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Article 
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Abstract: The Luki Biosphere Reserve landscape is located in the southwest of the Democratic 
Republic of Congo. Illicit anthropogenic activities in this landscape have contributed to the 
degradation of forest massifs, which are edible caterpillar habitats. Accordingly, based on five 
Landsat images covering the period from 2004 to 2024, we analysed the dynamics of edible caterpillar 
habitats in the Luki Biosphere Reserve, its periphery, and the landscape. The study was 
complemented by the calculation of class area, number of class patches, dominance, and disturbance 
index. The results show that fragmentation and attrition have caused forest areas to decline by 
46.13%, 21.17%, and 23.54% in the Reserve, its periphery, and at the landscape level, respectively. The 
dynamics of caterpillar habitats are reflected in the replacement of forest and fallow land by 
savannah. Consequently, the level of disturbance has risen from 0.3 to 1.6 in the Reserve, from 2.5 to 
13.9 in the periphery, and from 2.0 to 9.2 on a landscape scale. These results are mainly attributed to 
the expansion of agricultural land. Our observations imply an extent of disturbance in caterpillar 
habitats that might cause their scarcity, and strongly indicates the need for promoting effective 
strategies for preserving and restoring forest ecosystems in this landscape.  

Keywords: anthropization; biodiversity; ecosystem; food security; Luki biosphere reserve 
 

1. Introduction 

Human action on natural landscapes inevitably leads to spatiotemporal disturbances, whose 
magnitude may compromise ecosystem health [1]. Particularly, in forest landscapes, such 
disturbances are caused by deforestation and degradation and are frequently aggravated by 
sociocultural, demographic, economic, technical, and political factors [2–5]. Moreover, deforestation 
and degradation have caused significant loss of biodiversity around the world [6]. Indeed, it has been 
estimated that, between 2015 and 2022, the annual global loss of forest cover amounts to 
approximately 25 million hectare [7]. Further, the Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services (IPBES) reports that 27,000 plant and animal species are lost 
annually as a result of human activities [8,9]. At the regional level, particularly in the Congo Basin, 
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deforestation and land degradation are responsible for the loss of 1.79 million hectares of forest land 
every year [10].  

Forest cover in the Democratic Republic of the Congo (DRC) has not been spared from human 
activities. Thus, more than half a million hectares of primary forest are lost every year in the DRC 
[11,12]. Moreover, most forest losses are owing to unsustainable agricultural practices and 
aggravated by population growth [7]. Such as to mitigate these anthropogenic pressures on forest 
resources, almost 11% of the Congolese territory has been established as a protected area [13]. 
However, owing to weak law enforcement and socioeconomic challenges faced by local populations, 
the conservation of forest ecosystems in these protected areas remains precarious [14]. Several studies 
conducted in protected areas in the DRC have revealed forest cover losses, with notable consequences 
for plant and animal habitats [13,15,16]. 

Similar to other protected areas in the country, the Luki Biosphere Reserve (LBR) landscape is 
under great anthropogenic pressure. Indeed, in this area, forest cover is threatened by bush farming, 
bush fires [17,18], and the artisanal exploitation of wood for energy supply [19]. These activities have 
been observed elsewhere to be responsible for changes in the spatial structure of the landscape, 
materialised by the fragmentation, removal, and replacement of certain land-use categories by others 
[20,21]. Studies showed that different development zones within the LBR (core, buffer, and transition 
zones) are subject to regressive vegetation-cover dynamics, with negative impacts on climate and 
carbon storage [22,23]. This disruption of natural ecosystems in the LBR landscape creates conditions 
conducive to the loss of plant and animal biodiversity [24–26]. 

Edible caterpillars are among the wildlife resources under threat in the LBR landscape. 
However, caterpillar collection and consumption practices in this area have existed only since the 
early 2000s [27]. Edible caterpillars in the LBR landscape are collected in forests, savannahs under 
protection, fallow land, and on certain tree species found in residential areas (villages). However, the 
population living in this region explains that over the years, edible caterpillars have become 
increasingly rare, random, and episodic at the times when they are supposed to be available [28]. 
Unfortunately, few studies have analysed the issues surrounding the availability of edible caterpillars 
in this landscape. Elsewhere in the country, in areas where caterpillar consumption is traditional, 
research has been conducted on the pressures affecting caterpillars, their domestication, and practices 
for sustainable management [29,30]. A recent study showed that edible caterpillar habitats in the LBR 
landscape had low specific diversity, with caterpillar-host trees becoming rarer, and several species 
locally threatened with extinction [26]. This observation suggests the possible instability of edible 
caterpillar habitats in the LBR landscape, the dynamics of which need to be studied. Hence, this study 
focused on analysing landscape dynamics and the impact of anthropisation on edible caterpillar 
habitats in the LBR landscape.  

In this study, we used remote sensing via the analysis of Landsat images and landscape ecology 
tools through the calculation and analysis of spatial structure indices. These tools offer an interesting 
perspective for an in-depth understanding of various landscape components and their eco-
geographical interactions [31]. Furthermore, remote sensing remains an essential method for 
obtaining large-scale data, thus facilitating the understanding of landscape change, and guiding 
decision-making in land management and environmental conservation [32]. Hence, in order to 
propose strategies for the availability of edible caterpillars, we adopted an approach that allows 
spatial alterations within and at the periphery of the Reserve to be considered at three levels of spatial 
scale: LBR, LBR periphery, and landscape (LBR + LBR periphery), with the aim to highlight 
unfavourable spatiotemporal dynamics for edible caterpillar habitats at the three spatial scales 
defined. Specifically, we tested the hypothesis that human activities in the LBR landscape affect the 
stability of ecosystems that shelter edible caterpillars, thereby creating habitats that are not conducive 
to their availability. Over the years, the resulting instability is reflected in the LBR, its periphery, and 
on a landscape scale by, (i) a continuous trend towards deforestation and the expansion of savannahs, 
agricultural areas, and the installation of human settlements to the detriment of forests and fallow 
lands; (ii) the fragmentation of forests and the removal of fallow land, accompanied by the creation 
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and aggregation of patches of savannah, agricultural land, and inhabited areas; (iii) a landscape 
matrix that reveals a decline in forest dominance and increasing savannah dominance; and (iv) an 
increase in the disturbance index value. 

2. Materials and Methods 

2.1. Characteristics of the Study Area 

The LBR landscape is located in Kongo Central Province in the western DRC, within the 
geographical region of Mayombe. The designated LBR landscape includes the reserve and the 
surrounding area, extending approximately 20 km beyond it (Figure 1). Additionally, there are 
approximately 50 villages and seven urban and rural centres in the LBR periphery, in which the 
population livelihood relies mainly on the resources harvested from the forest [33,34]. 

With an area of approximately 3,514.20 Km2, the entire region comprised by the LBR landscape 
lies between 5°00'00''S and 6°00'00''S and 12°50'00''E and 13°40'00''E. The climate of the region is 
humid tropical, (AW5), according to Köppen's classification, with a five-month dry season from mid-
May to mid-October, and a seven-month rainy season from mid-October to mid-May. The vegetation 
in the LBR landscape is evergreen and of the semi-deciduous type [35]; it forms part of the extreme 
southern tip of the Mayombe Guinean forest, with forest flora comprising mature and secondary 
forest species and non-forest flora composed of grassy and shrubby savannahs [35]. The population 
of the LBR landscape has grown from 82,000 in the early 2000s to 138,000 in 2014 and 237,000 in 2020 
[28,33]. The economy of this region is based on slash-and-burn subsistence farming of cassava, maize, 
and groundnuts growing on clay and sandy clay soils [35], charcoal production and trading, pit 
sawing [19,34], and non-timber forest product collection [28]. 
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Figure 1. Luki Biosphere Reserve landscape. The green polygon represents the LBR. The periphery is the area 
between the LBR and the purple polygon. In the periphery, there are several villages and urban centres marked 
on the map by small black dots, while the names of the localities are written in white. The landscape consists of 
the LBR and its periphery, whose boundary is marked on the map by the purple polygon. This is crossed by 
roads represented by yellow lines on the map. 

2.2. Satellite Data 

In this study, we used five Landsat images taken during the dry season (June-August) covering 
the following years: 2004, with the Landsat 5 “Thematic Mapper (TM)” sensor; 2011, with the Landsat 
7 “Enhanced Thematic Mapper plus (ETM+)” sensor; 2015, 2020, and 2024, with the Landsat 8 
“Operational Land Imager (OLI)” sensor. These images were obtained from the USGS website 
(https://glovis. usgs. gov) and represent surface reflectance data from the Level 2 Collection 2 Tier 1 
dataset. The choice of these images was influenced by several parameters, such as availability and 
quality (absence of clouds and scratches), and the objectives of our study [21]. Thus, the need to work 
over a long period (20 years) to better monitor spatial dynamics and changes in socioeconomic 
phenomena justifies the choice of a reduced time step (five to seven years). The periods to which 
these images correspond were defined as follows: 2004-2011, 2011-2015, 2015-2020, and 2020-2024. 
The starting period (2004-2011) coincides with the period during which caterpillar collection and 
consumption began in the study area. The 2015-2020 period corresponds to the time when people 
began to complain about a gradual reduction in the availability of the caterpillars they consumed. 
The 2020-2024 period corresponds with the time when scarcity of edible caterpillars was reported. 
Hence, there is a need to assess the evolution of caterpillar habitats from the early 2000s, such as to 
better appreciate the decreasing potential of caterpillar availability in the LBR landscape. 

2.3. Pre-Processing of Landsat Images  

To optimize the quality of satellite images and improve their reflectance, radiometric corrections 
were made using the ENVI 5.3 software [36]. These corrections eliminated biases associated with the 
spectral sensitivity of the sensors and variations in illumination, thereby ensuring greater accuracy 
in the analysis of the data. In addition, the imperfections specific to the 2011 images resulting from 
failure of the Landsat 7 satellite sensor in 2003 were corrected. This failure generated so-called “gaps” 
in the spectral bands. To address this issue, band-specific gap mask files (“Gap_mask”) included in 
Landsat 7 data products were used to fill the gaps. This method, which is commonly recommended 
in the literature, has been shown to be effective in reconstructing damaged images [37,38]. Finally, 
the last pre-processing step involved delimiting the area of interest directly on the satellite images. 
This delimitation was performed using shape files supplied by the Observatoire Satellitaire des Forêts 
d'Afrique Centrale (OSFAC). These shapefiles, incorporating precise spatial information, made it 
possible to precisely circumscribe the study perimeter, thus facilitating a targeted analysis of spatial 
dynamics in the area of concern. 

Unsupervised classification of Landsat images was performed after false-colour compositing by 
combining the mid-infrared (MIR), near-infrared (NIR), and red (RED) bands. This specific 
combination of bands was selected because of its proven effectiveness in discriminating landscape 
features, particularly vegetation, urban areas, and bare soil [39]. Further, NIR is particularly sensitive 
to NIR radiation and can be used to differentiate vegetation types, whereas MIR radiation is useful 
for identifying variations in soil and plant moisture contents. The red band, on the other hand, offers 
optimum contrast for detecting vegetation owing to its strong absorption by chlorophyll. This 
combination enhanced our ability to analyse the spectral characteristics of landscape features, making 
transitions between land-use classes more visible and distinct. This first step enabled the initial visual 
identification of the main land cover classes in the study area, which was a crucial step in guiding the 
actual classification process [21,40]. Subsequently, supervised classification of the Landsat images 
was performed using the maximum likelihood algorithm as described by [41]. This algorithm, which 
is widely used in remote sensing studies, relies on a probabilistic approach to assign each pixel to the 
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most likely class based on the statistics of the training samples, thus ensuring high accuracy in the 
classification of different land-cover types. 

Furthermore, to understand the reasons for the scarcity of caterpillars as described by the 
population, the land-use class comprising open fields and bare soils were combined to form a single 
class to avoid confusion between these two classes. Population growth not only increases the need 
for housing but also, the need for agricultural land. When vegetation can no longer regenerate on the 
land, it gives way to bare soil. As a result, six land-use classes were selected for the study: forests, 
savannahs, fallow land, inhabited areas, open fields, bare soil, and other land uses, including features 
not identifiable in the images (Table 1). In line with the objective of this study, the last land-use class 
was not considered while interpreting the data. 

To check the reliability of the classifications and construct confusion matrices, geographical 
coordinates independent of those used for the supervised classification were collected in the field 
using Garmin St64 GPS, with an accuracy of approximately 5 m. The team collecting these geographic 
coordinates was accompanied by a local guide with knowledge of the habitats of the caterpillars 
consumed by the population. Based on the confusion matrix, the observer and user accuracies, as 
well as the overall accuracy, were calculated to assess the reliability of the classification results, in 
line with the works of [42], and [43]. The observer precision (or error of omission) measures the 
proportion of pixels belonging to a category that has been correctly classified. Therefore, it assesses 
the ability of the model not to exclude elements that should belong to a given class, such as all 
savannah areas identified herein. User accuracy (or commission error), on the other hand, indicates 
the proportion of pixels classified in a given category that actually belong to that category. For 
example, if an area is classified as a forest, this precision estimate indicates the extent to which the 
classification is correct and does not include pixels from other categories (such as agriculture). Finally, 
overall accuracy measures the total proportion of correctly classified pixels in relation to the total 
number of pixels analysed. Our study validated the overall effectiveness of the classification model 
as it faithfully reproduced land-use classes present in the study area. 

Table 1. Land use classes obtained by supervised classification of Landsat images using the maximum likelihood 
algorithm in the region of interest. 

Land use Characteristics ROI* 

Forests 

Forests are habitats for edible caterpillars in the study area, 
with a high diversity of host trees (Lonpi et al., 2024). They 
include primary forest, secondary forest (plantations and 
savannahs under protection for natural regeneration) and 

forest galleries. 

 30 

Savannahs 

Savannahs were considered to be grassy savannahs and 
shrub savannahs of anthropogenic origin, regularly 

subjected to bush fires and without fencing. The caterpillars 
consumed by the population in the study area are not 
dependent on the grasses of grassy savannahs. Also, 

repeated bushfires in anthropogenic savannahs do not allow 
the regeneration of forest forage species for the caterpillars 

consumed by the population. 

 36 

Fallow land 

Fallows are pioneer vegetation that recolonizes bare soils. 
Like forests, fallow lands in the study area are a preferred 

habitat for caterpillar feeding populations in the LBR 
landscape. 

 39 

Fields and bare 
soil  

These are areas where cassava, groundnuts, maize, and 
other crop plants are grown. According to the regional 

agricultural calendar, from mid-May to mid-October, there 
is a long dry season marked by field preparation operations 
(tree felling, clearing, and burning) leaving the soil devoid of 

 59 
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plant cover. Because of their agricultural vocation and the 
need for charcoal, generally, the fields in the study area have 

no woody vegetation providing fodder for edible 
caterpillars, as trees are systematically felled during field 

preparation. 

Inhabited areas

Inhabited areas are settlements that were mostly established 
before and during the creation of the LBR. More recent 

settlements have been established over the last 30 years as a 
result of population growth. These settlements are 

surrounded by tree vegetation characterized by low 
diversity and irregularity of edible caterpillar host species 

(Lonpi et al., 2024). 

 36 

*Region of interest. 

2.4. Assessment of Landscape Dynamics  

To assess the human impact on caterpillar habitats and consider the possible drivers of such 
impact as they relate to the type of predominant economic activities in the LBR region, we examined: 
(i) trends in deforestation and the extension of agricultural land and savannahs; (ii) changes in land 
use; (iii) spatial transformation processes that took place during the period covered by the study; and 
(iv) changes in the landscape matrix and the level of anthropization of the latter. Several spatial 
structure indices were calculated [44]. 

Specifically, to analyse the trend towards deforestation and the expansion of savannah and 
farmland, the evolution of the total area (a) of patches for each land-use class was assessed. Class area 
refers to the relative extent of specific land-use types within a defined landscape. The category helps 
in understanding the landscape composition by identifying the predominant land-use matrix for a 
given period. Changes in occupancy were assessed by calculating the area gains and losses in each 
land-use class between the two dates (2004-2011, 2011-2015, 2015-2020, 2020-2024, and 2004-2024) of 
the five land-use maps. 

Spatial transformation processes were identified using the decision tree proposed by [45]. This 
tree is based on the evolution between two dates (the initial (0) and final date (1)), number of patches 
(n), total area (a), and total perimeter of a land-use class. The number of patches (n) plays a crucial 
role in assessing landscape fragmentation, as a high number of patches indicates fragmentation and 
dispersed distribution, whereas a low number suggests patch aggregation. The forward decision tree 
identified the following spatial transformation processes (Figure 2): aggregation (merging of patches 
in a land-use class), creation (setting up new patches), enlargement (increase in the area of a class), 
attrition (reduction of the area of a class), dissection (subdivision of a class by lines), and 
fragmentation (breaking patches in a class into small fragments of varying sizes). To distinguish the 
process of fragmentation from that of dissection, the value of t, derived from the ratio between the 
total area of land use on the final date and that on the initial date, was compared using a threshold 
of t = 0.75. Values greater than 0.75 suggest dissection, while those less than or equal to 0.75 indicate 
the prevalence of fragmentation. Meanwhile, values greater than or equal to 1.0 indicate the 
prevalence of creation or aggregation [46]. 
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Figure 2. Identification of spatial transformation processes [45]. a0, n0, and p0, and a1, n1, and p1 represent the 
area, number, and perimeter of class patches, respectively, in the first (0) and the last year (1) of each study 
period. Spatial transformation processes were identified for each class at all study periods (2004-2011, 2011-2015, 
2015-2020 and 2020-2024). To separate fragmentation from dissection, tobs = a1/a0 was calculated and compared 
with the predefined threshold of t = 0.75. 

Finally, the evolution of the landscape matrix was determined by calculating the Largest Patch 
Index (LPI), which defines the ratio between the largest area of a class and the total area of the class 
[47–50] while providing information on the fragmentation of land cover following its reduction. 
Lastly, we calculated the disturbance index, defined as the ratio between the cumulative area of 
anthropogenic land cover in the landscape and the total forest area [20,21], to assess the level of 
anthropization of the landscape. 

3. Results 

3.1. Accurate Classification and Mapping 

Supervised classification of Landsat images from 2004, 2011, 2015, 2020, and 2024 covering the 
LBR landscape revealed overall accuracies ranging from 90.90% to 97.47%, whereas user and 
producer accuracies varied from 68% to 100% (Table 2). These results indicate a statistically robust 
differentiation between different land-use classes with a low confusion rate, thus demonstrating the 
effectiveness of the classification process. The high accuracy-rate observed confirms that the 
classification algorithm effectively distinguished between land-use types. 

Visual analysis of the land cover maps (Figure 3) revealed significant changes between 2004 and 
2024. Savannahs, fields and bare soil, and inhabited areas have progressively increased to the 
detriment of forests and fallow land, the cover area of which has steadily decreased. This dynamic is 
taking place against the backdrop of increasing anthropogenic pressure, often linked to agricultural 
expansion and urban growth, which are common drivers of deforestation in tropical regions. 

Table 2. Classification accuracy of Landsat 2004, 2011, 2015, 2020 and 2024 images based on the Maximum 
Likelihood Algorithm. Classification is statistically reliable. “Ua” stands for user accuracy (%) and ‘Pa’ for 
producer accuracy. 

Image classification results:2004 

 Forests Savannahs Fallow 
lands 

Fields and bare soils Inhabited areas Others 
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Ua 100.0 95.0 82.5 97.5 72.5 100.0 
Pa 95.2 95.0 97.1 68.4 72.5 100.0 

Overall accuracy 2004 : 90.90% 
Image classification results : 2011 

Ua 85.1 91.9 97.4 98.4 100.0 100.0 
Pa 94.0 86.0 98.4 94.9 100.0 100.0 

Overall accuracy: 94.91% 
Image classification results : 2015 

Ua 100.0 100.0 93.5 91.7 94.9 100.0 
Pa 100.0 100.0 100.0 91.7 89.2 100.0 

Overall accuracy: 97.47% 
Image classification results : 2020 

Ua 100.0 95.7 100.0 95.9 97.9 100.0 
Pa 97.9 95.9 100.0 97.9 97.9 100.0 

Overall accuracy 2020 : 93.89% 
Image classification results : 2024 

Ua 100.0 96.7 98.0 93.9 94.9 100.0 
Pa 98.6 92.6 100.0 94.7 98.6 100.0 

Overall accuracy2024 : 95.70% 

 
Figure 3. Map of land cover dynamics in the Luki Reserve landscape from 2004 to 2024, derived from supervised 
classification of Landsat images using the “maximum likelihood” algorithm. The 2004 map shows a 
preponderance of dark green (forest) versus light green (savannah) and brown (fields and bare soils). The pink 
colour (fallow land) was also well represented in 2004, and red dots (inhabited areas) were scarce. These different 
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hues evolved gradually up to 2024, when light green dominated the landscape and the brown hue increased, as 
did the size and number of red dots. The pink hue had disappeared by 2024. 

3.2. Landscape Composition Dynamics and Land-Use Change 

The analysis of the composition of land cover classes revealed that from 2004 to 2024, forest cover 
at the regional level declined sharply from 33.10% to 9.52%, decreasing by 23.54%. In contrast, fields 
and bare soils increased from 3.50% to 23.76%, representing an increase of 20.29%. In turn, the 
savannah area also increased from 56.55% to 58.46%, while fallow land almost disappeared (Table 3). 
In fact, over the 20-year period under consideration, there was a reduction in forest area from 86.51% 
to 38.37% and from 27.70% to 6.48% in the LBR and the periphery, respectively (Table 3). 
Concomitantly, the areas of fields and bare soils increased by 1.87% in the LBR and 22.25% in the 
peripheral zone over the same period, respectively. Similarly, the savannah area increased in the LBR, 
reaching almost 59%, while urbanisation remained limited. Meanwhile, in the periphery, the savanna 
reached 58.42% in 2024, while urbanisation expanded significantly, rising from 0.93% in 2004 to 5.91% 
in 2024, representing a 4.97% increase in occupied area. Overall, these results indicate that many 
forests and fallow lands in the study area have been transformed into fields and bare soils, savannahs, 
and urbanised areas because of human activity. This loss of vegetation cover has very likely 
compromised the availability of edible caterpillars in the study area.  

Table 3. Composition of the Luki Biosphere Reserve Landscape in 2004, 2011, 2015, 2020 and 2024 and proportion 
of changes in the 2004-2011, 2011-2015, 2015-2020, 2020-2024, 2004-2024 periods. Values are expressed in Km2 
and as a percentage of the total area of each zone studied. At all three spatial scales, the area of savannah, fields 
and bare soil increased at the expense of forests and fallow lands. 

  Changes in % 

 2004 2011 2015 2020 2024 2011-
2004 

2015-
2011 

2020-
2015 

2024-
2020 

2024-
2004 

 Km2 % Km2 % Km2 % Km2 % Km2 %      

Luki Biosphere Reserve 
Forest 283.1

4 
84.51 215.67 64.38 151.53 45.2 145.45 43.39 128.56 38.37 -20.14 -

19.17 
-1.81 -5.01 -46.13 

Savannah 49.44 14.76 115.88 34.59 180.25 53.77 158.54 47.29 196.59 58.68 19.82 19.18 -6.47 11.39 43.93 
Fallow 2.11 0.63 0.43 0.13 0.33 0.1 0.15 0.04 0.04 0.01 -0.5 -0.02 -0.05 -0.03 -0.61 
Field & 
bare soil 

0.05 0.02 2.44 0.73 2.53 0.75 14.83 4.43 6.32 1.9 0.71 0.02 3.67 -2.53 1.87 

Inhabited 
area 

0.25 0.08 0.04 0.01 0.18 0.06 0.63 0.2 2.17 0.64 -0.06 0.04 0.13 0.46 -0.07 

Other 0.00 0.00 0.55 0.16 0.39 0.12 15.59 4.65 1.28 0.4 0.16 -0.04 4.53 -4.26 0.38 
Total 335.0

0 
100 335.00 100.00 335.00 100.00 335.00 100.00 335.00 100 

     

Peripheral zone 
Forest 878.4

0 
277 655 20.62 521.55 16.42 398.00 12.52 206.00 6.48 -7.03 -4.2 -3.89 -6.04 -21.17 

Savanna 1937.
58 

61 1650 51.94 1698.8
3 

53.48 1666.7
0 

52.46 1856.0
0 

58.42 -9.06 1.53 -1 5.96 -2.57 

Fallow 160.4
0 

5.04 57.28 1.8 39.29 1.23 8.72 0.27 0.71 0.02 -3.24 -0.56 -0.96 -0.25 -5.02 

Field & 
bare soil 

121.6
3 

3.82 764 24.05 847.12 26.66 962.49 30.29 828.40 26.1 20.22 2.61 3.63 -4.21 22.25 

Inhabited 
area 

29.51 0.93 17.22 0.54 29.25 0.92 33.73 1.06 188.00 5.9 -0.38 0.37 0.14 4.84 4.97 

Other 49.00 1.54 33.3 1.05 41.01 1.29 107.42 3.4 97.97 3.08 -0.49 0.24 2.09 -0.29 1.54 
Total 3177.

00 
100.00 3177.0

0 
100.00 3177.0

0 
100.00 3177.0

0 
100.00 3177.0

0 
100 

     

Landscape 
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Forest 1162.
41 

33.1 871.16 24.8 673.36 19.16 543.56 15.47 334.70 9.5 -8.28 -5.61 -3.69 -5.94 -23.54 

Savanna 1987.
91 

56.55 1766.7 50.26 1879.8 53.5 1826.0
0 

51.96 2053.7
7 

58.4 -6.29 3.24 -1.53 6.48 1.89 

Fallow 162.6
2 

4.63 57.746 1.64 39.619 1.12 8.87 0.25 0.75 0.02 -2.98 -0.51 -0.87 -0.23 -4.6 

Field & 
bare soil 

121.7
9 

3.501 766.82 21.81 849.85 24.2 977.55 27.82 835.02 23.76 18.35 2.37 3.63 -4.05 20.29 

Inhabited 
area 

29.78 0.84 17.27 0.5 29.443 0.83 34.37 1 189.92 5.4 -0.35 0.34 0.14 4.42 4.55 

Other 49.26 1.40 34.058 1 41.517 1.2 123.18 3.5 99.60 3 -0.43 0.21 2.32 -0.67 1.43 
Total 3514.

00 
100 3514.0

0 
100.00 3514.0

0 
100.00 3514.0

0 
100.00 3514.0

0 
100 

     

3.3. Spatial Structure of Caterpillar Habitats and Anthropization of the LBR Landscape  

Concomitant with an increase in the number of forest patches at the landscape and reserve 
scales, the forest area decreased in all three zones between 2004 and 2011. Consequently, the value of 
the spatial transformation process (STP) of the forest class during this period was determined to be 
greater than 0.75. This phenomenon of dissection was not observed in the peripheral zone, which 
instead experienced a reduction in the number of patches, indicating the attrition of the forest class 
in favour of other land-use classes over the same period of time (Table 4). Simultaneously, savannahs 
increased in size in all three studied zones of the LBR, with the creation of new patches and 
aggregation in the LBR landscape and its periphery. Our analysis revealed a notable reduction in 
fallow land area and number of patches, indicating a process of attrition. Meanwhile, inhabited areas 
regressed in area and number of patches in the LBR perimeter, whereas in the peripheral zone and, 
more generally, at the landscape level, patches of this land-use class increased in overall area as a 
result of aggregation (Table 4). 

From 2011 to 2015, the forest area continued to decrease in all three zones, accompanied by an 
increase in the number of patches, reflecting fragmentation in the LBR (ratio < 0.75) and dissection at 
the peripheral and landscape scales (ratio >0.75). Simultaneously, the savannah area increased but 
the number of patches decreased in all zones, indicating aggregation. Fallow land continued to 
decrease in area and number of patches (Table 4). However, inhabited areas increased in all zones, 
suggesting spot creation followed by aggregation in the peripheral zone and at the landscape scale.  

In turn, between 2015 and 2020, the forest, savannah, and fallow areas decreased, concomitant 
with an increase in the number of patches, signalling a dissection of the latter in all zones (ratio > 
0.75). Similarly, inhabited areas continued to increase, a trend marked by a simultaneous increase in 
covered area and number of patches. 

Finally, between 2020 and 2024, forests experienced a attrition process in all three zones, with a 
simultaneous reduction in area and number of patches. In contrast, savannahs have undergone an 
increase in both area and number of patches, indicating a process of creation. Meanwhile, fallow land 
has continued to be suppressed, whereas new patches of inhabited area were created in all three 
zones under study, with a simultaneous increase in area and number of patches (Table 4). 

Overall, it appears that from 2004 to 2024, forests and fallow land have been severely affected 
by human activities, with the dominant STPs being fragmentation and removal. Fields and bare soil, 
as well as savannah and inhabited area classes have all experienced an increase in the corresponding 
number of patches and total area. This finding suggests a conversion of caterpillar-collecting 
ecosystems into habitats that do not favour caterpillar population growth. Overall, edible caterpillar-
collecting habitats in the LBR landscape as a whole have been severely disturbed during the study 
period. 
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Table 4. Land-use class configuration indices in 2004, 2011, 2020, 2024, and identification of the spatial 
transformation process (STP) based on the decision tree of Bogaert et al. (2004). 

Spatial scales 
Forest Savannah Fallow land Inhabited area 

a n a n a n a n 
LBR2004 283.14 864 49.45 2366 2.11 311 0.25 42 
Peripheral zone2004 878.40 18804 1937.58 19872 160.40 32379 29.51 2246 
Landscape2004 1162.41 19561 1987.91 22107 162.62 32730 29.78 2289 
LBR2011 215.67 1440 115.88 3373 0.43 89 0.04 13 
Peripheral zone2011 655.00 18729 1650.95 17647 57.28 8866 17.82 1770 
Landcape2011 871.16 20011 1766.7 20820 57.74 8945 17.27 1781 
LBR2015 151.53 3123 180.25 3102 0.33 74 0.2 33 
Peripheral zone2015 521.55 26999 1698.83 15598 39.29 7011 29.25 1495 
Landscape2015 673.36 29900 1879.8 18526 39.61 7082 29.44 1526 
LBR2020 145.45 3601 158.54 3778 0.15 112 0.63 160 
Peripheral zone2020 398.00 39268 1666.70 15834 8.72 7353 33.73 3057 
Landscape2020 543.56 42631 1826.00 19427 8.87 7466 34.37 3213 
LBR2024 128.56 3022 196.59 3844 0.04 49 2.17 725 
Peripheral zone2024 206.1 18248 1856.00 20386 0.7 569 188.00 29870 
Landscape2024 334.7 21125 2053.77 24103 0.75 618 189.92 30631 

Between 2004 and 2024, the dominance index (D) indicated significant changes in land use 
within the LBR, in the peripheral zone, and at the regional scale (Table 5). In particular, in the LBR, 
the forest dominance index dropped from 80.68% in 2004 to 32.65% in 2024, illustrating significant 
fragmentation of forest areas. Simultaneously, the savannah dominance index rose sharply from 
6.77% to 50.47%, marking a notable expansion of the savannah. Fallow land has maintained a very 
low index (not exceeding 0.048%), while inhabited areas, although marginal, show a slight increase 
from 0.0083% to 0.0683%, signalling the slow but steady growth of urbanised areas. 

This situation is even more pronounced in the peripheral zone, where the forest dominance 
index has decreased drastically, from 11.74% in 2004 to 0.70% in 2024, indicating a severe loss of the 
forest continuity. In contrast, the savannah dominance index remains high, fluctuating slightly before 
reaching 52.61% by 2024, and indicating stabilisation (Table 5). Meanwhile, the dominance index for 
fallow land remains very low (less than 0.10%), whereas that of inhabited areas has increased from 
0.40% to 1.28%, reflecting marked urban growth. 

The trends observed in and around the LBR were mirrored at the regional level. Within the entire 
region, the forest dominance index decreased from 22.99% in 2004 to 4.24% in 2024, indicating an 
increase in fragmentation. In turn, after an initial decline, by 2024 savannah had experienced a rise in 
dominance index to 52.77%. Similarly, fallow areas maintained a low dominance index (not 
exceeding 0.09%), whereas inhabited areas recorded a slight increase from 0.36% to 1.16% during the 
same period.  

Table 5. Evolution of the dominance index of land-use classes between 2004 and 2024 within the Luki Biosphere 
Reserve, its periphery, and the LBR Landscape. For each spatial scale, savannah dominated. Until 2015, in the 
LBR, the landscape matrix was forest. Subsequently, from 2015 to 2024, the opposite situation was observed, 
with forests increasingly giving way to savannah. 

Luki Biosphere Reserve 
 2004 2011 2015 2020 2024 

Forest 80.68 54.96 32.43 30.41 32.65 
Fallow 0.05 0.01 0.03 0.00 0.00 
Savanna 6.77 18.14 38.88 30.95 50.47 
Inhabited area 0.01 0.01 0.02 0.03 0.07 
Peripheral zone 
Forest 11.74 8.16 2.61 0.91 0.70 
Fallow 0.10 0.03 0.06 0.00 0.00 
Savanna 55.45 43.30 47.34 44.58 52.61 
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Inhabited area 0.40 0.15 0.25 0.39 1.28 
Landscape 
Forest 22.99 7.74 3.92 2.48 4.24 
Fallow 0.09 0.02 0.03 0.00 0.00 
Savanna 51.13 25.28 28.67 26.63 52.77 
Inhabited area 0.36 0.08 0.14 0.21 1.16 

Between 2004 and 2024, the evolution of the anthropization index showed a gradual increase in 
the three zones studied: the LBR, peripheral zone, and LBR Landscape (Figure 4). In 2004, the index 
was low for the LBR (0.3), it was 2.5 in the peripheral zone, and 2.0 in for the region. Then, by 2011, 
these values had increased to 0.6, 3.8, and 3.0, respectively, reflecting moderate anthropization in the 
LBR and are greater elsewhere. Then, in 2015, the index doubled in the LBR (1.2) and continued to 
increase in the peripheral zone (5.0) and on the landscape scale (4.1). Later, in 2020, the trend 
stabilised in the LBR (1.2) but increased in the peripheral zone (6.7) and on the landscape scale (5.1). 
Lastly, in 2024, a recovery was observed in the LBR (1.6), while the peripheral area (13.9) and the 
landscape scale (9.2) showed strong intensification of human activities. Overall, anthropization has 
clearly increased in the peripheral zone and more globally on the landscape scale, whereas the LBR 
remains the zone least affected by human activities. Thus, the disturbance levels were much higher 
for all three zones during the periods 2015-2020 and 2020-2024. These results provide ample evidence 
that edible caterpillar habitats in the LBR landscape are characterised by instability due to 
anthropogenic activities aggravated by population growth. 

 

Figure 4. Evolution of the anthropization index in the LBR, its periphery and, in entire landscape. The LBR 
remains the least anthropized area, unlike its periphery. The scarcity of forest resources in the peripheral zone 
will undoubtedly put pressure on the LBR. LBR, Luki Biosphere Reserve; PZ, peripheral. 

4. Discussion  

4.1. Methodological Approach 

Many studies have used Landsat images to quantify land-cover dynamics because of their 
accessibility [48,51–53]. The influence of anthropization on edible caterpillar-collection ecosystems in 
the LBR landscape required the processing of five Landsat images (2004, 2011, 2015, 2020, and 2024). 
However, it is appropriate to point out that the use of Landsat sensor images has some limitations 
for monitoring the dynamics of landscapes whose main degradation factor is slash-and-burn 
agriculture and fuel-wood harvesting [15]. These limitations are primarily linked to low spatial 
resolutions. Images from SPOT sensors and tools, such as unmanned remote-controlled vehicles, can 
provide images with very high spatial resolution, thereby offering great opportunities for land 
monitoring at the local level [54–56]. This approach offers great potential for improving management 
strategies and decision-making processes. However, such technologies were not used in this study 
owing to their high acquisition costs. Therefore, to limit errors in the analysis of the Landsat images 
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used herein, same-season images were used to reduce seasonal effects [57]. In addition, the deletion 
of lines resulting from Landsat 7 satellite alignment errors in the 2011 images improved their quality 
and enabled the extraction of the results described above [38]. Based on the professional experience 
of edible caterpillar collectors, the choice of the study period (2004 -2024) enabled us to be in close 
proximity to the reality experienced by them. 

In addition, the short timeframe (5-7-year intervals) made it possible to measure dynamics while 
considering socioeconomic facts that are highly evolutive in time and space. Indeed, in the particular 
context of the LBR landscape, where the population harvests forest resources and a dynamic 
implementation of conservation projects has taken place, land use can reveal quite different realities 
from one period to the next, depending on the phases of project intervention. Supervised 
classification was used to describe the vegetation formations in terms of their physiognomy. The 
classification of Landsat images using the Maximum Likelihood algorithm, combined with field 
verification, whose overall accuracies are statistically reliable, testify to the quality of image 
processing and the importance of knowledge of the study area when performing a diachronic 
analysis of a landscape [58]. 

4.2. A Landscape with Disturbed Edible Caterpillar Habitats  

The composition of landscape dynamics at the spatial scales studied was marked by the loss of 
vegetation cover in the edible caterpillar habitats. This loss of vegetation cover gives way to the 
development of savannahs, fields and bare soils, and inhabited areas, all of which are unfavourable 
habitats for edible caterpillars [26]. The degradation of vegetation cover can largely be explained by 
the expansion of anthropogenic activities, notably, agriculture and energy-wood exploitation [19,34]. 
These factors at the root of deforestation and forest cover degradation in our study area are not only 
aggravated by unchecked population growth but by contradictory policies as well. Indeed, the lack 
of a more conducive decision-making process regarding natural resource management and 
conservation observed in the study area is thought to be the result to a two-headed management 
direction that involves the two institutions responsible for managing the LBR, whose policies are 
marked by insufficient coherence and synergy of proposed and implemented conservation actions 
[33]. This places the LBR in an apparent state of a property without a master and exposes its 
vegetation to intensive and illegal exploitation. In addition, the approach to implementing 
development projects in the study area since 2004 has made little room for community participation 
and socioeconomic development, which has not led to any real appropriation by the people living in 
this landscape [59]. The results of our study on landscape composition dynamics in the area do not 
contradict those of previous studies conducted in the same landscape by [18] and on the LBR [22], 
which suggest deforestation in the study area as a major challenge. The same result was 
demonstrated in the Yangambi Biosphere Reserve landscape [60] and the Kundelungu Reserve 
landscapes [38], where regressive forest-cover dynamics were clearly demonstrated. In Africa, 
several authors have observed severe deforestation in forest ecosystems [53,61], indicating significant 
anthropogenic pressure on plant resources. The extension of savannahs in the study area was 
considered by [18], as the establishment of secondary forests, probably because their study 
considered as the savannah class, savannahs under protection for the natural regeneration of forest 
species. However, the protected savanna in our study was included in the forest class to limit 
confusion between the two classes. This was because it was difficult to differentiate between the forest 
and regenerated savannah [22], showed evidence of savannisation in the LBR. This was confirmed 
by our results regarding the evolution of vegetation in the LBR, its periphery, and at the landscape 
level. 

Structural dynamics revealed that fragmentation (caused by the fragmentation of forest patches 
into small fragments) and attrition (caused by the reduction in area and eradication of vegetation 
patches) were the main STPs underlying the disturbances in edible caterpillar habitats in our study. 
Previously, several studies have reported the detrimental effects of fragmentation and attrition on 
forest ecosystems [62,63]. These two processes are often responsible for the absence of certain 
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diameter classes in plant species, resulting in significant reduction rates in the specific diversity and 
density of woody species in a given population [64,65]. This is likely the case in the study area. 
Indeed, in the absence of individuals of forest species that host edible caterpillars in several diameter 
classes, there is an irregularity in the distribution of these species in different habitats, as well as low 
specific diversity [26]. In their study of the management zones of the LBR (core, buffer, and transition 
zones) in relation to forest species diversity, [24], demonstrated that the core zone, which is the 
conservation zone restricted to all human activities, was less disturbed and had a higher index of 
species diversity than the transition zone, which had been heavily disturbed.  

Furthermore, no economic (road building) or natural phenomena occurring in our study area 
explained the dissection observed in the forests. These dissections are, therefore, fragmentations with 
regard to the types of socioeconomic activities (slash-and-burn agriculture, charcoal, and logging) 
that prevail in the landscape. This observation reflects the difficulty in distinguishing between 
fragmentation and dissection when studying forest disturbances in tropical Africa [41,50]. 

Moreover, fallow land has been eliminated because of land pressure for agricultural purposes 
[66]. Indeed, owing to population growth, fallow periods have decreased. The hope for the 
regeneration of vegetation cover in edible caterpillar-collecting habitats lies in the restoration of 
degraded habitats but the fact that, between 2015-2020 and 2020-2024, fragmentation/dissection and 
an increase in the disturbance index were observed in the three areas studied might soon dash this 
hope. This period corresponds to the slackening of conservation projects in the LBR, when many 
households and young people were receiving remuneration for their involvement in reforestation 
activities. The increase in the areas occupied by fields and bare soils in the reserve after several years 
of conservation project implementation highlights the issues of ownership of development projects 
and rural employment in relation to the conservation of natural resources. 

4.3. Implications of the Study Results and Practical Application 

Overall, this study revealed the instability of edible caterpillar habitats in the LBR, its periphery, 
and the entire landscape in general. This instability was evidenced by the increase in the disturbance 
index over the years of the study period, the growing dominance of savannahs, the increase in the 
area of fields and bare soils, and inhabited areas, and the reduction in the areas of forests and fallow 
lands. However, it has been shown that, as edible caterpillar habitats, forests and fallow lands are 
richer and more diverse than inhabited areas, where several caterpillar-host species have become rare 
or even locally threatened with extinction [26]. This may explain the complaints of caterpillar 
collectors regarding the scarcity of caterpillars. Thus, for example, in their study on the status of 
terrestrial mammal populations in the LBR, [25] showed that, following the disturbance of the LBR, 
the mammalian community consisted of only a small relict population of chimpanzees located in the 
least anthropized habitats of the reserve. Additionally, the authors found a large population of 
rodents, which are bio-indicators of forest ecosystem disturbance, in the most anthropized habitats 
of the LBR. Consequently, it appears that the least anthropized habitats have healthy biodiversity, 
unlike habitats where human impact is high [67–69].  

Based on the results of the study, it appears that the research hypotheses proposed at the outset 
were verified. This study can be used by decision-makers to find out ways of integrating ecosystem 
goods and services in protected area management and local development community plans. This 
study can also be replicated in other landscape of protected area in other to assess changes on forest 
ecosystems and the availability of livelihood on which depend rural communities in the context of 
population growth and poverty. Although the research hypotheses were verified, this study is far 
from complete, which leads to the formulation of further research perspectives with a view to its 
completion. Therefore, it is important to study the effects of fragmentation on the phenology and 
reproductive capacity of edible caterpillar host plants. Similarly, it is important to analyse the impact 
of the fragmentation of the Luki Biosphere Reserve landscape on the local climate and its implications 
on the availability of edible caterpillars. Finally, systematic studies should be performed on the 
domestication conditions of edible caterpillar-host trees with a view to their integration into 
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community development plans of villages located in the periphery of the Luki Biosphere Reserve and 
the management plan of the Reserve as a whole  

5. Conclusions 

Changes to natural ecosystems have both positive and negative effects on the livelihoods of 
people who derive most of their sustenance from nature. By using landscape ecology methods in 
combination with remote sensing and a Geographic Information System, this study highlighted the 
spatiotemporal dynamics affecting edible caterpillar-habitats. The study covered an area that was 
subdivided into three spatial scales: the Luki Biosphere Reserve, its periphery, and the entire 
landscape comprising the LBR and its periphery. The results showed that, the composition of land 
use between 2004 and 2024 in the study area was marked by deforestation, the expansion of 
savannahs, fields and bare soils. The major spatial transformation processes identified included 
fragmentation and attrition of forests and fallow land. These spatial transformation processes have 
been accompanied by the creation and expansion of savannahs and inhabited areas, which are 
unfavourable habitats for caterpillars consumed by the population in this part of the Democratic 
Republic of Congo. Drivers of this transformation include the expansion of agriculture and human 
settlements driven by population growth. This study suggests that, any strategy aimed at a 
sustainable supply of edible caterpillars in the Luki Biosphere Reserve landscape will need to adopt 
an approach that must consider both the LBR and its management scheme, as well as the lands of 
local communities located in villages in the peripheral zone of the reserve. 
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