. By
assessing landscape composition, shape, and configuration, these metrics provide valuable insights
into the degree and type of human impact on ecological systems [52,66,69].

The selected indices are effective for detecting structural transformations and understanding
how human activities influence landscape morphology. For instance, changes in patch size, shape,
and distribution can reflect alterations in habitat connectivity and fragmentation, which are critical
for species movement and ecosystem health. The simplicity and speed of the applied method allow
for efficient monitoring of these transformations, which is crucial for adaptive management and
conservation strategies [46,66].

For land cover classification and preprocessing of Landsat images, the Google Earth Engine
(GEE) platform was utilized due to its extensive and easily accessible satellite imagery and spatial
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data. GEE supports the development of customized algorithms for data analysis, enabling detailed
and flexible examination of landscape changes. This is particularly valuable for ecological studies
where accurate and timely data are essential for understanding dynamics and planning conservation
efforts [44]. However, challenges such as cloud cover and limited connectivity in remote regions can
affect classification accuracy, potentially impacting the reliability of ecological assessments [33].
Despite these challenges, the integration of advanced remote sensing technologies and landscape
metrics provides a robust framework for analyzing and managing the ecological health of protected
areas [41,28].

4.2. Spatial dynamics of Lomami National Parc and its periphery between 2008 and 2024

Between 2008 and 2024, forest cover in Lomami National Park increased slightly, largely due to
low population density which limits the demand for agricultural and residential land [70,71].
Additionally, local populations primarily rely on hunting and small-scale subsistence farming rather
than large-scale agriculture, which helps maintain forest preservation at over 90% [72]. The park's
remote and challenging access conditions further reduce activities like logging and charcoal
production, which are significant factors in forest conservation [73].

The absence of industrial logging and charcoal production is also attributed to the region’s
challenging access, which makes harvesting and transporting wood costly and thus discourages these
activities [13,14]. The low local demand for timber, combined with traditional building practices,
supports this preservation. Remote and difficult-to-access areas generally experience less disturbance
from logging and urban expansion, maintaining ecological integrity [74,75]. Research also indicates
that isolated protected areas tend to have higher biodiversity preservation rates [73,76-78].

Protective measures initiated before the park’s official establishment and further reinforced by
its legal designation also contribute to this trend of forest preservation [79]. Initiatives from the
Lukuru Foundation, including the creation of provincial parks and public awareness efforts, have
fostered forest conservation. Similarly, conservation strategies such as park delineation and
increasing eco-guard numbers have led to increased forest cover in other reserves [80]. These
proactive measures illustrate the effectiveness of legal frameworks in forest preservation.

Land governance also plays a vital role, especially in curbing pressures from agriculture and
urban expansion that threaten ecological stability [19]. Clear land-use regulations can help prevent
harmful practices that lead to deforestation and biodiversity loss, with support from international
organizations through funding and capacity-building for sustainable resource management [28].
These organizations support initiatives such as reforestation, sustainable agriculture near the park,
and environmental education to improve community engagement [33].

The main land cover changes involved rural areas gradually reverting to forests, although some
forest areas did transition back to non-forest states. This mosaic landscape reflects dynamic interfaces
between forests and agricultural areas, where human activities can expand into forests, and fallow
land can regenerate forest cover [81]. Ecological disturbances like fires and selective logging may
initially promote non-forest vegetation, followed by gradual forest recovery [82]. These dynamics
underscore the importance of spatial configuration in landscape changes, particularly in low-
disturbance areas [46]. The area’s disturbance index, under 1, reflects the predominance of natural
ecosystems and highlights effective ecological preservation despite some human impact [83].

Analysis of spatial transformations revealed trends toward forest parcel aggregation within
protected areas, contrasting with land fragmentation on the periphery. Lower deforestation rates in
the park's periphery, where population density remains low (12 inhabitants/km? compared to the
national average of 24 inhabitants/km?), suggest relative ecological stability, paralleling similar
conservation outcomes in areas like Salonga National Park [41]. However, Kindu, Maniema
Province's capital, adds pressures on forest resources, relying heavily on fuelwood for energy despite
intermittent electricity from the Kalima-Kindu line, which is frequently disrupted by copper cable
thefts [84]. The continued use of fuelwood as an energy source threatens forest conservation, as seen
in similar scenarios in Burundi [85].
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Further complicating conservation, customary land governance often bypasses direct state
control, leading to fragmented land regulations that intensify land pressure around the park [86].
This fragmentation contrasts with the park’s strict protective laws, which help maintain or even
increase forest cover, showcasing effective conservation in areas governed by stringent policies [87].
However, unplanned urban expansion in Kindu increases deforestation around the park, with
extensive forest clearing to meet construction demands, similar to findings in the Lubumbashi plain
[88] or Kisangani [89] in DRC and Bujumbura in Burundi [90]. Shifting cultivation also intensifies
forest pressure, involving slash-and-burn practices for short-term soil fertility gains [91]. Over time,
such areas often transform into grassy savannas, reducing biodiversity [92], as seen in Cameroon’s
Doume Communal Forest [93]. This transition from forest to savanna-type ecosystems represents a
net loss in biodiversity and a slow ecological degradation process around the park.

Provincial-level data aligns with this trend, showing a 2.8% forest cover loss in Maniema
between 2000 and 2010, which underscores the impact of even low population density on
deforestation trends [19]. Differences in land management between the park and its periphery
illustrate the challenges of balancing conservation with human needs. In less regulated peripheries,
human activities like agriculture and logging persist, while the park’s stricter regulations restrict such
activities [94,95]. Additionally, the periphery’s proximity to the Congo River facilitates access,
attracting populations and increasing forest fragmentation due to economic and transportation
opportunities [96].

This situation, however, introduces potential threats to Lomami’s protected areas. The strong
local reliance on hunting resembles cases in areas like Campo-Ma’an National Park in Cameroon,
where poaching pressures increased following local conflicts [97]. Similarly, post-conflict areas like
Kundelungu National Park in the DRC continue to face threats from illegal hunting, challenging
forest preservation [33]. Limited infrastructure in parks such as Salonga National Park has
temporarily stabilized forests, but risks of expansion remain [41].

These pressures could lead to two primary consequences. Human-inhabited areas may face
resource scarcity, affecting food security and exacerbating human-wildlife conflicts, as documented
near Loango National Park in Gabon [98]. Furthermore, the protected area itself may face gradual
ecosystem degradation, as seen in Virunga National Park, where uncontrolled human expansion has
damaged natural habitats [99]. Species conservation is also at risk, with apex predators facing
declines due to increased human activities, as observed in the former Central African Republic [100].

4.3. Implications for conservation and management of Lomami National Parc and its periphery

The observed aggregation of forest patches suggests a positive trend towards enhanced
ecosystem connectivity, facilitating species movement and maintaining genetic diversity [101,102].
However, ensuring the long-term sustainability of these forested areas requires proactive
conservation measures. Continuous monitoring is essential to detect threats such as agricultural and
forestry expansion. Advanced monitoring systems, like Global Forest Watch, offer real-time
deforestation data, allowing for timely interventions [103,104]. In DRC, forest monitoring platforms
have identified and addressed illegal deforestation through coordinated information sharing,
demonstrating the effectiveness of such technologies in forest conservation [105,106].

Drones provide a significant advancement for forest monitoring, especially in regions with
frequent cloud cover that can hinder satellite imagery [107,108]. Drones equipped with high-
resolution cameras allow detailed, real-time visuals, even in remote or dense forested areas. In Gabon,
drones have helped map inaccessible regions and detect illegal deforestation, greatly aiding forest
management [109,110]. Similarly, drones have proven invaluable for monitoring vast, remote areas
in the Amazon, where they provide high-resolution images for continuous monitoring and rapid
response to deforestation [111, 112]. Unlike traditional methods, drones also offer a less intrusive
approach, minimizing wildlife disturbances and preserving habitat integrity [109].

In addition to technological tools, community engagement is crucial for forest conservation.
Educational initiatives in Kenya have helped inform local populations on forest benefits and
sustainable agriculture, reducing destructive practices and strengthening conservation efforts
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[113,114]. In Ecuador, community participation in resource management has proven instrumental in
safeguarding the Amazon rainforest [115,116]. Furthermore, agroforestry projects in Tanzania and
Bolivia demonstrate how integrated agricultural practices can harmonize local development with
forest conservation by improving livelihoods and promoting sustainable land use [117,118].

Effective enforcement of forestry regulations is equally critical to deter harmful activities. In
Indonesia, stricter regulations and penalties have significantly reduced illegal logging [119,120].
Similarly, enforcement of the forestry code in the DRC has curbed illegal deforestation in some
protected areas, underscoring the importance of strong regulatory frameworks [8,121-123].

The future of protected areas depends heavily on proactive development management. Salonga
National Park in the DRC exemplifies the success of conservation programs involving local
communities to protect biodiversity, an approach adaptable to other regions like Maniema, where
threats from hunting and agricultural expansion are prevalent [41]. Infrastructure planning is crucial;
unchecked road construction near Virunga National Park has triggered rapid deforestation and
habitat loss due to unplanned urbanization and agriculture. Learning from the Niokolo-Koba
Conservation Corridor in Senegal, which integrates sustainable development while preserving
protected areas, could help mitigate these risks through comprehensive land-use planning [124].

5. Conclusion

This study mapped and quantified the landscape dynamics of the Lomami National Park and
its periphery using Landsat imagery (2008, 2016, and 2024) and landscape ecology analysis tools. The
results underscore an urgent call to update land-use planning and promote sustainable practices in
the areas surrounding Lomami National Park. While the park has demonstrated remarkable stability,
with forest cover increasing slightly from 92.60% to 92.75%, the peripheral zones face escalating
pressures from agricultural and urban expansion, reflected in a striking increase in rural complex
coverage from 14.22% to 25.75%. The stark contrast in landscape dynamics reveals not only the park's
capacity to maintain contiguous forest patches—with an edge density under 10 m/ha and a patch
aggregation index above 98% —but also the troubling fragmentation in surrounding areas, where
edge density surpasses 35 m/ha and aggregation dips below 85%. These findings confirm our
hypothesis that factors like Lomami’s geographical isolation, low population density, and limited
logging activities contribute to the preservation of its forest structure. However, they also emphasize
the vulnerability of the peripheral ecosystems, where forest integrity is compromised by increasing
human impact. This trend of forest fragmentation in the periphery presents a tangible risk to both
biodiversity and long-term ecosystem stability, underscoring the critical need for conservation-
focused land-use policies. Effective policy updates should not only incorporate continuous
monitoring with advanced technologies but also engage local communities through awareness and
education initiatives. Additionally, conservation efforts would benefit from rigorous enforcement of
land-use regulations, increased community involvement in sustainable practices, and the promotion
of environmentally friendly agricultural methods to support both human and environmental needs.
In the face of mounting anthropogenic pressures, such integrated approaches are essential to ensure
the continued resilience of Lomami’s unique ecosystems
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