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Article 
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Production Basin, DR Congo 
Héritier Khoji Muteya 1,2,*, Dieu-donné N’tambwe Nghonda 1,2, Jonas Yona Mleci 1,  
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* Correspondence: khoji.muteya@unilu.ac.cd (H.K.M.); sikuzaniu@unilu.ac.cd (Y.U.S.) 

Abstract: Miombo woodlands in the Lubumbashi Charcoal Production Basin (LCPB) provide critical 
ecosystem services and harbor biodiversity essential to both rural and urban populations. However, 
increasing energy demands intensify anthropogenic pressures, threatening their long-term 
sustainability. This study evaluates the principal anthropogenic drivers and biodiversity disturbance 
indicators across three developmental stages (7, 14, and 21 years) of miombo woodlands within the 
LCPB. Transect-based inventories assessed disturbance gradients, while plot-based surveys 
examined floristic composition and structure. Functional trait data were obtained from specialized 
online ecological databases. Results indicate that forest degradation within the LCPB is primarily 
driven by charcoal-related wood harvesting, fire events, and agricultural expansion, whereas exotic 
species invasion, debarking, and artisanal mining exert comparatively minor impacts. Disturbance 
patterns did not correlate significantly with proximity to villages, despite logging, fire, and 
agriculture being strongly interrelated. Analysis of the developmental stages revealed significant 
variations in biodiversity and dendrometric indicators. The highly degraded 7-year-old stage 
exhibited low floristic diversity, dominated by species such as Isoberlinia angolensis (abundance = 22), 
Julbernardia paniculata (18), and Brachystegia wangermeeana (6), and had poor structural metrics (90 
individuals, 51 trees/ha, average DBH of 11.56 cm, average height of 4.47 m). The intermediate 14-
year-old stage showed increased species diversity, notably B. wangermeeana (83), Brachystegia 
spiciformis (56), and Albizia adianthifolia (48), alongside improved structural values (456 individuals, 
285 trees/ha, average DBH of 18.83 cm, average height of 6.31 m). The least degraded 21-year-old 
stage had the highest floristic diversity and structural values, with dominant species Marquesia 
macroura (88), Diplorhynchus condylocarpon (64), and Julbernardia globiflora (71), totaling 519 
individuals, 323 trees/ha, average DBH of 24.20 cm, and average height of 9.64 m. Furthermore, 
ecosystem condition influenced functional traits, with disturbed areas favoring zoochorous dispersal 
and natural regeneration, but reducing wood density and nitrogen fixation. These findings 
underscore severe threats to LCPB woodlands and emphasize the importance of forest degradation 
stages in woodland development and resilience. Immediate action is recommended to regulate wood 
harvesting strictly, criminalize uncontrolled fires, monitor agriculture, and protect degraded areas to 
foster miombo woodland regeneration. 
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1. Introduction 

Forests play a crucial role in maintaining environmental balance, supporting biodiversity, and 
regulating the global climate through the ecosystem services they provide to communities [1]. 
However, they are increasingly threatened by deforestation and degradation due to anthropogenic 
pressures [2]. Forest degradation refers to the alteration of an ecosystem’s condition, composition, 
and structure, leading to a decline in its ability to deliver essential ecosystem services [3]. This 
phenomenon is particularly severe in biodiversity-rich tropical regions, with distinct regional drivers 
such as wildfires in the Amazon [4] et and logging in Southeast Asia [5]. 

In sub-Saharan Africa, where forests cover approximately 16% of the land and sustain the 
livelihoods of over two-thirds of the population [6], ecosystem fragmentation and land conversion 
accelerate forest degradation [7]. The consequences include biodiversity loss, soil degradation, and 
disrupted hydrological cycles, exacerbating food insecurity [8]. This issue is particularly critical in 
the miombo woodlands, which cover about 2 million km² across central and southern Africa, 
representing 10% of the continent’s forest cover [9,10]. Dominated by the genera Brachystegia, 
Julbernardia, and Isoberlinia (Ribeiro et al., 2020), these dry forests extend across Angola, Burundi, 
Malawi, Mozambique, southeastern Democratic Republic of the Congo (DRC), Tanzania, Zambia, 
and Zimbabwe [8,11]. They provide critical ecosystem services and support biodiversity essential to 
local communities [12]. 

The DRC has approximately 145 million hectares of forests, distributed across dense humid 
forests, montane forests, miombo woodlands, and savanna-forest mosaics. However, anthropogenic 
activities, particularly agricultural expansion and mining, are severely compromising ecosystem 
sustainability [13,14]. Miombo woodlands, which cover 11% of the national territory, are the 
dominant ecosystem in the mining region of Katanga in the southeast [15,16]. 

Around Lubumbashi, rapid urbanization and rising energy demand have led to intensive 
charcoal production and agricultural expansion, driving severe deforestation and structural forest 
degradation [15,17–19]. Between 1990 and 2022, Miombo cover in the charcoal production basin 
(LCPB) of Lubumbashi declined from 77.98% to 40.01%, largely replaced by savanna [20]. This decline 
has critical ecological and socio-economic implications, including reduced charcoal supply, increased 
energy costs, soil degradation, accelerated erosion, and disrupted hydrological cycles [21,18,22]. 
Given these challenges, a comprehensive assessment of anthropogenic drivers and degradation 
indicators is essential, particularly in the context of rapid urban expansion around Lubumbashi 
[17,23,19]. Such an analysis is crucial for informing environmental policies aimed at preserving tree 
biodiversity and promoting sustainable Miombo management in the LCPB and the broader Katanga 
mining region. 

Previous studies in the region have primarily relied on medium-resolution remote sensing to 
evaluate human-driven land-use changes [24,19,25,20]. Other research has focused on floristic 
diversity and stand structure using field inventories [16,26–29]. However, no study has 
simultaneously assessed both disturbance factors and degradation indicators through forest 
inventories in this region. Field inventories are recognized as an effective method for detailed 
assessments of human impacts on forests, particularly in tropical ecosystems [30]. Refs. [31,32] in 
Madagascar demonstrated that forest inventories accurately identify degradation factors and 
indicators, offering a robust alternative to models and indirect datasets. This method is essential for 
developing sustainable forest management policies [33]. 

This study aims to identify anthropogenic drivers of disturbance and analyze floristic, 
dendrometric, and functional traits associated with Miombo degradation in the LCPB of 
Lubumbashi, based on three degradation stages (7, 14, and 21 years). Given Lubumbashi’s high 
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charcoal demand, driven by limited electricity production and distribution [34], we hypothesize that 
wood harvesting for charcoal production is the primary driver of degradation. Additionally, we 
expect that logging intensity decreases with distance from villages, where human pressure is 
typically lower. Furthermore, we anticipate that degradation stage—reflecting ecosystem age and 
maturity—significantly influences floristic composition and dendrometric structure, with 
progressive increases in diversity, density, and the proportion of mature individuals as ecosystems 
recover. Finally, we hypothesize that increasing degradation favors species with fast-growth 
strategies and efficient dispersal mechanisms, to the detriment of conservative species with slow-
growth strategies. 

2. Materials and Methods 

2.1. Study Area  

The LCPB (Figure 1) covers 26,603.4 km² in southeastern DRC, within the Upper Katanga 
province, between latitudes 10°39′7.47"-12°26′37.61"S and longitudes 26°20′54.95"-28°40′13.55"E [20]. 
The region has an average elevation of 1,200 m and experiences a Cw climate (monsoon-influenced 
humid subtropical) according to Köppen’s classification, characterized by distinct wet and dry 
seasons [35]. The mean annual temperature was 20°C in the second half of the 20th century, but recent 
studies have documented a warming trend [36].  

The vegetation is dominated by open miombo woodlands, interspersed with natural savannas. 
However, increasing anthropogenic activities have triggered a progressive conversion of miombo 
woodlands into wooded savanna, followed by shrub savanna, and ultimately grassland savanna [15]. 
The region’s population, experiencing continuous growth, primarily engages in agriculture, 
residential livestock farming, charcoal production, trade, and artisanal mining [17,18,37,38]. 

 

Figure 1. Geographic location of the LCPB in the Haut-Katanga province, DRC, showing the selected charcoal-
producing villages and the main charcoal transportation routes. The land cover classification was derived from 
a 2022 Sentinel-1 image using the Random Forest algorithm in Google Earth Engine. 

2.2. Study Site Selection 

The selection of study sites followed a structured and rigorous approach to ensure 
representativity and relevance in the analysis. Among 63 villages identified as charcoal supply 
sources, five key villages (Lwisha, Maksem, Mwawa, Nsela, and Texas) were selected based on 
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explicit criteria, including supply frequency, advanced degradation levels, and connectivity with 
other localities within the BPCB (Table 1). These villages are strategically distributed across the north, 
northwest, east, and south, ensuring comprehensive geographic coverage of affected areas. 

The selection method was based on semi-structured surveys conducted between February and 
July 2022 at 14 charcoal sales depots in Lubumbashi, allowing for the identification of the most 
frequently exploited villages [20]. Additionally, to provide a reference site free from direct 
anthropogenic pressures, the Mikembo protected area was included in the study. 

For floristic and dendrometric indicators, the sites were classified into three degradation stages 
based on ecosystem age, determined through local knowledge and land cover analysis (Table 1, 
Figure 2). The Maksem forest, isolated from major anthropogenic pressures since 2015, represents the 
initial degradation stage (approximately 7 years of regeneration). The Mwawa forest, protected since 
2008, corresponds to a moderate stage, with about 14 years of regeneration. Meanwhile, the Mikembo 
forest, under protection since 2002, represents an advanced regeneration stage with over 21 years of 
recovery [39]. 
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Figure 2. Spatiotemporal evolution map of land cover in the Maksem site (2015–2022), Mwawa site (2010–2022), 
and Mikembo site (2002–2022), derived from the classification of Landsat images from 2002, 2010, 2015, and 2022 
using the Random Forest algorithm. Abandoned areas have undergone regeneration across all three study sites. 

Table 1. Geographic coordinates, number of households, degradation level, distance from Lubumbashi, road 
conditions connecting the village to Lubumbashi, and main activities in the selected villages within the Charcoal 
Production Basin (BPCB) of Lubumbashi. With GC : geographic coordinates; H: households; DL : degradation 
level; DFL : distance from Lubumbashi; RC : Road condition; MA: main activities; With SD: slightly degraded; 
MD: moderately degraded; HD: highly degraded; VG: very good; G: good; LG: less good; 1: agriculture); 2: 
charcoal production; 3: small-scale trade; 4: artisanal mining; ADF: analysis of disturbance factors; ADI: analysis 
of disturbance indicators. 

Villages GC H DL DFL RC MA ADF ADI 

Lwisha 11°10’ S ; 27°01’ E 2760 MD 86 km VG 1, 2, 3, 4 X  

Maksem 11°19’ S ; 27°50’ E 356 HD 72 km VG 1, 2, 3 X X 

Mwawa 12°03’ S ; 27°35’ E 115 MD 60 km G 1, 2, 3 X X 

Nsela 11°20’ S ; 27°36’ E 129 HD 30 km LG 1, 2, 3, 4 X  

Texas 11°39’ S ; 27°46’ E 179 HD 30 km LG 1, 2, 3 X  

Mikembo 11°28’ S ; 27°40’ E 0 SD 30 km VG - - X 

2.3. Data Collection 

2.3.1. Identification of Disturbance Factors in the LCPB 

The adopted approach was based on field inventories of disturbance indicators in the miombo 
woodlands, following the model of Ref. [31]. A typology of potential disturbance indicators (Table 2, 
Figure 3) was developed using existing literature [13,17]. To ensure local relevance, informal 
interviews were conducted with key stakeholders in the five selected villages of the LCPB [40]. 

The primary stakeholders, including local leaders, charcoal producers, and farmers, who 
represent the villages’ major economic activities, were selected based on specific criteria and recruited 
through local recommendations. A semi-structured interview guide was used to systematically 
address disturbance factors and assess the relative importance of each indicator. Six interviews per 
village were conducted to ensure representativity and diversity of local perspectives, including men, 
women, and youth. This participatory approach helped validate and refine the selected indicators for 
the study. 

A field inventory of disturbance factors was conducted in 80 sampling units (plots), each 
measuring 10 m wide × 1,000 m long. This configuration was specifically chosen to effectively capture 
disturbance gradients over long distances. In each village, 16 plots were systematically distributed 
along four 4-km transects, oriented along the cardinal directions (north, south, east, and west) from 
the village centroid. Along each transect, plots were established at distances of 1 km (]0,1]), 2 km 
(]1,2]), 3 km (]2,3]), and 4 km (]3,4]) (Figure S1). The 4-km distance threshold was determined based 
on preliminary surveys with local stakeholders, who identified it as representative. This is further 
supported by studies indicating that anthropogenic pressure is most intense within a 3 to 5 km radius 
around rural settlements [41]. The methodology was adapted from Ref. [31] due to similarities 
between the study ecosystems. 

Comprehensive field inventories were conducted between May and September 2022. Data were 
recorded in presence-absence format for each indicator in the sampling plots. Precise geolocation was 
ensured using a GPS device. 
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Table 2. Disturbance factors and indicators recorded in the LCPB of Lubumbashi, based on informal surveys 
conducted with five randomly selected individuals from each study village. 

N° Degradation factor Indicator 
1 
 

Logging Presence of tree stumps or trunks with resprouts, signs of 
charcoal production activities, including the presence of kilns. 

2 Agriculture Presence of cultivated fields or fallow land. 
3 Vegetation fires Observation of blackened marks on trees or charred trunks. 
4 Debarking Presence of bark harvesting marks on a tree trunk. 
5 
 

Invasion of exotic 
species 

Inventory of exotic species, including Eucalyptus sp., Pinus sp., 
Acacia sp., and others. 

6 Artisanal mining 
activities 

Presence of small-scale mining sites and artisanal miner camps 

 

Figure 3. Illustrations of vegetation degradation factors in the BPCB of Lubumbashi. With 1: charcoal kilns, 2: a 
cut tree trunk, 3: a cultivated field, 4: fire marks on a tree, 5: a debarked tree trunk, 6: an Eucalyptus grandis 
individual in the miombo woodlands, 7: an abandoned site after artisanal mining activities (© Héritier Khoji, 
2022). 

2.3.2. Collection of Floristic and Dendrometric Data 

Data were collected between April and June 2023 across three miombo woodland study sites, 
following the recommendations of Ref. [42]. Floristic inventories were conducted in 16 systematically 
distributed rectangular plots, each measuring 20 m × 50 m (1,000 m²). A rectangular plot design was 
chosen to optimize species detection [33]. The plots were spaced 100 m apart and arranged along two 
20 m-wide, 500 m-long transects, oriented north-south and east-west. This spacing and layout were 
selected to effectively capture the spatial variability of vegetation while considering logistical 
constraints [42]. 

Within each plot, the circumference at breast height (CBH) was measured at 1.3 m above ground 
using a forestry tape, and tree height was recorded with a Forest PRO II laser rangefinder [29]. To 
ensure accuracy, these instruments were calibrated through repeated measurements, improving data 
reliability. The diameter at breast height (DBH) was calculated as CBH/π, and a DBH threshold of 10 
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cm was applied to exclude young recruits and shrubs, retaining only established individuals that 
significantly contribute to forest structure and dynamics [43,44,26]. 

2.3.3. Collection of Functional Trait Data 

Species were identified using floristic references such as Flora of Zambia, Flora of Zimbabwe, 
World Flora (https://www.zambiaflora.com, khttps://treesa.org, https://powo.science.kew.org)  and 
Trees and Shrubs of Haut-Katanga [16]. In cases of taxonomic ambiguity, species identification was 
validated by local experts and botanical specialists. Additionally, the geolocation of each plot was 
recorded using a GPS, ensuring precise spatial data. 

Functional trait data were extracted from trees-sa.co.za and powo.science.kew.org (Flora 
Zambesiaca database). Seven traits, selected for their relevance to forest degradation, were 
categorized into four groups: growth strategy and light competition (vegetation height, wood 
density), resource acquisition and utilization (leaf area, nitrogen fixation), reproduction and 
regeneration (dispersal mode, regeneration capacity), and fruit edibility [45]. Zoochory was chosen 
as the reference dispersal mode, being the most prevalent in the study area. Vegetation height and 
leaf area were recorded as continuous quantitative variables, while the other traits were binary-coded 
(0 or 1) to indicate trait presence or absence. This approach provides an integrated framework to 
assess species responses to forest degradation and functional adaptations in miombo woodlands. 

2.4. Data Analysis 

2.4.1. Analysis of Disturbance Factors 

Villages were considered as replicates to identify the most influential factor driving miombo 
degradation in the LCPB using Principal Component Analysis (PCA). This method, applied to 
presence-absence data [46–48], was chosen to reduce data dimensionality, enhance interpretability, 
and minimize information loss [49]. The analysis began with constructing a correlation matrix, 
ensuring its determinant indicated sufficient structure for extracting meaningful axes. The Kaiser-
Meyer-Olkin (KMO) index was then assessed to confirm the adequacy of a factorial solution. A 
correlation circle visualization illustrated each variable’s contribution to the main PCA axes [48]. 

The influence of distance on the presence or absence of disturbance factors was analyzed using 
binary logistic regression [50], a method specifically suited for binary response variables (0 = absence, 
1 = presence) in relation to a continuous predictor (distance). This approach allows for the estimation 
of the probability of disturbance factor occurrence as a function of distance from villages, providing 
a more precise assessment of spatial patterns. Additionally, a Chi-square (χ²) test of independence 
was applied to examine associations between different disturbance factors, using a contingency table 
structure and a significance threshold of 0.05 [51]. 

2.4.2. Analysis of Floristic and Dendrometric Parameters 

Floristic inventories allowed for the determination of species richness and individual abundance 
at each site. Diversity was assessed using the Shannon-Wiener index (H, Equation 1), which accounts 
for both species abundance and evenness, while species distribution evenness was measured using 
Pielou’s equitability index (E, Equation 2) [52]. The effect of ecosystem age on multiple parameters—
number of individuals per plot, tree density per hectare, species richness, diversity (H), and evenness 
(E)—was tested using ANOVA. When data did not meet normality assumptions, the Kruskal-Wallis 
test was used. A significance threshold of P = 0.05 was applied for all statistical tests. Normality was 
verified using the Shapiro-Wilk test, and the choice between ANOVA and non-parametric tests was 
based on these results. Post hoc tests (Tukey HSD for ANOVA and Dunn’s test for Kruskal-Wallis) 
were performed for significant results to identify specific differences between groups. 

Species composition was characterized using the Importance Value Index (IVI, Equation 3), 
integrating relative dominance, relative density, and relative frequency [33,42]. Relative dominance 
represents the proportion of total basal area occupied by a given species. Relative density expresses 
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the number of individuals of species i relative to the total sampled individuals, while relative 
frequency refers to the percentage of plots in which a species occurs relative to the total number of 
plots [53].  

The horizontal structure of the stands was described through tree density (number of trees per 
hectare, Equation 4) and basal area (G, Equation 5), which represents the total cross-sectional area 
occupied by tree trunks at breast height [54]. The height-diameter relationship was modeled using 
nonlinear asymptotic regression, accounting for height growth limitations. DBH and height classes 
were analyzed in 5 cm intervals to assess stand structure [55]. The effect of different ecosystem types 
on DBH, height, density, and basal area was evaluated using ANOVA, or Kruskal-Wallis for non-
normal data, with a P = 0.05 threshold [42]. All statistical analyses were conducted in R software 
(version 4.3.1). 𝐻ᇱ = − ෍ 𝑝௜ ln(𝑝௜)௡

௜ୀଵ  

 

(1)

Where H' is the Shannon diversity index, n represents the number of species, and pi is the proportion 
of individuals of a given species within a plot, calculated as the number of individuals of that species 
divided by the total number of individuals in the plot. 𝐸 = 𝐻𝐻௠௔௫ =  𝐻𝑙𝑛𝑆 (2)

Where E is Pielou’s equitability index, Hmax is the maximum Shannon diversity index, and S 
represents the total number of species identified in the study area. 𝐼𝑉𝐼 = (𝑅𝐷𝑜 + 𝑅𝐷𝑒 + 𝑅𝐹) 3  (3)

Where IVI is the Importance Value Index, RDo represents relative dominance, RDe is relative density, 
and RF is relative frequency. 𝐷 = 𝑁𝑆    (4)

Où D est la densité d’arbres par hectare, N est le nombre d’arbres par placette et S la superficie 
de la placette exprimée en ha. 

𝐺 = ෍ 𝜋𝐷௜ଶ4௡
௜ୀଵ  (5)

Where G is the basal area and D is the diameter at breast height (1.30 m above the ground). 

2.4.3. Functional Trait Analysis 

Leaf area (LA) was calculated based on the oval or elliptical shape of the leaflets, considering the 
total number of leaflets per leaf, using Equation 6: 

𝑆 = ෍ 𝜋4௡
௜ୀଵ × 𝐿௜ × 𝑙௜ (6)

Where S represents the total leaf area, Lᵢ is the maximum length of the ith leaflet, and lᵢ is its width. 
Since most functional trait data were binary (presence/absence), linear models were used for 

analysis. A preliminary assessment examined the feasibility of merging the two degradation levels 
(moderately and severely degraded) based on the absence of significant differences in functional 
traits between them. This approach aimed to simplify subsequent analyses by allowing the use of 
linear models. 
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Two classification approaches were adopted. The first categorized species by degradation level, 
distinguishing moderately degraded ecosystems (14 years) from severely degraded ecosystems (7 
years), while defining a reference group composed of species common to both. The second classified 
species based on ecosystem state, distinguishing undisturbed ecosystems (21 years, mature forests) 
from disturbed ecosystems (7 and 14 years), with a reference group including species present in both 
categories. 

The effects of ecosystem state and disturbance level on quantitative traits (vegetation height and 
leaf area) were evaluated using ANOVA, applying a Box-Cox transformation to meet normality and 
variance homogeneity assumptions. The influence of these factors on binary traits was assessed 
through a logistic regression model, determining whether the probability of a given functional trait 
significantly varied according to ecosystem state and disturbance level [50].  

To further explore species group differentiation, a Linear Discriminant Analysis (LDA) was 
performed following Ref. [56]. This approach helped visualize the relationships between species 
groups based on trait presence/absence under different ecosystem conditions and disturbance levels. 
Multicollinearity among variables was checked using the Variance Inflation Factor (VIF < 5), 
corresponding to a maximum Pearson correlation coefficient of 0.7 between variables. 

3. Results 

3.1. Degradation Factors Affecting Woodland Biodiversity in the LCPB 

Table 3 highlights that wood harvesting and fires are the primary sources of disturbance in the 
sampling units, as reflected by their high occurrence rates, followed closely by agriculture. In 
contrast, the invasion of exotic species, bark stripping, and artisanal mining activities (AMA) are the 
least frequently observed disturbance factors. 

The Principal Component Analysis (PCA) (Figure 4) reveals a clear structuring of disturbance 
factors, with the first two axes explaining 66.37% of the total variance. Two distinct groups of factors 
emerge. On the first axis (Dimension 1), logging (cor = 0.97, p < 0.001), fires (cor = 0.97, p < 0.001), and 
agriculture (cor = 0.87, p < 0.001) are strongly correlated. Their significant contribution to the variance 
indicates that they are widespread across most sampling units and represent the main drivers of 
forest degradation in the region. On the second axis (Dimension 2), exotic species invasion (cor = 0.63, 
p < 0.001), debarking (cor = 0.52, p < 0.001), and artisanal mining activities (cor = -0.73, p < 0.001) are 
more closely associated. Their positioning along this axis suggests that they play a more localized 
and secondary role in the disturbance dynamics. 

These findings emphasize that logging (particularly for charcoal production), fires, and 
agricultural expansion are the key drivers of woodland degradation in the LCPB. In contrast, exotic 
species invasion, bark stripping, and artisanal mining activities appear to exert localized and less 
widespread pressures, with their impact being confined to specific areas. 

Table 3. Presence-absence of disturbance factors in vegetation surrounding charcoal-producing villages within 
the BPCB of Lubumbashi (DR Congo). Wood harvesting, fires, and agriculture were the most frequently 
encountered disturbance factors. 

Degradation factor Presence-Absence (%) 
Logging  90,00 
Fires  90,00 
Agriculture  83,75 
Invasion of exotic species 37,50 
Debarking  21,25 
Artisanal mining activities 5,00 
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Figure 4. Principal Component Analysis (PCA) of disturbance factors affecting woodland vegetation in the BPCB 
of Lubumbashi. The first two axes explain a combined 66.37% of the total variance. Logging, fires, and 
agriculture strongly contribute to the first axis, whereas invasion of exotic species, bark stripping, and artisanal 
mining activities are mainly associated with the second axis. 

Regarding the analysis of the effect of distance from villages on the spatial distribution of 
degradation factors, the results of the binary logistic regressions, detailed in Table S1, indicate that 
none of the studied degradation factors show significant p-values (p > 0.05). This suggestes that 
distance from the village does not significantly influence their occurrence. Specifically, logging, fire, 
and agriculture exhibit high estimates but with considerable uncertainty (large standard errors), 
indicating a lack of strong association with distance. The invasion of exotic species and debarking 
shows negative coefficients, suggesting a slight decreasing trend with increasing distance, though 
these trends are not statistically significant. These findings suggest that disturbance factors do not 
systematically vary with distance from villages, potentially reflecting a random spatial distribution 
of disturbances. 

However, interaction analysis among these factors reveals a highly significant association (p < 
0.001) between logging, fires, and agriculture. This strong correlation suggests a synergistic 
relationship where logging and agricultural practices promote fire use, thereby intensifying pressure 
on vegetation. Conversely, invasion of exotic species, debarking, and artisanal mining activities do 
not show statistically significant associations with other factors (p > 0.05), indicating that they operate 
independently and are not systematically linked to the major forest degradation processes (Table 4). 

Table 4. Association analysis of vegetation disturbance factors in the charcoal production basin of Lubumbashi, 
using the χ² independence test based on presence-absence data. A strong association is observed between 
logging, fires, and agriculture, whereas invasion of exotic species (IES), debarking, and artisanal mining 
activities (AMA) act independently. NS : Non-significant, ***= p<0,001. 

  Logging Fires Agriculture IES Debarking 
Fires 69,27*** - - - - 
Agriculture 39,22*** 39,22*** - - - 
IES 0,15 NS 0,14 NS 0,15 NS - - 
Debarking 1,19 NS 1,19 NS 0,84 NS 0,04 NS - 
AMA 0,05 NS 0,04 NS 0,04 NS 1,12 NS 0,19 NS 
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3.2. Floristic Composition and Diversity 

A total of 1,065 individuals were recorded across the three study sites, representing 63 species, 
40 genera, and 23 families. Fabaceae emerged as the most abundant family, comprising 34.92% of the 
species, while Brachystegia was the most represented genus (9.52% of recorded species). The analysis 
of the three ecosystems—low degradation (21 years), moderate degradation (14 years), and severe 
degradation (7 years)—revealed significant differences in floristic richness and structure. The low-
degradation ecosystem contained 519 individuals, distributed among 36 species, 25 genera, and 15 
families, with Brachystegia as the dominant genus and a tree density of 323 trees/ha. The moderately 
degraded ecosystem had 456 individuals, representing 48 species, 33 genera, and 20 families, also 
dominated by Brachystegia, with a tree density of 285 trees/ha. In contrast, the severely degraded 
ecosystem exhibited a younger forest structure, with only 90 individuals, distributed among 23 
species, 15 genera, and 7 families, where Uapaca and Vitex were dominant, with a tree density of 51 
trees/ha. 

Statistical analyses showed highly significant differences in species richness among the studied 
ecosystems (F = 41.61, p < 0.001). The Tukey HSD test indicated that the difference was not significant 
between the low- and moderately degraded ecosystems, but significant differences were observed 
between these two and the severely degraded ecosystem (Figure 5). These results suggest that 
degradation levels (age ecosystem) significantly impact species richness, with a marked decline in 
the most degraded ecosystem. 

Floristic diversity, measured using the Shannon-Wiener index, was high and comparable 
between the low- and moderately degraded ecosystems, with mean values of 2.11 and 2.13, 
respectively. However, the severely degraded ecosystem exhibited significantly lower diversity (1.14, 
F = 41.97, p < 0.001). Species evenness, assessed using Pielou’s index, showed values of 0.74, 0.73, and 
0.81 for the low, moderate, and severely degraded ecosystems, respectively, with no significant 
differences (F = 2.40, p > 0.05). These findings indicate that while degradation strongly affects species 
diversity, its impact on evenness remains limited, suggesting a relatively balanced distribution of 
individuals within the different communities. 

Structural analysis of species revealed notable variations among the three ecosystems, 
particularly in Importance Value Index (IVI) and species abundance, as presented in Tables S2 and 
S3. In the low-degradation ecosystem, species with the highest IVI values were Marquesia macroura 
(abundance 88), Diplorhynchus condylocarpon (64), and Julbernardia globiflora (71). In the moderately 
degraded ecosystem, Brachystegia wangermeeana (83), Brachystegia spiciformis (56), and Albizia 
adianthifolia (48) exhibited the highest IVI values. In contrast, in the severely degraded ecosystem, 
dominant species included Isoberlinia angolensis (22), Julbernardia paniculata (18), and B. wangermeeana 
(6). These results confirm that floristic composition and structure evolve with ecosystem age and 
degradation level, with each successional stage characterized by specific dominant species. 
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Figure 5. The impact of ecosystem age (degradation level) on species richness (A), Shannon-Weaver diversity 
index (B), and Pielou’s evenness index (C). There is no significant difference in species richness and the Shannon-
Weaver diversity index between the low-degradation (21 years) and moderately degraded (14 years) ecosystems. 
However, both ecosystems differ significantly from the severely degraded ecosystem (7 years). Pielou’s evenness 
index does not show significant variation across the three ecosystems. 

3.3. Dendrometric Parameters 

The structural analysis of the tree stands revealed significant differences in tree density across 
the studied ecosystems (χ² = 28.99, p < 0.001). Post hoc tests indicated that there was no significant 
difference between the low-degradation and moderately degraded ecosystems, but both were 
significantly different from the severely degraded ecosystem (Figure 6). Significant differences were 
also observed in diameter at breast height (DBH) and tree height based on degradation level. The 
mean DBH values were 24.21 ± 3.41 cm, 18.83 ± 3.21 cm, and 11.56 ± 3.25 cm for the low-, moderate-, 
and severe-degradation ecosystems, respectively, with highly significant differences among them (F 
= 41.61, p < 0.001). The diameter class distribution followed an inverse J-shape, with young 
individuals (10–15 cm DBH) predominating in severely degraded (82.71%) and moderately degraded 
ecosystems (49.12%), whereas in the low-degradation ecosystem, this proportion was lower (39.80%). 
Conversely, larger trees (>15 cm DBH) were more abundant in the 21-year-old ecosystem, indicating 
a more mature forest structure (Figure 7). 

Regarding tree height, the average values were 9.64 ± 2.24 m for the low-degradation ecosystem, 
6.31 ± 0.74 m for the moderately degraded ecosystem, and 4.47 ± 1.5 m for the severely degraded 
ecosystem. All comparisons showed highly significant differences among ecosystems (χ² = 35.25, p < 
0.001), confirming that the three ecosystems are statistically distinct in terms of tree height. In the 
severely degraded ecosystem, trees shorter than 5 m accounted for 65% of individuals, whereas in 
the low- and moderately degraded ecosystems, most trees ranged between 5 and 10 m. The low-
degradation ecosystem also contained taller trees (>15 m, 10% of individuals), reflecting the greater 
maturity of this older ecosystem (Figure 7). 
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The basal area analysis showed mean values of 13.42 ± 5.21 m²/ha, 0.65 ± 0.44 m²/ha, and 0.73 ± 
0.44 m²/ha for the low-, moderate-, and severely degraded ecosystems, respectively. Comparisons 
also revealed highly significant differences (χ² = 39.97, p < 0.001), indicating statistically significant 
structural variations among the ecosystems. These results suggest that tree density per hectare is low 
(<100) in severely degraded ecosystems, whereas in moderate and low-degraded ecosystems, it is 
closer to 300 trees per hectare. Additionally, DBH, tree height, and basal area all reflect a marked 
structural variation according to degradation level, with mature individuals (larger DBH, taller 
height, and higher basal area) more abundant in the low-degradation ecosystem. 

These results suggest that tree density per hectare is low (< 100 trees/ha) in a highly degraded 
ecosystem, whereas it remains high (around 300 trees/ha) in moderately and slightly degraded 
ecosystems. The findings also indicate that DBH, tree height, and basal area exhibit marked structural 
variations in tree stands depending on the level of degradation. In less degraded ecosystems, a higher 
proportion of mature individuals (larger DBH, greater height, and higher basal area) is observed, 
reflecting better structural integrity. 

The diameter-height relationship, analyzed through asymptotic regression, revealed notable 
differences among ecosystems (Figure 8). In the low-degradation ecosystem (21 years), the asymptote 
parameter a (18.22) and the coefficient b (0.038) indicated that trees had reached relatively large sizes, 
with a positive but slower diameter-height relationship (p < 0.001). In the moderately degraded 
ecosystem (14 years), the intercept a (14.74) was lower, though the relationship remained significant, 
with a weaker coefficient b (0.03), suggesting a slower height growth rate. In the severely degraded 
ecosystem (7 years), the relationship remained significant (p < 0.001), but the coefficient b (0.02) was 
even lower, indicating reduced height growth as diameter increased (Table S4). These results 
demonstrate that the diameter-height relationship evolves with ecosystem age and degradation level. 
The younger (severely degraded) ecosystem exhibits faster height growth with a steeper relationship, 
whereas in the older (low-degradation) ecosystem, height growth slows down, and trees invest more 
in diameter expansion. 

 

Figure 6. The impact of ecosystem age (degradation level) on tree density (A), diameter at breast height (DBH, 
B), height (C), and basal area (D). Severely degraded ecosystems exhibit very low mean tree density (<100 
trees/ha), whereas in more mature ecosystems, tree density approaches 300 trees/ha. The mean DBH is around 
24 cm in the mature ecosystem, compared to 18 cm in the moderately degraded and 11 cm in the severely 
degraded ecosystem. The average tree height is 9.5 m in the mature ecosystem, while in the moderately and 
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severely degraded ecosystems, it is approximately 6 m and 4.5 m, respectively. Finally, the mean basal area is 
around 15 m²/ha in the mature ecosystem, compared to 4 m²/ha in the moderately degraded and less than 1 
m²/ha in the severely degraded ecosystem. 

 

Figure 7. Diameter (cm, A) and height (m, B) distribution of trees in 21-year-old (slightly degraded), 14-year-old 
(moderately degraded), and 7-year-old (severely degraded) ecosystems. Data were collected from 16 plots of 
1000 m² per site. All three ecosystems exhibit an inverted J-shaped DBH distribution, with a higher proportion 
of small-diameter trees in the moderately and severely degraded ecosystems. In contrast, the slightly degraded 
ecosystem has a greater proportion of large-diameter trees, despite the presence of young individuals. Regarding 
tree height, the severely degraded ecosystem is dominated by trees below 5 m, while the moderately degraded 
ecosystem has a majority of individuals in the 5–10 m height class. In the slightly degraded ecosystem, the 
structure is more balanced, with a higher proportion of trees exceeding 10 m. 
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Figure 8. Asymptotic regression illustrating the diameter-height relationship of trees in 21-year-old (slightly 
degraded), 14-year-old (moderately degraded), and 7-year-old (severely degraded) ecosystems, based on 
inventories conducted in 16 plots of 1000 m² per site. The severely degraded ecosystem exhibits faster height 
growth and a stronger diameter-height relationship, whereas in the older, slightly degraded ecosystem, growth 
slows, and trees allocate more resources to trunk expansion rather than height increase. 

3.4. Functional Trait Analysis 

No significant differences were observed in vegetation height (F = 1.90, p > 0.05) or leaf area (F = 
1.91, p > 0.05) between the moderately degraded and severely degraded ecosystems. Logistic 
regression results for other functional traits (Table S5) indicate that none of the coefficients associated 
with moderate or severe degradation were significant (p < 0.05) for the traits analyzed. Therefore, no 
notable differences were detected between the moderately and severely degraded ecosystems 
compared to the reference group, a pattern confirmed by linear discriminant analysis (LDA, Figure 
9). 

Regarding ecosystem state, ANOVA revealed no significant differences for vegetation height (F 
= 3.03, p > 0.05) or leaf area (F = 0.58, p > 0.05). The results of the logistic regression model for other 
traits (Table S5) indicate that zoochorous dispersal had an intercept coefficient of 1.15 (p = 0.042) for 
the disturbed group, suggesting an expression probability approximately 3.16 times higher 
(exp(1.15)) than in the reference group. Conversely, the undisturbed group showed no significant 
differences. For wood density, a significant negative intercept (–1.53, p < 0.01) in the disturbed group 
indicates a reduced probability (odds ratio ≈ 0.17) compared to the reference group, while the 
undisturbed group showed no significant variation (p > 0.05). Regeneration capacity was significantly 
lower in the undisturbed group (coefficient = –1.81, p < 0.05), whereas the disturbed group did not 
differ significantly from the reference (p > 0.05). For nitrogen fixation, the disturbed group exhibited 
a significant negative coefficient (–1.64, p < 0.05), corresponding to an odds ratio of approximately 
0.19, whereas the undisturbed group showed no significant variation (p > 0.05). Lastly, fruit edibility 
did not vary significantly across ecosystem states, suggesting that this trait remains unaffected by 
degradation. 

Overall, these findings indicate that ecosystem state influences functional traits. Species in 
highly disturbed environments tend to favor zoochorous dispersal and exhibit lower probabilities for 
high wood density and nitrogen fixation. In contrast, the undisturbed ecosystem is characterized by 
a lower probability of species with high regeneration capacity but a higher probability of species with 
greater tree density. Fruit edibility remains unchanged regardless of ecosystem conditions, as 
illustrated by linear discriminant analysis (LDA, Figure 10). 
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Figure 9. Linear Discriminant Analysis (LDA) illustrating the relationships between species groups based on the 
presence or absence of specific traits under different disturbance levels. The abbreviations are as follows: DL 
(disturbance level), MD (moderately degraded), SD (severely degraded). The functional traits include FE (fruit 
edibility), HRC (high regeneration capacity), HWD (high wood density), LA (leaf area), NF (nitrogen fixation), 
VH (vegetation height), and Zoo (zoochory). The analysis does not identify any traits that distinguish between 
the two disturbance levels. 

 

Figure 10. Linear Discriminant Analysis (LDA) illustrating the relationships between species groups defined 
based on the presence or absence of specific functional traits under the influence of ecosystem condition. The 
functional traits are abbreviated as follows: FE (fruit edibility), HRC (high regeneration capacity), HWD (high 
wood density), LA (leaf area), NF (nitrogen fixation), VH (vegetation height), and Zoo (zoochory). The analysis 
highlights functional differences between ecosystems. The non-degraded ecosystem is characterized by a low 
probability of HRC and a high probability of HWD. In contrast, the degraded ecosystem exhibits a lower 
probability of HWD and NF, while showing a higher probability of Zoo. 
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4. Discussion  

4.1. Methodological Approach 

Permanent or temporary plots and transects are widely used to assess vegetation diversity and 
anthropogenic impacts on tropical forests, particularly in miombo woodlands [26,29,30]. These 
methods provide a practical and effective framework for evaluating species composition, structural 
parameters, spatial distribution, and disturbance factors [31,32]. 

However, these approaches have certain limitations, including potential biases related to 
transect placement or plot size, which may affect the representativeness of results [57]. To minimize 
these biases, standardized protocols and stratified sampling designs are recommended [58]. 
Increasing sampling effort and ensuring homogeneous sampling units improve the capture of 
vegetation variability [59]. Additionally, orienting transects perpendicular to ecological gradients 
enhances efficiency. In this study, two transects were established from the centroid of each village, 
aligned with the four cardinal directions to maximize ecological coverage. Although time-consuming 
and labor-intensive, these methods remain reliable for biodiversity assessments and anthropogenic 
impact analysis. While alternatives such as remote sensing and ecological modeling offer broader 
spatial analyses [60], field inventories remain essential for precise, localized evaluations of forest 
dynamics [57]. 

Inventories were conducted in five villages selected through semi-structured surveys, along 
with a protected area within the LCPB. Although this number of villages may seem limited, it 
introduces methodological constraints, particularly in terms of statistical robustness and 
representativity [61]. Furthermore, survey data can be influenced by local perceptions, which may 
vary based on individual experiences and expectations [62]. To mitigate these limitations, villages 
were selected based on a geographically balanced distribution, covering key cardinal directions to 
reflect the socio-environmental diversity of the LCPB. They were chosen for their exposure to 
anthropogenic degradation levels comparable to those observed across Lubumbashi’s rural areas. 
This selection ensures better comparability of degradation dynamics and allows for a more precise 
analysis of underlying processes. However, this approach may limit the exploration of alternative 
degradation trajectories. 

Additionally, seasonal variations can affect forest inventory data collection, particularly in terms 
of disturbance factors and floristic and dendrometric indicators [63]. n Miombo woodlands, where 
species experience seasonal water stress, many trees adopt avoidance strategies by shedding their 
leaves during the dry season [64]. To minimize this effect on species identification and floristic 
diversity assessments, data collection was conducted before the peak defoliation period. 

4.2. Miombo Degradation Factors in the LCPB 

Our findings highlight wood extraction, primarily for charcoal production, as the primary driver 
of Miombo woodland disturbance in the LCPB. This pressure is exacerbated by vegetation fires and 
agricultural expansion, aligning with previous studies [17,24,20], which identified these factors as 
key drivers of Miombo degradation across the Katangan Copperbelt. Similarly, Ref. [65] found that 
charcoal production surpasses agricultural expansion as the leading cause of deforestation in Zambia, 
a context ecologically comparable to the LCPB. In Tanzania, Ref. [66] also reported charcoal 
production, fires, and agriculture as major deforestation drivers, consistent with our findings. 

The dominance of wood harvesting for charcoal production is closely linked to Lubumbashi's 
growing energy demand [67], driven by rural-urban migration and internal population growth 
[23,38] and intensified by the mining boom since 2002 [68]. With limited electricity production and 
distribution [34], local communities rely heavily on miombo woodlands, progressively converting 
forests into savannas [17,20]. Studies in Malawi [69] and Zambie [70] confirm that charcoal 
production often exceeds agricultural expansion as a driver of forest degradation. In the LCPB, wood 
harvesting is also linked to artisanal timber exploitation [25] and non-timber forest product (NTFP) 
collection [71]. 
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Vegetation fires, primarily caused by shifting cultivation, charcoal production leaks, hunting, 
and smoking activities, significantly contribute to miombo degradation in the LCPB. These findings 
align with Ref. [72], who reported similar trends in the LCPB. Although fire is a natural part of miombo 
succession, high fire frequency disrupts forest regeneration by destroying seedlings and saplings [15]. 
Ref. [73] confirmed these effects in Kundelungu National Park, near the LCPB, and similar impacts 
have been recorded in fire-prone ecosystems like the Okavango Delta in Angola [74]. 

Agriculture also emerges as a major driver of woodland degradation in the LCPB. It is widely 
recognized as one of the most significant contributors to tropical deforestation [75]. Intensive 
agricultural practices—land clearing, expansion, monocultures, and excessive pesticide and fertilizer 
use—reduce biodiversity and accelerate soil erosion [76]. In the DR Congo, agriculture is cited by the 
Ref. [13] as the leading cause of deforestation and degradation in the Katanga region, where the LCPB 
is located. It is also considered the primary deforestation driver in most Miombo-dominated 
countries [77]. 

Although less impactful, invasion of exotic species still poses a threat to miombo woodlands in 
the LCPB. Whether introduced intentionally or accidentally, these species alter microhabitats and 
compete with native flora, as confirmed by Ref. [78] in Lubumbashi. By modifying soil composition, 
invasive species impose additional pressures on native ecosystems [79]. Similar issues have been 
documented in Zambia, where Ref. [80] identified IAS as a persistent environmental and economic 
threat. 

Bark harvesting, mainly for traditional medicine, also contributes to forest degradation [81]. 
While valued for its medicinal properties, bark removal weakens trees, inhibits growth, and increases 
susceptibility to disease and pests [82]. Over time, this practice can lead to tree mortality and 
accelerate forest fragmentation [83].  

Beyond industrial mining, artisanal mining in the LCPB, located within the Katangan 
Copperbelt, significantly contributes to deforestation and ecosystem degradation [84,24]. 
Unregulated and unsustainable mining leads to road construction, land clearing, and the 
establishment of mining camps, increasing the risk of landslides and habitat destruction [68]. Similar 
trends have been reported in Zimbabwe, where Ref. [85] documented severe environmental 
degradation and deforestation due to small-scale mining in Mzingwane District. 

Analysis of degradation factor distribution reveals that distance from villages does not 
significantly influence their occurrence, suggesting that human-induced degradation extends far 
beyond inhabited areas in the LCPB. The sharp decline in miombo forest cover within the study area 
[20] has forced local communities to exploit forest resources at increasing distances, particularly 
wood and medicinal bark. Moreover, due to the high cost of mineral fertilizers, farmers abandon 
plots after two to three growing seasons and clear new forest land [21].  

Our findings reveal a strong association between wood harvesting, fire, and agriculture, 
consistent with Ref. [86], who reported similar patterns in Tapia forests in Madagascar. Charcoal-
driven tree felling is often followed by agricultural land conversion using slash-and-burn techniques, 
accelerating deforestation [20,87]. Additionally, Ref. [88] confirm that wood extraction in Miombo 
woodlands increases fire frequency, disrupting natural fire regimes. These forests play a crucial role 
in fire regulation by maintaining soil moisture and reducing fuel accumulation [12]. 

4.3. Floristic and Dendrometric Indicators of Miombo Degradation in the LCPB 

Floristic analysis revealed a dominance of Fabaceae across all three studied ecosystems (7, 14, 
and 21 years old). This prevalence, previously observed in the Katangan miombo [44] and across the 
broader miombo ecoregion [89], is attributed to their nitrogen-fixing ability, a key adaptation to the 
region’s nutrient-poor soils [90]. Their ecological plasticity and resilience to frequent disturbances, 
such as recurrent fires and human exploitation, further reinforce their persistence in these highly 
anthropized ecosystems [91]. 

Our results indicate that Brachystegia is the most abundant genus in the Lubumbashi region, 
consistent with previous findings in Katanga [15,28] and the miombo ecoregion [10,89]. Species 
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richness peaks in the 14-year-old ecosystem, likely due to moderate disturbance fostering the 
establishment of heliophilous species [92]. In contrast, the heavily degraded 7-year-old ecosystem 
exhibits low species richness, reflecting recent anthropogenic pressures. The Shannon-Wiener 
diversity index (H') exceeds 2 in the 21- and 14-year-old ecosystems, indicating moderate to high 
diversity [93]. However, the heavily degraded ecosystem has a much lower diversity (H' = 1.14), 
characteristic of an early regeneration stage dominated by pioneer species. These patterns align with 
trends observed in other miombo woodlands across southern Africa, notably in Zambia [94] and 
central-southern Angola [53].  

Although diversity differs significantly between ecosystems, evenness remains stable, 
suggesting that ecological succession processes have not yet led to pronounced species dominance. 
These findings support prior studies indicating that highly degraded miombo forests exhibit lower 
biodiversity in rural Lubumbashi [29]. They also align with Ref. [95], who suggested that species 
richness recovery requires over 20 years of abandonment, corresponding to the least degraded 
miombo stands.  

The Importance Value Index (IVI) analysis highlights differences in species composition across 
the studied ecosystems, all characteristic of Zambezian humid miombo woodlands  [94]. In the least 
degraded ecosystem, M. macroura and D. condylocarpon dominate, owing to their resilience to 
disturbances and fire tolerance, along with their low commercial exploitation [26]. Their dominance 
suggests that this mature ecosystem experienced past disturbances before abandonment [39], 
allowing for the establishment of species characteristic of regenerating environments [26,96]. The 
prevalence of J. globiflora, a key miombo genus, further supports the post-disturbance regeneration 
hypothesis.  

The moderately degraded ecosystem is characterized by the dominance of B. wangermeeana and 
B. spiciformis, which are key miombo species [10], alongside A. adianthifolia, a pioneer species tolerant 
to disturbance [97]. The co-occurrence of mature-forest species with disturbance-adapted taxa 
suggests an ongoing secondary succession process, where regeneration mechanisms sustain floristic 
diversity. 

In the heavily degraded ecosystem, species with high IVI values belong to the  dominant 
regional genera, reflecting rapid regeneration capacity. This resilience is driven by functional traits 
favoring dispersal and rapid reproduction, typical of pioneer species that efficiently recolonize 
disturbed environments. The marked presence of Uapaca genus, well adapted to open, high-light 
environments, indicates recent anthropogenic disturbances [94]. These species may also be favored 
by local communities due to their economic, medicine, and nutritional importance. Similar patterns 
were observed in Mozambique, where Uapaca kirkiana is identified as an indicator of forest 
degradation [96]. The low IVI values in younger ecosystems suggest high floristic heterogeneity, 
highlighting a vegetation in transition with ongoing species recruitment. These results confirm the 
IVI's reliability as an indicator of degraded forest structure and composition, revealing the 
regeneration and resilience dynamics of Miombo woodlands. 

Tree density was highest in the least degraded ecosystem, protected from anthropogenic 
pressures, and aligns with values reported in Mikembo [26] and Kiswishi [27,28], a quasi-protected 
ecosystem similar to the 21-year-old miombo stand. These results emphasize the importance of 
conservation efforts in maintaining high tree densities [98]. However, the difference between the least 
and moderately degraded ecosystems was not significant, likely due to increased pioneer species 
recruitment in recovering areas [99]. In contrast, the heavily degraded ecosystem exhibited lower tree 
density, characteristic of a recently abandoned forest requiring extended regeneration [90,95]. 

Dendrometric analysis revealed a higher proportion of mature trees (larger diameters and 
greater heights) in the least degraded ecosystem, attributed to longer regeneration and growth 
periods [95]. Conversely, the moderately and heavily degraded ecosystems, subjected to more recent 
disturbances, lack an equilibrium favoring large-diameter individuals [29]. This explains why the 
diameter-height relationship analysis showed that tree height increases with diameter but at a slower 
rate in older ecosystems than in younger ones.  
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Finally, higher basal area values in the least degraded ecosystem reflect the presence of mature 
trees with greater biomass, while lower values in the moderately and heavily degraded ecosystems 
indicate ongoing regeneration. These findings reinforce the critical role of ecosystem age and 
degradation level in biomass accumulation and forest structure, as documented by Ref. [94] in 
Zambie. 

4.4. Impact de la Dégradation Forestière sur les Traits Fonctionnels 

Functional trait analysis provides insights into how plant communities respond to 
environmental disturbances [100]. Our results indicate no significant differences in functional traits 
between moderate and severely degraded ecosystems, suggesting that species in these environments 
share similar architectural and physiological traits that enhance their adaptability to degraded 
conditions. This finding implies that beyond a certain disturbance threshold, degradation does not 
necessarily lead to a continuous decline in ecosystem functions but rather to a quasi-stable functional 
state, where the ecosystem maintains a reduced but relatively stable level of functioning over time 
[101]. 

In contrast, undisturbed ecosystems are characterized by a low probability of species with high 
regeneration capacity and a high representation of species with dense wood. Conversely, disturbed 
ecosystems exhibit a higher probability of zoochorous species and a lower probability of dense-wood 
and nitrogen-fixing species. This pattern is driven by pioneer species dominance in degraded 
environments, where fast growth and efficient dispersal strategies are favored over wood density 
investment, allowing rapid colonization of newly deforested areas [102]. Additionally, disturbances 
disrupt key symbiotic interactions essential for nitrogen fixation, reducing the presence of nitrogen-
fixing species, a trend consistent with findings by Ref. [103].  

In undisturbed ecosystems, stable environmental conditions promote conservative life-history 
strategies [104]. Species prioritize high wood density, enhancing longevity and resistance to 
environmental stress, albeit at the cost of lower regeneration capacity. This trade-off between 
durability and regeneration speed is a well-documented adaptation mechanism in mature forests and 
aligns with findings by Ref. [102], reinforcing the link between functional community structure and 
habitat stability. 

4.5. Implications for Forest Management 

The degradation of miombo woodlands in the LCPB is primarily driven by anthropogenic 
activities, including logging for charcoal production, fires, agriculture, invasion of exotic species, 
debarking, and artisanal mining. Among these, logging, fires, and agriculture exert the most 
significant pressure, forming a synergistic impact on forest decline. These pressures not only 
accelerate deforestation [20,72] but also degrade forests, leading to a decline in species richness, 
floristic diversity, tree density, diameter at breast height (DBH), tree height, and basal area. The 
reduction in tree density weakens miombo woodlands' carbon storage capacity, reducing their role 
as carbon sinks and raising atmospheric CO₂ levels [105]. This degradation disrupts ecosystem 
services, compromises climate regulation, and threatens local livelihoods [90]. 

To conserve remaining miombo woodlands and restore degraded areas in the LCPB [20], specific 
forest regulations tailored to miombo ecosystems are essential. The current national forestry code, 
primarily designed for dense tropical forests, requires revision to incorporate miombo-specific 
management measures, including the regulation of exploitable species and the prohibition of 
destructive practices. In Tanzania, for example, legal frameworks have been established to 
criminalize unsustainable practices [106]. Additionally, a reforestation strategy targeting degraded 
areas should actively involve local communities through training programs on native species 
propagation, supported by financial mechanisms from mining and forestry taxes. Successful 
community-based forest management projects, such as the Ngel Nyaki Forest Reserve in Nigeria, 
illustrate the potential for restoration through reforestation initiatives [107].  
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Furthermore, promoting sustainable agricultural practices is crucial to reduce shifting 
cultivation and its impact on miombo woodlands. Sustainable farming techniques enhance soil fertility 
and provide viable economic alternatives, as demonstrated by Ref. [108] in Madagascar’s 
Vakinankaratra region. Given the governance challenges in managing miombo forests in Lubumbashi 
[109], it is essential to strengthen provincial reforestation services by providing adequate financial 
and technical resources. Special attention should be given to wildfire management and shifting 
agriculture, as effective strategies can promote natural miombo regeneration [15]. Ref. [110] identified 
successful fire management strategies in eastern Tanzania’s miombo woodlands, including 
community awareness, firebreaks, legal enforcement, and fire management planning. 

In the context of Lubumbashi’s rapid urban expansion, expanding protected areas—both public 
and private—and implementing an integrated land-use strategy are critical for reducing pressure on 
forests. A relevant example is the Mikembo Sanctuary, where a previously degraded ecosystem has 
been protected for over 21 years, allowing for successful natural regeneration [39]. Similarly, the 
establishment of national parks in Gabon, such as Lopé National Park, has significantly contributed 
to forest conservation efforts [111]. 

5. Conclusions 

This study identified the anthropogenic drivers of woodland degradation and characterized the 
floristic and dendrometric indicators of miombo degradation in the LCPB by assessing three 
ecosystems of different ages using transect and plot inventories. The findings highlight that logging, 
fires, and agriculture are the primary disturbance factors, followed by invasion of exotic species, 
debarking, and artisanal mining activities. The distribution of these disturbance indicators is not 
influenced by proximity to villages. Additionally, the strong association between logging, fires, and 
agriculture underscores the need for an integrated management approach.  

The study also confirms the significant influence of ecosystem age on floristic composition, stand 
structure, and population dynamics in the LCPB. Younger ecosystems exhibit lower species diversity, 
reduced tree density, a predominance of small trees, and an unbalanced distribution of diameter and 
height classes. In contrast, older ecosystems contain a higher proportion of mature individuals, 
distinct floristic compositions at advanced successional stages, and a more stable structural 
distribution. The results further indicate that forest degradation leads to a decline in traits associated 
with high wood density, reflecting a conservative strategy in undisturbed ecosystems, while favoring 
species with high regeneration capacity. These findings emphasize the role of ecosystem age in 
shaping miombo regeneration and succession dynamics. 

Although this study provides crucial insights into the key anthropogenic factors and 
degradation indicators in the LCPB, its horizontal analysis is limited. The results can inform forest 
policy reforms, including bans on destructive practices such as uncontrolled fires and fatal bark 
stripping, along with the implementation of appropriate taxation measures. Supporting farmers to 
reduce shifting agriculture and expanding protected areas in degraded zones are critical steps for 
miombo regeneration. Future studies incorporating remote sensing or longitudinal ecosystem 
monitoring will be necessary to refine degradation assessments and evaluate conservation efforts, 
ultimately guiding adaptive forest management strategies in response to increasing anthropogenic 
pressures. 
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