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Anthropogenic disturbance regimes reduce biomass and alter floristic
composition in montane forests of Kahuzi-Biega National Park, Eastern
Democratic Republic of the Congo
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ARTICLE INFO ABSTRACT
Keywords: Montane forests of Kahuzi-Biega National Park (PNKB), located in the Albertine Rift, represent a major reservoir
Anthropogenic disturbances of biodiversity and carbon, yet they are increasingly affected by anthropogenic disturbances despite their pro-

Forest structure
Aboveground biomass
Floristic composition

tected status. This study assessed how anthropogenic disturbances are spatially organized and how they affect
forest structure, aboveground biomass, floristic diversity, and community composition in the high-altitude
Ecological filtering montane forests of PNKB. Specifically, we examined whether disturbances form non-random spatial regimes
Tropical montane forests and whether their effects on floristic composition operate through both structural changes and direct ecological
Protected areas filtering. A total of 63 plots (0.25 ha each) were established along nine 1-km transects in the high-altitude zone,
with seven plots per transect spaced approximately 100 m apart. Each transect represented a disturbance
gradient ranging from more accessible areas to more remote locations. Disturbances were characterized using
field-based indicators and analyzed through similarity indices and hierarchical clustering, while their effects
were assessed using non-parametric tests and multivariate analyses (NMDS, PERMANOVA, dbRDA). Similarity
analyses revealed a non-random organization of disturbances, dominated by the co-occurrence of logging,
charcoal production, and agriculture. Disturbed plots exhibited significant reductions in tree density (—42%),
basal area (—54%), and aboveground biomass (—51%; 53 vs 109 Mg ha™!, p < 0.001). Species richness was lower
(p = 0.047), and floristic composition differed significantly among disturbance categories (PERMANOVA,
p < 0.01). Disturbances independently explained 10% of the variation in floristic composition, while the full
model accounted for 31%, indicating both structural and directional effects on plant assemblages. These findings
demonstrate that diffuse but cumulative disturbances can act as major structuring forces, capable of durably
reshaping the ecological trajectory of tropical montane forests, even within protected areas.
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1. Introduction

The Albertine Rift mountain region is recognized as one of the
world’s major centers of biodiversity, hosting approximately 7500 plant
and animal species, of which >1000 are endemic (Plumptre et al., 2003;
Plumptre et al., 2007;Plumptre et al., 2015). It is identified as one of the
25 global biodiversity hotspots (Skarbek, 2008) and constitutes an
important refuge for numerous rare and threatened species with
restricted geographic ranges (Soh et al., 2019; Yaffar et al., 2023).
Within this region, Kahuzi-Biega National Park (PNKB), located in
eastern Democratic Republic of the Congo (DRC) and designated as a
UNESCO World Heritage Site, represents a priority conservation area
(the second most important site in the Albertine Rift) due to its excep-
tional species richness and the key role of its montane forests in carbon
storage (Cuni-Sanchez et al., 2021; Plumptre et al., 2015). The park
harbours a high proportion of endemic and threatened species, notably
Grauer’s gorilla (Gorilla beringei graueri) (Hart and Hall, 1996; Plumptre
et al.,, 2015), and still preserves extensive forest blocks with high
ecological integrity (Potapov et al., 2017).

Despite its protected status, PNKB is increasingly subjected to
anthropogenic pressures, particularly in its peripheral and more acces-
sible areas, generally located in the high-altitude zone (Cirezi et al.,
2025a; UNESCO, 2024). Deforestation and forest degradation in PNKB
result from a combination of direct drivers, including logging, charcoal
production, agriculture, fire, and artisanal mining, largely driven by
urban energy and resources demand (Ingram et al., 2011), as well as
indirect drivers such as rapid population growth and persistent insecu-
rity (Butsic et al., 2015; Draulans and Van Krunkelsven, 2002;
Hosonuma et al., 2012; Spira et al., 2019). In contrast to large-scale
industrial deforestation fronts in the Amazon and Southeast Asia
(Buchadas et al., 2022; Skidmore et al., 2021; Vijay et al., 2016), forest
degradation in the Congo Basin is often driven by small-scale, recurrent,
and spatially diffuse disturbances (Mertz et al., 2012; Tyukavina et al.,
2018). Although less visible, these disturbances can have substantial
cumulative ecological effects, particularly in the PNKB landscape (Cirezi
et al., 2025b)

These disturbances are likely to profoundly alter forest structure by
reducing the density of large trees, basal area, and aboveground
biomass, thereby compromising carbon storage(Baccini et al., 2017;
Depecker et al., 2021; Dupuis et al., 2025; Fayolle et al., 2018) . They
also modify floristic composition by favouring disturbance-tolerant
species at the expense of late-successional species, potentially leading
to progressive homogenisation of plant assemblages (Cirimwami, 2021;
Mangaza et al., 2022; Muhanguzi et al., 2007; Ouédraogo et al., 2011).
Montane ecosystems are particularly sensitive to repeated disturbances
because steep slopes, fragile soils, and strong environmental gradients
can limit structural and floristic recovery(Cuni-Sanchez et al., 2016; Hall
et al., 2011).

In the PNKB landscape, existing disturbance assessments have pri-
marily relied on remote-sensing approaches, which are valuable for
detecting broad forest-cover transitions but remain limited in capturing
fine-scale, recurrent, and under-canopy disturbances such as selective
logging, charcoal production, hunting signs, or small artisanal mining
sites (Bullock et al., 2020;Cirezi et al., 2025a ; Kabonyi et al., 2011). By
using field-based indicators recorded at the plot level, our approach
allows direct identification of disturbance types, their co-occurrence
within plots, and their association with measured forest structure,
aboveground biomass, taxonomic diversity, and floristic composition.
This provides a more mechanistic assessment of how diffuse distur-
bances affect montane forest communities, complementing previous
remote-sensing studies and addressing the lack of integrated field evi-
dence in protected montane forests.

In protected montane forests, where disturbances are often diffuse,
recurrent, and spatially heterogeneous, their structuring role in forest
dynamics remains insufficiently quantified, although they are recog-
nized as central processes influencing ecosystem structure, composition,
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and functioning (Crausbay and Martin, 2016; Tweiten et al., 2014). In
particular, it remains unclear whether these pressures constitute only
localised alterations or represent forces capable of durably reshaping the
ecological trajectory of plant communities. Understanding the cumula-
tive, structural, and directional nature of these disturbances is essential
for assessing the resilience of tropical montane ecosystems and the ca-
pacity of protected areas to maintain their ecological functions under
persistent human pressures.

This study assessed the effects of anthropogenic disturbances on
montane forests in PNKB. Specifically, we aimed to: (i) identify spatial
patterns and disturbance regimes; (ii) quantify the effects of distur-
bances on forest structure, aboveground biomass, and floristic diversity;
and (iii) determine whether changes in floristic composition are driven
by structural degradation, direct ecological filtering, or both.

2. Materials and methods
2.1. Study area

Kahuzi-Biega National Park (PNKB) is located in eastern Democratic
Republic of the Congo between North-Kivu, South-Kivu and Maniema
provinces (Fig. 1a) covering approximately 6700 km? (Hall et al., 1997;
Spira et al., 2018). The park exhibits a pronounced altitudinal gradient,
ranging from approximately 600 m in the western lowlands to over
3300 m at Mount Kahuzi, encompassing both lowland GuineoCongolian
forests and montane Afro-alpine ecosystems (ICCN-KBNP, 2010; Spira
et al., 2019). The climate is tropical humid, with mean annual rainfall
ranging between 1800 and 2000 mm and temperatures decreasing with
increasing altitude (Balezi, 2012; Masumbuko, 2010).

The park is recognised as a key biodiversity area (IUCN, 2022) and
was also designated as a Centre of Plant Diversity by IUCN and WWF in
1994, with at least 1178 plant species recorded in the high-altitude zone
alone. It harbours 136 mammal species, including Grauer’s gorilla
(Gorilla beringei graueri), an endemic and critically endangered species,
as well as 349 bird species (Fischer et al., 1993; Plumptre et al., 2003;
UICN, 2017; UNESCO, 2025). The high-altitude zone, recognised for its
exceptional biodiversity, is highly exposed to anthropogenic pressures
(Cirezi et al., 2025a; Plumptre et al., 2003) and was selected to assess the
effects of disturbances on forest structure and floristic composition in
montane forests (Fig. 1b).

2.2. Sampling design, disturbance assessment and dendrometric inventory

2.2.1. Sampling design

A linear transect-based sampling design was implemented to capture
a gradient of disturbance, ranging from forest edges and accessible areas
(i.e. zones close to roads, access tracks, villages and park boundaries) to
less accessible interior forest sectors (Fig. 1b). Transect locations were
defined prior to fieldwork based on (i) transition zones between
disturbed and undisturbed forests identified through remote sensing
over the 1990-2024 period, (ii) accessibility (roads, trails, villages), and
(iii) previous studies highlighting disturbance hotspots within PNKB
(Cirezi et al., 2025a; Malhi et al., 2013; Vancutsem et al., 2021). This
stratification aimed to capture contrasting levels of human pressure
without a priori assumptions regarding the final disturbance status of
the plots.

Nine transects were established, each comprising seven square plots
of 0.25 ha (50 x 50 m), spaced approximately 100 m apart (Fig. 1c),
giving a total of 63 sampled plots. Based on field-recorded disturbance
indicators, 42 plots were classified as disturbed and 21 as undisturbed.
Each plot was labelled, georeferenced, oriented to the north, and
recorded using a GPS in tracking mode during field surveys.

2.2.2. Disturbance inventory
Anthropogenic disturbances were recorded in each plot based on
visible field indicators (Table 1), as identified and characterized in
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Fig. 1. Study area and sampling design in Kahuzi-Biega National Park (PNKB), eastern Democratic Republic of the Congo. (a) Location of Kahuzi-Biega National Park
(PNKB) across the provinces of North Kivu, South Kivu, and Maniema in eastern Democratic Republic of the Congo (DRC). (b) Distribution of disturbed and un-
disturbed tropical moist forests (TMF and UTMF) from 1990 to 2024 in PNKB (adapted from Vancutsem et al., 2021), and spatial distribution of sampled transects
located along disturbance boundaries in the high-altitude zone. The sampled plots were located between 1920 and 2400 m of altitude. (c) Arrangement of sampling
plots along transects, including starting points of sampling (pt s(0,0)). (d) Layout of sampling plots.

previous studies (Gardner et al.,, 2009; Mangaza et al., 2022;
Rakotondrasoa, 2012). Data were recorded in binary form (pre-
sence/absence) for each disturbance indicator. Plots were subsequently
classified as disturbed or undisturbed based on the presence or absence
of observed disturbance factors.

In addition to the binary classification of plots as disturbed or un-
disturbed, disturbance richness was calculated for each plot as the total
number of disturbance types recorded. This cumulative disturbance
score was used to represent the intensity of multiple co-occurring
pressures and to avoid reducing disturbance effects to a simple pres-
ence/absence contrast.

2.2.3. Dendrometric inventory

Within each plot, all trees with a diameter at breast height (DBH) >
10 cm were located, measured, and identified, following standard pro-
tocols used in tropical forest inventories (Chave et al.,, 2005;
Cuni-Sanchez et al., 2016; Phillips et al., 2002). Each plot was sub-
divided into four subplots according to the design shown in Fig. 1d
Within each subplot, all trees meeting the DBH threshold were measured
and identified.

Each tree was assigned a unique identifier (tree ID) and its position
recorded using local coordinates (x, y) relative to a reference origin
point (0,0). Diameter was measured at 1.30 m above ground level (or
30-50 cm above any deformation) using a diameter tape. For multi-
stemmed individuals, each stem with DBH > 10 cm was measured

separately, with the point of measurement (POM) recorded.

Tree height was measured using a laser hypsometer Forestry Pro II
for a subsample of 837 trees out of 3120 individuals. The subsample was
stratified by plot and diameter class, with one tree selected per 10 cm
DBH class in each plot whenever possible. This procedure ensured that
height measurements covered the full range of tree sizes and both
disturbed and undisturbed plots. Species were identified in the field by
an experienced team of botanists. Unidentified individuals were
collected as botanical specimens, labelled, and later identified at the
CRSN Lwiro herbarium based on plot reference and tree number.

Before conducting the dendrometric analyses, several data harmo-
nization steps were performed. Species names were checked and stan-
dardized using the African Plant Database. Wood density values were
then assigned to each taxon using the tropical African wood density
database, accessed through the Biomass package in RStudio (Chave
et al., 2009;Flores and Coomes, 2010;Réjou-Méchain et al., 2017).

When species-level wood density values were unavailable, the cor-
responding genus-level mean was used. For taxa identified only to genus
or family level, the mean wood density of the respective taxonomic
group was assigned following Flores and Coomes (2010). When no
taxon-specific value was available, the overall mean wood density from
the database was used.


https://africanplantdatabase.ch/?utm_source=chatgpt.com
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Table 1

Illustration of selected disturbance factors and their corresponding field indicators recorded in sampled plots in the high-altitude zone of Kahuzi-Biega National Park.
(Adapted from (Gardner et al., 2009; Rakotondrasoa, 2012). Legend: A: Cuted and abandoned tree trunk located in the Transect 5, Plot 4, Lat: —2.129940°, Long:
28.78809°, B: Charcoal kiln and filled charcoal bag located in the Transect 5, Plot 1, Lat: —2.132899°, Long: 28.78814°, C: Bean field located in the Transect 6, Plot 6,
Lat: —2.504027°, Long: 28.591778°, D: Burn marks on a tree located in the Transect 5, Plot 1, Lat: —2.132899°, Long: 28.78814°; E: Small settlement within the park
located in the Transect 5, Plot 6, Lat: —2.125860°, Long: 28.788306°; F: Stone quarry located in the Transect 8, Plot 5, Lat: —2.132988°, Long: 28.78809°; G: National

Road 2 crossing the park located in the Transect 2, Plot 3, Lat: —2.254418°, Long: 28.646843°; H: Game trap located in the Transect 2, Plot 4, Lat: —2.251664°, Long:
28.647525°; Photos: Nadege Cirezi.

No Disturbance factor Indicators Tllustration
1 Logging Presence of stumps (with or without regrowth); presence of felled tree trunks
2 Charcoal production Presence of charcoal kilns or other signs of carbonisation
3 Agriculture Presence of cultivated fields; presence of fallow land
4 Vegetation fires Presence of fire traces (burn marks on trees, charred trunks)
5 Settlements / campfires Presence of houses, huts, tents, or campfires

(continued on next page)
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Table 1 (continued)
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No Disturbance factor Indicators Tllustration
6 Mining Presence of small-scale mining sites and artisanal mining camps

7 Accessibility (roads/trails) Presence of roads, tracks, or collection paths

8 Hunting Presence of traps; presence of firearm cartridges

2.3. Data analysis

Given that plots were arranged along transects, analyses accounted
for potential spatial dependence. Transects were established across
ecologically contrasting areas, and plots were regularly spaced to cap-
ture landscape gradients rather than replicate the same micro-site.
Accordingly, parameters were analysed at the landscape scale rather
than as strictly independent fine-scale observations. Analyses were
conducted using the R (4.4.2 version) packages vegan (Oksanen et al.,
2020), iNEXT (Hsieh et al., 2016), ggplot2 (Wickham, 2016), and dplyr
(Dimitris et al., 2023), as well as the Python libraries pandas (McKinney,
2010), scipy, statsmodels (Seabold and Perktold, 2010), and scikit-bio.

All analyses were conducted at the plot level, except disturbance
frequencies, which were summarized at the transect level. Prior to group
comparisons, normality and homogeneity of variance were assessed
using Shapiro-Wilk and Levene tests, respectively. Because several
structural and diversity variables did not meet parametric assumptions,
non-parametric Mann-Whitney U tests were used to compare disturbed
and undisturbed plots. Results of assumption tests are provided in Ap-
pendix 1.

2.3.1. Identification of disturbance regimes

To assess spatial heterogeneity and identify potential disturbance
hotspots, relative frequencies were calculated as the proportion of
affected plots per transect (Musavandalo et al., 2025). Beyond this
aggregated description, non-random disturbance regimes were exam-
ined at the plot level using a binary presence/absence matrix
(plot x disturbance type), where a disturbance type was coded as pre-
sent when at least one corresponding field indicator was observed.

Dissimilarity among plots was quantified using Jaccard distance,
which is appropriate for binary data and excludes joint absences.

Agglomerative hierarchical clustering with average linkage was then
applied to identify groups of plots sharing similar disturbance combi-
nations (Chung et al., 2019). The robustness of the three-cluster solution
was assessed using average silhouette width and ecological interpret-
ability of the resulting groups. The k = 3 partition provided the most
meaningful separation of disturbance regimes, distinguishing weakly
disturbed plots, plots dominated by poaching/mining signals, and plots
affected by active forest degradation (Legendre and Legendre, 2012;
McCune et al., 2002).

2.3.2. Effects of disturbances on forest structure and diversity

Forest structure was quantified per 0.25 ha plot and standardized to a
per-hectare basis. Structural variables included stem density (trees ha™),
basal area (m? ha™'), Lorey’s height (m), and mean wood density (g
cm™3). Basal area was calculated from DBH for each tree and summed at
the plot level. Lorey’s height was computed as a basal-area-weighted
mean height.

Aboveground biomass was estimated at the tree level using the pan-
tropical allometric model of Chave et al. (2014), incorporating DBH,
wood density, and tree height. Tree height was measured for a sub-
sample of individuals using a laser hypsometer; for trees without
measured height, predicted values from local height-diameter models
were used. Candidate height-diameter models were fitted following
(Fayolle et al., 2018), and compared only when based on the same
dataset, response scale, and likelihood basis. The final model was
selected using comparable AIC values, residual standard error, and
biological plausibility(Appendix 2).

Taxonomic diversity was evaluated at the plot level using observed
species richness (Sobs), Fisher’s alpha, Shannon index (H'), Simpson
index (1 — D), and Pielou’s evenness index (J) (Magurran, 2021). Spe-
cies dominance was estimated from the proportion of stems per species,
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and the five most abundant taxa were identified separately for disturbed
and undisturbed plots (Mangaza et al., 2022).

Species accumulation curves were generated with iNEXT using 999
permutations to assess sampling completeness (Hsieh et al., 2016).
Floristic composition was analysed using NMDS based on Bray-Curtis
dissimilarity (Legendre and Legendre, 2012), and differences between
disturbance categories were tested using PERMANOVA with explained
variance reported as R? (Oksanen et al., 2020). Multivariate significance
was assessed using permutation-based procedures, which do not require
strict normality assumptions.

2.3.3. Indirect and direct effects on floristic composition

Relationships between structural attributes and diversity indices
were quantified using Spearman rank correlations, with false discovery
rate correction applied for multiple (Benjamini and Hochberg, 1995). To
distinguish indirect and direct pathways of disturbance effects, floristic
composition was further examined using distance-based redundancy
analysis (dbRDA), with structural variables, disturbance indicators, and
a cumulative disturbance index included as explanatory variables. The
cumulative disturbance index was defined as the number of disturbance
types recorded per plot and represented additive pressure intensity,
following approaches used in montane systems (Ensslin et al., 2015).
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permutation-based ANOVA with 999 permutations (Legendre and
Anderson, 1999).

3. Results
3.1. Spatial heterogeneity and anthropogenic disturbance regimes

Relative frequencies by transect indicate that logging, charcoal
production, and agriculture constitute the dominant pressures, whereas
fires, grazing, and accessibility occur more locally (Fig. 2a). This dis-
tribution highlights a high degree of spatial heterogeneity in distur-
bances across the study area.

Hierarchical clustering based on Jaccard dissimilarity among plots
revealed three distinct disturbance regimes. The first cluster comprises
plots that are weakly or not disturbed, characterised by the near absence
of anthropogenic indicators. The second corresponds to a specific regime
dominated by poaching (100% of plots) and, to a lesser extent, artisanal
mining (50%), with no notable co-occurrence with other pressures. The
third represents an active forest degradation regime, characterised by a
strong co-occurrence of logging (92.9%), charcoal production (64.3%),
agriculture (33.3%), and fires (23.8%).

The cumulative disturbance index varied strongly among transects,

Model significance and individual terms were tested using confirming that disturbance intensity was not captured by the
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Fig. 2. a. Heatmap of relative frequencies (% of affected plots) of anthropogenic disturbances by transect (T1-T9) in Kahuzi-Biega National Park (PNKB). Values in
each cell represent the percentage of plots exhibiting a given disturbance within each transect, and colour intensity reflects the frequency of these disturbances. b.
Dendrogram resulting from hierarchical clustering of plots based on Jaccard distance, illustrating the non-random structuring of anthropogenic disturbances in the
high-altitude zone of Kahuzi-Biega National Park (PNKB). Plots were grouped according to the similarity of their disturbance combinations (presence/absence). The
vertical axis represents Jaccard dissimilarity between plots. Three main clusters can be distinguished, corresponding to contrasting disturbance regimes.
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disturbed/undisturbed classification alone (Appendix 3). The highest
mean CDI values were observed in T7 (26.14), T6 (25.14), and T4
(23.71), whereas the lowest values occurred in T1 (0.71), T8 (1.71), and
T9 (1.71). Maximum CDI values also indicated localized hotspots of
cumulative pressure, particularly in T4 (96), T7 (44), T6 (41), and T3
(27). The disturbance types contributing most to cumulative intensity
were wood cutting, vegetation fires, charcoal production, livestock
grazing, and agriculture. These results indicate that disturbance regimes
represent gradients of cumulative pressure rather than a simple binary
contrast between disturbed and undisturbed plots.

3.2. Structural simplification and floristic reorganisation

Disturbed plots exhibit marked structural simplification compared to
undisturbed plots (Table 2). Stem density and basal area are signifi-
cantly reduced (p < 0.001), resulting in an approximately 50% decrease
in aboveground biomass (p < 0.001). In contrast, mean stand height and
average wood density do not differ significantly between forest condi-
tions (p > 0.05), indicating that disturbances primarily affect tree
abundance and space occupation rather than average functional traits.
At the plot scale, species richness is significantly lower in disturbed plots
(p < 0.05). However, diversity indices incorporating evenness (Shannon,
Simpson, Pielou) show no significant differences, suggesting a reduction
in the number of species without major changes in relative abundance

Table 2

Mean values (+ standard deviation) of forest structural attributes, aboveground
biomass, and taxonomic diversity in disturbed and undisturbed plots of Kahuzi-
Biega National Park (PNKB). p-values correspond to statistical comparisons
between the two plot categories. Dominant species refer to the five taxa with the
highest number of individuals in each forest condition.

Forest structure Disturbed Undisturbed Mann-Whitney U
indicators plots plots (p-value)
Density (trees ha™) 167,5 +172,3 286,5 + 137,8 0001 **
Lorey’s height (m) 14,7 £ 2,8 15,2 + 2,2 0,37%ns
Basal area (m? ha™) 9,23 + 10,0 20,2 + 12,6 <0001 ***
Aboveground biomass 53,1 +£ 67,8 109,4 + 82,7 <0001 ***
(Mg ha™)
Wood density (g cm™) 0529 + 0068 0506 + 0051 0,279ns
Taxonomic diversity
indicators
Species richness (S) 9,05 + 7,20 11,74 + 6,37 0047*
Singletons (unique 3,98 + 2,87 3,53 + 3,84 0,164ns
species)
Doubletons 1,29 + 1,63 1,47 + 1,22 0,285ns
Shannon diversity (H') 1,58 + 0,66 1,89 + 0,55 0,11ns
Simpson diversity 0,69 + 0,21 0,77 £ 0,14 0,141ns
(1-D)
Evenness (J) 0,78 + 0,23 0,80 + 0,11 0,646ns
Top 5 dominant species
(number of
individuals)
Agauria salicifolia 148
(Comm. ex Lam.)
Hook. f. ex Oliv.
Hagenia abyssinica J.F. 122
Gmel.
Maesa lanceolata 157
Forssk.
Neobutonia macrocalix 120
Pax
Macaranga 113 359
mildbraediana Pax
Polyscias fulva (Hiern) - 88
Harms
Syzygium guineense - 94
(willd.) DC.
Tabernaemontana L. - 82

p-values thresholds significativity: p > 0.05ns: no statistical evidence of an effect,

p < 0.05%: moderate evidence, p < 0.01**: Strong evidence, p < 0.001 ***:very
strong evidence.
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distributions. Species accumulation curves (Fig. 3b) confirm this trend,
with higher cumulative richness observed in undisturbed plots for a
comparable sampling effort.

Floristic composition differed significantly between disturbed and
undisturbed plots (PERMANOVA, p = 0.001), but the proportion of
explained variance was very low (R? = 0.015). Accordingly, this result
should be interpreted as evidence of a weak compositional signal rather
than a clear separation between groups. The NMDS ordination based on
Bray—Curtis dissimilarity showed only partial separation, with substan-
tial overlap between disturbed and undisturbed plots (Fig. 3a). The
relatively high stress value (0.295) further indicates that the two-
dimensional ordination provides a limited representation of the multi-
variate floristic structure. Therefore, the NMDS should be interpreted as
a visual summary of broad compositional tendencies rather than as
strong evidence of distinct floristic assemblages.

3.3. Indirect and direct pathways of influence on floristic diversity

Spearman correlations indicate significant positive relationships
between major structural variables (density, basal area, and above-
ground biomass) and species richness, whereas relationships with
evenness are weak or negative (Table 3).

Distance-based redundancy analysis ({(bRDA) shows that anthropo-
genic disturbances explain a significant proportion of the variation in
floristic composition independently of structural variables (adjusted R*
~ 0.10; p < 0.01). The global model explains approximately 31% of the
total floristic variance, suggesting that disturbances act both indirectly,
through modifications of forest structure, and directly, as an ecological
filter influencing species assembly processes.

4. Discussion
4.1. Spatially structured disturbance regimes in a protected landscape

Anthropogenic disturbances observed in the montane zones of PNKB
are neither uniformly nor independently distributed but are organised
into non-random spatial regimes characterised by the recurrent co-
occurrence of multiple pressures within the same plots. Such struc-
turing has been documented in protected tropical forest landscapes,
where human accessibility, energy demand, and agricultural encroach-
ment may spatially aggregate even under formal conservation status (de
Merode et al., 2004; Vancutsem et al., 2021). Similar patterns have also
been reported in African montane protected areas and conservation
landscapes where disturbance intensity increases along accessibility
gradients (Cuni-Sanchez et al., 2016; Ensslin et al., 2015).

Within the same PNKB landscape, Cirezi et al. (2025b) showed, using
remote sensing, that recent forest transitions follow recurrent configu-
rations linked to gradients of accessibility and use intensity, suggesting
cumulative effects of pressures rather than a sequence of isolated events.
However, such structuring is not universal. In some protected land-
scapes with low human population density, disturbances tend to be more
diffuse and opportunistic (Ahrends et al., 2010; Laurance et al., 2012),
highlighting the importance of the socio-ecological context.

The combined use of Jaccard similarity and hierarchical clustering
enables the identification of these disturbance regimes at a fine local
scale by focusing on co-occurrence patterns rather than isolated fre-
quencies (Chung et al., 2019; Mainali et al., 2017; McCune et al., 2002).
These regimes should therefore be interpreted as dynamic configura-
tions reflecting emerging ecological trajectories, a particularly con-
cerning situation in a protected area where such pressures are expected
to remain limited.

4.2. Structural simplification and directional ecological trajectories

The observed patterns indicate that anthropogenic disturbances are
associated with progressive structural simplification, lower
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Fig. 3. a. Non-metric multidimensional scaling (NMDS) ordination based on Bray—Curtis dissimilarity of floristic assemblages in disturbed and undisturbed plots.
Ellipses represent 95% confidence intervals around group centroids. The stress value (0.295) indicates a moderate representation of ecological distances in two-
dimensional space. b. Species accumulation curves for disturbed (red) and undisturbed (blue) plots, showing cumulative species richness as a function of the

number of sampled plots.

Lines represent the mean derived from 999 random permutations, and shaded areas indicate 95% confidence intervals.

Table 3

Relationships between forest structural variables, anthropogenic disturbances, and floristic diversity indices (species richness, Shannon, Simpson [1-D], and evenness)
across 63 plots in Kahuzi-Biega National Park (PNKB). Spearman correlation coefficients (p) and associated p-values are reported for each diversity index. Results from
the dbRDA are presented as F-values, p-values, and explained variance (adjusted R?). Dashes (-) indicate non-significant effects or variables not retained in the model.

Term Richness Shannon Simpson (1-D) Evenness F p-value Contribution (adj.
R?)

Density (trees ha™) 0.742 (p < 0.001**%) 0.502 0.375 (p = 0.0058**)  —0.399 (p =0.0033*%)  3.21  0.002** 0.08
(p < 0.001%*%)

Basal area (m*> ha™) 0.741 (p < 0.001***) 0.539 0.430 —0.280 (p = 0.0519%) 2.85  0.005** 0.07
(@ < 0.001**%) (p = 0.0016**%)

Lorey’s height (m) 0.151 (p = 0.3069 ns) 0.177 (p = 0.2477 ns) 0.203 (p = 0.1798 ns) 0.163 (p = 0.2792 ns) 1.11 0.31ns

AGB (Mg ha™) 0.717 0.518 0.416 (p = 0.0021*%) —0.260 2.97 0.004** 0.06

(p < 0.0010%**) (p < 0.001**%) (p = 0.0718 ns)
Mean wood density (g 0.125 (p = 0.3890ns)  0.092(p=0.4819ns)  0.106 (p = 0.4392ns)  0.122 (p = 0.3890 ns) 0.88  0.55*
cm~%)
Disturbance 4.56  0.001*** 0.1
Full model <0.001***  0.31

p-values thresholds significativity: p > 0.05ns: no statistical evidence of an effect, p < 0.05*: moderate evidence, p < 0.01**: Strong evidence, p < 0.001 ***:very strong

evidence.

aboveground biomass stocks, and moderate changes in floristic di-
versity. In protected tropical forests and montane national parks,
chronic disturbances such as selective logging, charcoal production, fire,
and encroachment have often been associated with reduced forest
structure and biomass, even where formal protection is in place
(Ahrends et al., 2010; Barlow et al., 2016a; Laurance et al., 2012).
Although our study did not directly quantify historical tree removal or
size-specific extraction, the lower basal area and biomass observed in
disturbed plots are consistent with patterns reported in protected forests
subjected to recurrent human pressures.

In African montane forests located within protected areas or rela-
tively low-disturbance conservation landscapes, aboveground biomass
stocks are often reported within the range of ~150-300 Mg ha™!, with
basal areas frequently exceeding 25-35 m? ha™ (Cuni-Sanchez et al.,
2021; Imani et al., 2021). The values observed in PNKB, including in
plots classified as undisturbed, fall within the lower part of these ranges.
This may reflect the fact that “undisturbed” plots were defined based on
the absence of visible disturbance indicators at the time of sampling,
rather than on long-term historical intactness. Legacy effects of past
disturbance, edge influence, local accessibility, smaller diameter struc-
ture, and site-specific edaphic or topographic constraints may therefore

contribute to the relatively low biomass observed. Direct comparisons
should also be made with caution because biomass estimates vary with
altitude, disturbance history, plot selection, DBH thresholds, and allo-
metric models. In Central Africa, Fayolle et al. (2018) further emphasise
that forest structure reflects both environmental constraints and legacy
effects of past disturbances.

The relative stability of some mean functional attributes suggests
that disturbances primarily affect tree abundance, basal occupation, and
spatial distribution rather than the dominant traits of the remaining
species. Similar decoupling between structural degradation and func-
tional attributes has been reported in African montane forests, where
recovery can be constrained by topographic and edaphic conditions
(Cuni-Sanchez et al., 2016; Hall et al., 2011). Unlike lowland secondary
forests, where species richness may temporarily increase through
pioneer recruitment (Chazdon, 2014, 2008), patterns observed in PNKB
suggest a gradual floristic homogenisation associated with cumulative
and recurrent pressures (Balezi et al., 2023; Cirezi et al., 2025a) under
constraining montane conditions (Obua et al., 2010).

The floristic signal should nevertheless be interpreted cautiously.
Although PERMANOVA detected significant compositional differences
between disturbed and undisturbed plots, the explained variance was
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low, and the NMDS showed substantial overlap between groups. These
results suggest a weak but directionally consistent floristic response to
disturbance rather than a strong separation of distinct assemblages.
Such patterns are common in ecological communities where multiple
environmental and historical factors interact at fine spatial scales
(Anderson, 2001; Legendre and Legendre, 2012).In tropical montane
forests, topographic, microclimatic, and edaphic heterogeneity can
further increase assemblage dispersion (Cuni-Sanchez et al., 2016; Hall
et al., 2011) .

The high variability among plots therefore likely reflects a mosaic of
transformation stages rather than analytical inconsistency, consistent
with models of heterogeneous secondary succession (Chazdon, 2014).
The combined use of NMDS, PERMANOVA, and species accumulation
curves provides complementary evidence on compositional tendencies
and sampling completeness (Anderson, 2001; Bray and Curtis, 1957;
Gotelli and Colwell, 2001; Kruskal, 1964). Overall, disturbances in
PNKB appear less as abrupt collapse events than as a directional process
of gradual structural and functional simplification, with a weaker but
consistent floristic reorganisation.

4.3. Structural mediation and ecological filtering in community dynamics

The analyses suggest that disturbances influence floristic diversity
through a hierarchical mechanism, in which modifications of forest
structure represent the primary pathway of impact, while a secondary
direct effect on composition persists. This structural mediation is
consistent with theoretical frameworks linking stand heterogeneity to
local diversity (Chazdon, 2014; MacArthur and MacArthur, 1961),
whereby reductions in vertical and horizontal complexity reconfigure
microhabitats and biotic interactions.

Variance partitioning indicates that the global model explains a
substantial proportion of floristic variability, whereas the independent
effect of disturbances remains moderate. Such levels are common in
community ecology, where species composition reflects the interaction
of multiple environmental, historical, and biotic drivers operating across
spatial scales (Borcard et al., 1992; Legendre and Anderson, 1999b). In
tropical forests, it is rare for a single factor to account for a dominant
share of floristic variance given the high structural complexity and
micro-environmental heterogeneity (Chazdon, 2014; Condit et al.,
2002).

The persistence of a detectable independent effect of disturbances
after accounting for structural variables suggests that disturbances act
not only indirectly through stand transformation but also as autonomous
ecological drivers influencing community composition. Although mod-
erate, this effect reflects a direct ecological filtering process favouring
disturbance-tolerant species at the expense of more sensitive taxa. Under
more intense disturbance regimes, such filtering may lead to rapid
transitions towards alternative states(Barlow et al., 2016a). In the PNKB,
however, the observed patterns rather indicate a gradual trans-
formation, where structural mediation dominates without fully
excluding a direct effect. The combined use of non-metric ordination,
multivariate testing, and variance partitioning allows these mechanisms
to be disentangled, avoiding purely descriptive interpretations of
observed differences. Overall, disturbances emerge as interdependent
forces progressively reshaping community composition through a
combination of indirect and direct effects, embedded within a direc-
tional ecological trajectory rather than an abrupt regime shift.

From a management perspective, these results suggest that conser-
vation strategies in PNKB should not focus solely on preventing large-
scale deforestation but also on limiting diffuse and recurrent distur-
bances within apparently forested areas. The spatial structuring of
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disturbance regimes highlights the importance of monitoring accessi-
bility corridors and cumulative pressure hotspots. Integrating field-
based ecological monitoring with remote-sensing approaches could
improve early detection of degradation processes and help prioritize
restoration and protection efforts in montane forest sectors exposed to
repeated human use.

5. Conclusion

Anthropogenic disturbances in the montane forests of Kahuzi-Biega
National Park are organised into spatially structured regimes and are
associated with progressive structural simplification, lower above-
ground biomass, and moderate but directionally consistent floristic
reorganisation. Rather than indicating an abrupt shift between distinct
forest communities, the results suggest a gradual ecological trajectory in
which floristic changes are associated primarily with changes in stand
structure, while a weaker direct ecological filtering effect may also
contribute to community reorganisation.

These findings highlight that formal protection alone may not pre-
vent internal forest degradation when diffuse, recurrent pressures
remain active within accessible montane forest sectors. From a man-
agement perspective, conservation strategies in PNKB should therefore
address not only large-scale forest loss but also cumulative small-scale
disturbances, particularly along accessibility corridors and disturbance
hotspots.

Although the observed patterns are consistent across the sampled
landscape, this study is limited by its cross-sectional design, the absence
of direct temporal monitoring, reliance on allometric biomass estima-
tions, and potential spatial dependence linked to the transect-based
sampling design. Future research combining repeated field in-
ventories, fine-scale spatial data, functional traits, and hierarchical or
explicitly spatial models would help clarify disturbance thresholds and
assess the resilience of montane forests under cumulative anthropogenic
pressures.
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Appendices
Table Al
Results of normality and homogeneity of variance tests for selected structural variables prior to
group comparisons.
Variable Shapiro p Levene p Decision
Basal area <0.05 0.03 non-parametric
AGB <0.001 0.02 non-parametric
Shapiro-Wilk and Levene tests were used to assess normality and homogeneity of variance,
respectively. Variables that did not meet parametric assumptions were analysed using non-
parametric tests (Mann-Whitney U test). AGB = aboveground biomass.
Table A2

Height-diameter candidate models tested for tree height estimation in Kahuzi-Biega National Park (PNKB). Models were fitted using the same dataset but are presented
separately according to the response scale: original tree height (H) and log-transformed height [log(H)]. For each model, the table reports the Akaike Information
Criterion (AIC), model parameters (a, b, ¢), residual standard error (RSE), and sample size (n). AIC values should only be compared among models fitted on the same
response scale and likelihood basis. The final model was selected based on comparable AIC values, residual standard error, and biological plausibility for subsequent

biomass estimation.

Height-diameter model comparison

A. Models fitted on original height scale

model model name response scale AIC a b c RSE n
mO1 Linear H 8409.7 9.63 0.167 837
m02 Log-linear H 8406.2 —8.98 7.4 837
m03.1 Power law, using nls fitting H 8407.2 3.71 0.419 837
mo04 Second-order polynomial, H ~ D H 8408.4 5.38 0.401 —0.00198 837
mO05 Second-order polynomial of log-linear, H ~ log(D) H 8407.8 —28.62 19.47 —1.804 837
m06.1 Second-order log-log polynomial, using nls fitting H 8407.6 —1.564 2.069 —0.2295 837
mO07 Asymptotic, 3-parameter exponential H 8407.6 22.5 24.8 0.0489 837
mO08 Asymptotic, Gompertz H 8407.4 21.7 2.22 0.0734 837
m09 Asymptotic, Weibull H 8407.5 21.7 0.0245 1.213 837
m10 Asymptotic, Michaelis-Menten H 8405.9 30.6 26.6 837
B. Models fitted on log-transformed height scale

model model name response scale AIC a b c RSE n
m03 Power law, linear after log-transformation log(H) 765.9 1.12 0.433 837
mo06 Second-order log-log polynomial, log(H) ~ log(D) log(H) 765.1 0.545 0.784 —0.0523 837

*for non-linear model (nls fitting) I used parameter values of published models as start value.

Table A3

Variation in cumulative disturbance intensity index (CDI) across transects in the montane forests of Kahuzi-Biega National Park. The cumulative disturbance index
(CDI) represents the additive intensity of anthropogenic disturbances recorded per plot based on the number and co-occurrence of disturbance indicators. For each
transect. the table reports the number of sampled plots (n_plots). total CDI. mean disturbance intensity. standard deviation (SD). and minimum and maximum CDI

values observed among plots.

transect_no n_plots total_CDI mean_CDI sd_CDI min_CDI max_CDI
1 7 5,00 0,71 1,89 0,00 5,00
2 7 21,00 3,00 5,00 0,00 14,00
3 7 90,00 12,86 8,90 1,00 27,00
4 7 166,00 23,71 33,52 0,00 96,00
5 7 66,00 9,43 3,87 5,00 15,00
6 7 176,00 25,14 11,82 12,00 41,00
7 7 183,00 26,14 9,74 15,00 44,00
8 7 12,00 1,71 1,80 0,00 5,00
9 7 12,00 1,71 4,54 0,00 12,00
Data availability References
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available from the corresponding author on reasonable request.
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