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ABSTRACT

For several decades, the Miombo woodland located in Lubumbashi plain in the Democratic Republic
of  the Congo (DRC), has experienced significant changes in its floristic composition due to increasing
human activity on the landscape, which has greatly impacted its potential for natural regeneration.
Various human interventions have been implemented to protect this ecosystem, including the adoption
of set-aside mechanisms with varying levels of protection. The objective of this study was to assess
the effects of site protection mechanisms on the regeneration potential of vegetation, along a disturbance
gradient, in the Miombo woodland of the Democratic Republic of the Congo. A study was conducted
at Upper Katanga region in the Miombo woodland in the Lubumbashi Plain, involving a total of 60, 10
m x 10 m plots with 20 plots per site established across three sites, namely Kibundu, Kiswishi and
Mikembo. Each plot was subjected to different levels of protection that is conservation with fence,
without fence and forest communities-based management. A total of 1,230 individual trees were
inventoried, representing 65 species, 45 genera and 20 families. Vertical spatial structure analysis
revealed that the understory harbours greater species diversity than the upper canopy. The most
represented families in the strata were Fabaceae, Apocynaceae, Phyllanthaceae and Ochnaceae.
Additionally, Coefficient of Variation (CV) across the sites indicated uneven spatial distribution of
three crowns within strata. Kibundu, with a CV of 102.9% in the upper canopy against 73.6% in
Kiswishi and 18.4% in Mikembo, was found to influence the absolute density of individuals in the
understory (CV =32.4, 61.5, 72.3% for Kibundu, Kiswishi and Mikembo, respectively). Interestingly,
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there was a high correlation between site disturbance rate of the potential of landscape regeneration
(r =0.85, 0.055 and 0.77 at Kibundu, Kiswishi and Mikembo, respectively). Despite human pressures,
regeneration indices were greater than unity, indicating a state of equilibrium in the vegetation of the
Miombo woodland.

Key Words:   Disturbance gradient, Lubumbashi plain, strata, understory, upper canopy

RESUME

La plaine de Lubumbashi subit depuis plusieurs décennies des changements dans sa composition
floristique dû à l’anthropisation du paysage, qui impactent fortement son potentiel de régénération.
Diverses actions de l’homme ont déjà été entreprises dans le but de protéger cet écosystème, par
l’adoption des mécanismes de mise en défens avec des degrés de protection différents. L’analyse de
l’impact de ces mesures de protection sur le potentiel de régénération est nécessaire à l’aménagement
et la conservation de cet écosystème. L’objectif de cette étude était d’évaluer les effets des mécanismes
de protection des sites sur le potentiel de régénération naturelle de la végétation, le long d’un gradient
de perturbation, dans la forêt de Miombo de la République démocratique du Congo. L’étude a été
menée dans la région du Haut-Katanga, dans la forêt de Miombo de la plaine de Lubumbashi, impliquant
un total de 60 parcelles de 10 m x 10 m, avec 20 parcelles par site, réparties sur trois sites, à savoir
Kibundu, Kiswishi et Mikembo. Chaque parcelle a été soumise à différents niveaux de protection, à
savoir la conservation avec clôture, sans clôture et la gestion par la foresterie communautaire. Un total
de 1230 individus a été inventorié répartis dans 65 espèces, 45 genres et 20 familles. L’analyse de la
structure spatiale verticale montre que le sous-bois renferme une diversité spécifique plus grande que
la canopée supérieure. Les familles les plus représentées dans les strates sont les Fabaceae, les
Apocynaceae, les Phyllanthaceae et les Ochnaceae. En outre, le coefficient de variation (CV) entre
les sites a indiqué une distribution spatiale disproportionnelle de la canopée dans les strates. Kibundu,
avec un CV de 102,9% dans la canopée supérieure contre 73,6% à Kiswishi et 18,4% à Mikembo, ce qui
influence la densité absolue des individus dans le sous-bois (CV =32,4%, 61,5%, 72,3% pour Kibundu,
Kiswishi et Mikembo, respectivement). Il est intéressant de noter qu’il existe une forte corrélation
entre le taux de perturbation du site et le potentiel de régénération naturelle du paysage (r = 0,85; 0,055;
0,77 à Kibundu, Kiswishi et Mikembo, respectivement). Par ailleurs,.le site avec un taux de perturbation
élevé montre aussi un potentiel de régénération naturelle plus grand. Malgré la pression anthropiques,
les indices de régénération sont supérieurs à l’unité. Ceci traduit un état d’équilibre de la végétation de
la plaine de Lubumbashi.

Mots Clés :    Gradient de perturbation, plaine de Lubumbashi, strates,  sous-bois, canopée supérieure

INTRODUCTION

For several decades, the Miombo woodland
in the Lubumbashi plain has experienced
significant changes in its floristic composition
due to increasing human activity on the
landscape, which has greatly impacted its
potential for natural regeneration. Moreover,
in this century, sustainable management of
natural resources is one humanity’s greatest
challenges ( FAO, 2020; Muteya et al., 2023).

Among the threatened resources, forest
ecosystems hold vital importance for both
rural and international ecosystems (Aboubacar
et al., 2023). The Miombo woodland is one
of the global 200 ecoregions recognised for
its exceptional biodiversity (Olson and
Dinerstein, 2002; Beaumont et al., 2011). Its
high level of endemism (Linder et al., 2014)
makes it a biodiversity hotspot and a priority
for conservation (Kouadio et al., 2021). The
Miombo of the Lubumbashi plain, with a
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deforestation rate often quantified as 3 to 5%,
higher than the national average of 0.2%
(Muteya et al., 2023; Sikuzani et al., 2023) in
the DRC, provides numerous ecosystem
services to local communities (Marc et al.,
2021; Nghonda et al., 2023). This ecosystem,
directly or indirectly, meets the daily needs of
over 80% of people in both urban and rural
areas of Upper Katanga province (Frost,
1996). It is also a significant source of timber
and non-timber forest products, for  primary
and secondary needs (Sikuzani et al., 2024;
Wa Ngoy Kashiki et al., 2021) and plays a
crucial role in stabilising the local and regional
climate (Chidumayo, 2009).

In spite of its climatic importance, the
Miombo of the Lubumbashi plain remains the
forest formation most affected ecosystem by
agricultural land expansion (Marc et al., 2021),
the intensification of mining activities (Cabala
et al., 2018; Sikuzani et al., 2020), the
increasing demand for charcoal and firewood
(Dubiez et al., 2020), repeated bush fires
(Sikuzani et al. , 2023), uncontrolled
urbanisation (Sikuzani et al., 2017), and the
underlying effects of demographic expansion
(Pont, 2006). These factors are the primary
drivers of deforestation and degradation of
these forest ecosystems (Muteya et al., 2023).

Deforestation has significantly reduced
ecosystem services, due to the disappearance
or scarcity of many plant species (Muledi et
al., 2016). These phenomena have a substantial
impact on the natural management of biological
diversity and the overall functioning of
ecosystems (Bogaert et al., 2018), while
affecting the spatial structure and natural
regeneration of trees (Ayessa et al., 2022)
Consequently, the restoration of ecosystems
relying solely on natural regeneration, often
disrupted by ongoing human harvesting, is
unlikely to succeed. Miombo faces multiple
threats from human activities (Cabala et al.
2018; Sikuzani et al., 2024) and tends to
regenerate through generative means or
sprouting from stumps (Ponge et al., 1994;
Frederique et al., 2019).

Some human interventions to protect the
Miombo have been implemented in the
Lubumbashi plain (Sikuzani et al., 2020);
Marc et al. 2021; Nkombe et al., 2023;),
including land enclosure with or without
fences (Sikuzani et al., 2020; Nkombe et al.,
2023;); and community forestry (Murhula,
2021). However, there has been efforts to
examine the impact of these conservation or
protection mechanisms on regeneration in this
ecosystem. The objective of this study was to
assess the effects of site protection
mechanisms on the regeneration potential of
vegetation, along a disturbance gradient, in the
Miombo woodland of the Democratic Republic
of the Congo.

MATERIALS  AND  METHODS

Description of the study area.  This study
area covered three sites, namely the Mikembo
sanctuary, the Kiswishi monastery and the
Kibundu Forestry Community Based
Management (FCBM). These sites are all part
of the Miombo woodland in the Lubumbashi
plain. They are all located along major axes,
including the Likasi axis (Kiswishi Monastery)
and the Kasenga axis (Mikembo sanctuary and
Kibundu FCBM). The Kiswishi monastery is
situated in the peri-urban zone (Sikuzani et al.,
2020); while the Mikembo sanctuary and
Kibundu FCBM are located 35  and 110 Km
from Lubumbashi city, respectively  (Fig. 1).

The Mikembo sanctuary (800 ha) has been
protected by fencing since 2003 (Muledi et
al., 2016; Nkombe et al., 2023); while the
Kiswishi monastery (452 ha) has been
protected for a long time without fencing
(Sikuzani et al. 2020). Both sites are regarded
by Bogaert et al. (2018) as key monitoring
locations for Miombo restoration in the
Lubumbashi region.

The Kibundu FCBM is managed by the local
community of Kibundu village under the
provisions of decree-law number 14/018 of
August 2, 2014 ( Baraka et al., 2022). It is
classified as a permanent production forest.
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These different management conditions reflect
varying conservation statuses.

The climate of the sites is characterised by
two distinct seasons; namely a rainy season
from November to March and a dry season
from May to September, with April and
October serving as transitional months. The
mean rainfall is 1270 mm; while the mean
temperature and relative humidity are  20 °C
and 66%, respectively (Malaisse et al., 1978).
The predominant vegetation type is open forest
of the Miombo woodland, with scattered
patches of vegetation, resulting from
anthropogenic activities (Malaisse, 2018).

Sampling strategies. Data were collected
from one hectare per site (a), which was
subdivided into four 50 m x 50 m plots (b),
each containing five systematically arranged
10 m x 10 m subplots (c) for observation (Fig.
2). The vegetation of the entire Lubumbashi
Plain is essentially forest, except in situations
where limiting edaphic factors prevent the
establishment of a woody stand (dembos and
outcrops of metalliferous rock). There are at
least three types of forests in the Lubumbashi
Plain, including Muhulu (dense dry forest),
Mushitu (gallery forest) and Miombo (open
forest), which form the matrix of the
Lubumbashi Plain, not forgetting the
vegetation of the high termite mounds (Muledi,
2017). All the sites studied are in the Miombo
(open forest), whose flora is clearly dominated
by the Zambezi. It is considered a form of
degradation of dense dry forest by fire. All trees
and shrubs were inventoried in 10 m x 10 m
subplots. Data were collected in a stratified
way based on the direction of the South-East
cardinal orientation. The Pythagorean triangle
formula was used to check the straightness
of the sides of each plot (Fig. 3).

Dendrometry parameters were collected
across the three locations, including diameter
at breast height (DBH), crown diameter (CD),
total height (H) and the Cartesian coordinates
of each three. The diameter measurements
were made using a forest tape, following the

conventions of measuring a standing tree,
according to its morphology (Rondeux, 2021,
Equation 1).

DBH =

............................................……Equation 1

With: DBH = Diameter at breast height; D1,
D2, D3, …, Dn: Diameter at 1.30 m from the
ground of different branches.

The total height (H), which represents the
distance between the base of the tree and its
terminal bud, was measured using a Haga
clinometer; and defined by Equation 2.

H = L(tg
1
 + tg

2
) ............…… Equation 2

Where:

L = distance and 
1
 and 

2
 = viewing angles

at the top and bottom of the tree.
The basal area, which is the sum of the

cross-sectional area of the trunks at a height
of 1.30 m above the ground of the trees
surveyed per hectare, was obtained using
Equation 3:

        G =                   ............… Equation 3

Where:

G = basal area in m² ha-1.

The mean absolute density in the strata, which
is the ratio of the total number of individuals
sampled in each state (N) to the area sampled
(S) per hectare, was obtained using Equation
4:

D =   ................................…… Equation 4

Where:

N = total number of individuals in the plots,
and S = area surveyed.

N
S

ඥ𝐷12 + 𝐷22 + 𝐷32 + ⋯ + 𝐷𝑛2 

෍
𝐷𝐻𝑃2𝜋

4
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Figure 3.   Correlations between individuals in the undergrow and crown diameter elongation in the
upper canopy in Miombo woodland in the Democratic Republic of the Congo.
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The variability of the spatial distribution of
the longitudinal projection of trees on the
ground in each stratum was obtained by
determining the coefficient of variation using
Equation 5 (Josoa et al., 2023), viz:

CV(G) =        x 100 ..............… Equation 5

Where:

CV = percentage coefficient of variation;

Where:

G = basal area and S(G) = standard deviation of
the basal areas plot’s sum and X = mean of the
basal areas plot’s sum.

The natural regeneration index of the sites,
which is a ratio between the number of regenerates
in the understory and mature trees number in the

upper canopy, was evaluated following Equation
6  (Hakizimana et al., 2011):

R
n

 = Total number of regenerates in the undergrowth
         Total number of mature trees in the upper canopy

.............................................… Equation 6

The impact of the anthropisation of the sites was
assessed by determining the disturbance index.
It was obtained using Equation 7:

DI =                                                             x 100

.............................................…..............  Equation 7

Where therophytes are plants that complete their
cycle in a few months and spend the unfavourable
period as seeds (Sirvent, 2020a) and
chamephytes are plants with perennial buds at
or just above the soil surface, not exceeding 25
cm in height (Smith, 1913, as cited in Sirvent,
2020a). These two biological types are the first to
become established when the canopy is less
open, as they are ruderal heliophile species.

S(G)
  X

𝑆(𝐺) = ඩ
1

𝑛
෍(𝐺𝑖

𝑛

𝑖=1

− 𝑋)² 

Therophytes + Chamephytes
 Total number of species
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The effect of the upper canopy on the
number of seedlings able to thrive as
understory, was determined using Pearson’s
correlation coefficient r, which determines the
strength of the correlation between two
variables x and y, calculated using the Equation
8:

.............................................… Equation 8

Where:

n is the number of matched individuals from x
and from y.

Moreover, the minimum diameter
considered varied by stratum: DBH >10 cm
for the upper canopy (Muledi et al., 2016),
compared with 1.5 to 10 cm for the understory
(Hakizimana et al. , 2011). Species
identification was conducted using field guides
(Lomalisa et al, 2022); while species
nomenclature was validated using the flora of
Central Africa (Congo, Ruanda-Urundi)
database at www.Floredafriquecentrale.be.

In addition, the composition and species
richness of the herbaceous stratum were
assessed using 21 circular quadrats of 1 m of
diameter across four 25 m transects, starting
from the centre of the 50 m x 50 m plot (b) in
each site, according to SEOSAW protocol
(Mograbi et al., 2022); and the Global Grassy
Group guide (Lehmann et al., 2022).
Knowledge of the biological types of the
species inventoried, was based on the
observations of bud’s position as according
to Sirvent (2020a, b).

Data analysis.  Vegetation structure was
analysed mainly at the level of floristic
composition to assess the distribution of
species richness in the strata of each site
through relative frequency; and at the level of
stand structure, using comparison of means
by one-way analysis of variance (ANOVA) to

evaluate the difference between ecological and
dendrometric parameters in each site.

Analysis of the regeneration and disturbance
indices was carried out primarily to compare
sites and determine the level of disturbance. A
correlation was done to highlight the increase
in therophyte and chamaephyte species
depending on the site.

The effect of the upper canopy on the
number of seedlings able to develop in the
understory was determined using Pearson’s
correlation coefficient. This test made it
possible to compare bivariate data, in particular
the number of individuals in the understory
and the degree of upper canopy cover, by
determining the direction and intensity of the
linear correlation between the two variables at
each site. In addition, the Kruskal-Wallis’s test
was used to confirm the effect at site level. R
version 4.3.2 was used for all statistical
analyses of the data.

RESULTS

Vegetation structure

Floristic composition.  The Fabaceae family
was the most represented in both strata across
the assessed sites, with a representation of 55.6
and 41.5% at Kibundu, 41.5 and 53.3% at
Kiswishi, and 64.4 and 55.0% at Mikembo
(Table 1). The other three most represented
families are Phyllanthaceae, Apocynaceae and
Ochnaceae. Of these four families, only
Phyllanthaceae  showed a significant
difference between sites (P

 
= 0.0082). The

dominant species in both strata were
Julbernardia paniculata (10.7 and 6.3% at
Kibundu, 15.3 and 1.2% at Kiswishi and 25.7
and 9.4% at Mikembo). The least represented
species were Phyllocosmus lemaireanus (0 and
0.3%) at Kibundu, Hexalobus monopetalus (0
and 0.3%) at Kiswishi and Antidesma venosum
(0 and 0.2%) at Mikembo. In addition,
specific species were abundant in the
understory at each site: Terminalia
brachystemma (23.1%) at Kibundu, Bridelia

𝑟 =  
𝑛 ∑ 𝑥𝑦 − (∑ 𝑥 ∑ 𝑦)

ඥ𝑛 ∑ 𝑥² − (∑ 𝑥)² ඥ𝑛 ∑ 𝑦² − (∑ 𝑦)²
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TABLE 1.   Families of vegetation and their frequencies as represented at the different sites in Miombo
woodland in the Democratic Republic of the Congo

Family                                                                                         Sites

                                      Kibundu                       Kiswishi                  Mikembo

                              UC                  SB                UC               SB            UC           SB

Annonaceae 1.48 0.00 1.06 0.59 1.74 0.75
Apocynaceae 8.87 7.64 6.38 1.95 11.30 3.38
Chrysobalanaceae 0.00 0.00 10.64 2.34 0.00 0.75
Clusiaceae 0.00 0.00 0.00 0.39 0.00 0.00
Combretaceae 11.11 22.91 0.00 1.95 3.48 3.00
Dipterocarpaceae 0.00 0.48 15.96 3.13 6.09 0.00
Fabaceae 55.56 41.53 41.49 53.32 64.35 54.97
Hypericaceae 0.00 0.24 0.00 6.45 0.00 0.00
Ixonanthaceae 2.78 0.00 1.06 0.98 0.87 0.75
Lamiaceae 1.39 4.53 0.00 0.00 0.00 0.38
Loganiaceae 0.00 0.95 1.06 0.78 0.00 0.38
Malvaceae 0.00 0.00 0.00 0.98 0.00 0.75
Moraceae 0.00 0.00 1.06 0.39 0.00 0.56
Myrtaceae 0.00 0.72 7.45 0.20 0.00 0.00
Ochnaceae 2.78 11.69 1.06 5.08 1.74 2.63
Oleaceae 0.00 0.00 0.00 3.13 0.00 0.75
Phyllanthaceae 13.89 6.21 8.51 15.63 9.57 30.02
Rhizophoraceae 0.00 0.48 3.19 0.59 0.87 0.00
Rubiaceae 0.00 0.95 1.06 1.95 0.00 0.38
Sapindaceae 1.39 1.67 0.00 0.20 0.00 0.56

UC =  Upper Canopy; SB = Understory.  Families in bold represent those found in both strata in all the
studied sites

duvigneaudii (16.9%) at Mikembo and
Dalbergia boehmii (12.7%) at Kiswishi.

Stand structure. The structural
characteristics of the sites are distinct (Table
1). The sylvigenetic parameters (DBH and H)
at all sites show a significant difference
between strata with P

 
= 0.0067 in the upper

canopy and P
 
= 0.000001 in the understory,

for diameter at breast height (DBH); P
 
=

0.00001 in the upper canopy and P
 
= 0.0127

in the understory for Height (H). Consequently,
the coefficient of variation (CV) across the
sites indicated uneven spatial distribution of
tree crowns within strata. Kibundu, with a CV
of 102.9%, showed a very widespread in the
upper canopy,

The basal area in the understory was highly
significant (P

 
= 0.0001), depending on the site

(Table 1). However, species richness did not
vary significantly (P > 0.05) between strata
or sites. The densities of woody species in
the upper canopy and understory were,
respectively, 140 and 1670 at Kibundu, 380
and 1735 at Kiswishi, and 350 and 2395 at
Mikembo (Table 2).

Natural regeneration and site degradation
gradient. With a regeneration index greater
than unity, natural regeneration in the
Lubumbashi plain reflects a state of equilibrium
(Table 2). However, it varied from site to site,
with Rn = 11.9 at Kibundu, Rn = 6.4 at
Mikembo and Rn = 4.8 at Kiswishi (Table 2).
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TABLE 3.    Regeneration and disturbance index values for the three study sites in Miombo woodland
in the Democratic Republic of the Congo

Sites           Strata                N          Rn        Biological type        Number        DI (%)

Kibundu UC 28 11.9 Th + Ch 23 74.2
SB 334 Total species 31

Kiswishi UC 72 4.8 Th + Ch 31 59.6
SB 347 Total species 52

Mikembo UC 70 6.8 Th + Ch 15 44.1
SB 479 Total species 34

CS = upper canopy; SB = understory; N = number of trees; Rn = natural regeneration index. Th =
Therophytes; Ch = Chamephytes; DI (%) = Disturbance index

TABLE 2.    Structural characteristics of dendrometry parameters in strata, according to sites in
Miombo woodland in the Democratic Republic of the Congo

Sites         Strata  DBH (cm)     H (m)         S. R G (m². ha-1) da (n ha-1)     CV (G)%)

Kibundu UC 24.2±12.9 10.3±4.5 9±2.9 5.8±5.3 140 102.9
SB 2.9±2.7 1.6±1.2 34±15.2 1.1±0.9 1670 32.4

Kiswishi UC 23.6±13.2 9.3±3.8 18±3.6 16.6±5.0 380 73.6
SB 2.2±1.7 2.0±1.1 44±10.1 0.6±0.4 1735 61.5

Mikembo UC 22.4±11.9 13.1±3.8 15±4.9 13.8±1.6 350 18.4
SB 2.5±1.9 3.6±7.3 37±33.2 1.2±0.7 2395 72.3

P Value UC 0.0067** 0.0000*** 0.643 0.21 0.374 -
SB 0.0000*** 0.0127* 0.789 0.0001*** 0.271 -

*, **, ***: Significance level at P=0.05, respectively; UC = upper canopy, SB = understory, DBH =
Diameter at breast height, H = Total height, S.R = Specific richness, G = Basal area= Absolute density
(number of individuals/ha), CV (G)% = Coefficient of variation as a function of basal area

In addition, Kibundu had a higher regeneration
index than the other two study sites. However,
there were no significant differences (P> 0.05)
between the study sites.

The mean disturbance index across study
sites was 59% (Table 3). The number of
therophytes and chamaephytes increased
proportionally (r = 0.50). The highest index
was found at Kibundu (74.2%), and the lowest

at Mikembo (44.1%). (Table 2). Furthermore,
the disproportionate density of individuals in
the upper canopy was highly significant, with
regards to the study sites.

Impact of the upper canopy on
regeneration. For all the sites, the crown
diameter classes in the 2.5 to 7.5 m range had
the greatest number of regenerating individuals
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in the understory, with a density of up to 3,420
stems per hectare (Fig. 1). However, the
diameter of the crown of the upper canopy
was positively correlated with the density of
the understory (Kibundu r = 0.85, Kiswishi r
= 0.055 and Mikembo r = 0.77). The intensity
of the positive linear correlation was strong
at Kibundu and Mikembo, with the correlation
coefficient fairly close to 1; while at Kiswishi
the correlation was positive, but with a weak
linear intensity. There was a significant
variation in crown diameter between sites.

DISCUSSION

Vegetation structure

Floristic composition. The dominant
presence of the Fabaceae family in both strata
across the study sites (Table 1), could be
attributed to the fact that this family contains
species with a wide ecological range, and
contains species characteristic of the wet
Miombo Woodland (Meerts, 2016). The
vegetation structure comprising a total of
1,230 individuals recorded at the three sites,
representing 65 species, 45 genera and 20
families (Table 4); imply that the Lubumbashi
plain contains a wealth of species richness.
These findings are consistent with those of
Muledi et al., (2016) and Sikuzani et al.,
(2020), who despite observing a high number
of individuals, reported relatively few genera
and families at Mikembo and Kiswishi,
respectively. This could be attributed to the
species assemblage patterns in the
Lubumbashi plain, as outlined by Muledi et
al. (2016).

Differences in results from these authors
may be due to differences in the methods used
and sampling efforts, compared to the present
study. However, applying different inventory
methods at the same site can yield a richer
flora list (Gnahoré et al., 2020). This is
because the temporary plots are one-off plots
and are marked out on the ground by judging
the appearance of the vegetation. This method

is slightly faster than an inventory based on
permanent plots: the centre is not marked, and
the position of each tree is not recorded
(azimuth, distance). However, such an
inventory does not allow certain variables such
as growth, quality or the silvicultural treatment
applied to be monitored over time.

Furthermore, a comparison of the number
of individuals per stratum shows that Mikembo
is the richest site in the understory compared
to the other sites (Table 2). This could be
explained by the fact that this site is subject to
a protection mechanism with fencing and total
absence of fire, which means that there is a
consequent reduction in human activity
following controlled access (Nkombe et al.,
2023). This favours the development of young
shoots in the understory.

In the vegetation structure described above,
the presence of 1060 individuals in the
understory, distributed among 64 species, 43
genera and 20 families, compared with 170
individuals distributed among 21 species, 17
genera and 15 families in the upper canopy
(Table 1); suggests that specific composition
is not the same in the two strata. This could be
explained by the light tolerance of the species
because in addition to underground competition
for nutrients, which limits the growth of pioneer
species during vegetation succession, light is
the second element that can nourish them.
Competition for belowground resources is
often considered to be symmetric with respect
to size, based on the assumption that nutrient
uptake is proportional to plant size (Shenkin et
al., 2020). In contrast, competition for light is
assumed to be asymmetric with respect to size,
with larger individuals preying on resources by
shading their smaller neighbours and depriving
them of light in a manner disproportionate to
their size (Vincent and Harja, 2008).

Species diversity between the two strata
varied from site to site, with Mikembo hosting
more individuals in the understory, including
the characteristic species Triumfetta
dekindtiana and Terminalia brachystemma
being prominent in Kibundu (Table 4). This can
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be explained by the protection system at
Mikembo, which, unlike other sites, is entirely
fenced off, preventing human activities
enchroachment. This observation comforms
with that of Nkombe et al. (2023), who showed
that site protection allows for forest class
densification, which is desirable for the
restoration of forest ecosystems in the
Lubumbashi plain. In Kibundu, however, this
may be influenced by differences in edaphic
conditions, as T. brachystemma typically
establishes itself on sandy soils, as confirmed
by Meerts and Hasson (2017). Kiswishi had a
slightly higher number of individuals in the
upper canopy (Table 2), possibly because it is
a more mature ecosystem than other sites
(Sikuzani et al., 2020).

The dominant families were Fabaceae,
Phyllanthaceae, Apocynaceae, Combretaceae,
Chrysobalanaceae, Ochnaceae, Rubiaceae and
Hypericaeae; the structure of which suggests
that Miombo of the Lubumbashi plain can
restore itself only if human activities are
reduced and regulated. Sikuzani et al. (2020)
observed that even though the site is fenced
off, it retains a high level of species richness
in the open forest and wooded savannah,
which is similar to the results found in the
present study. This thus, testified to the
importance of site protection mechanisms for
its restoration and conservation. Across all
sites, the Fabaceae family remained dominant,
followed by Phyllanthaceae and Apocynaceae.

The dominance of these families is a
common phenomenon in the Zambezi region,
as reported by Malaisse (2010). Family and
species diversity was higher in the understory
than in the upper canopy, with Julbernardia
paniculata, Diplorhynchus condylocarpon,
Pseudolachnostylis maprouneifolia being
generic species (Godlee et al., 2020).

Kiswishi stood out with higher species
richness in the understory, equaled by
Mikembo in the upper canopy (Table 2). This
can be attributed to the fact that these two
ecosystems have been under threat of total
degradation for over two decades (Sikuzani et

al., 2020); and are considered to be indicators
for monitoring the restoration of the
Lubumbashi plain (Bogaert et al., 2018). On
the other hand, Kibundu showed low species
richness in both strata, due to its proximity to
human dwellings and the continuous
development of human activities, similar to
observations advanced by Gnahoré et al.
(2020) at the Youpougon and Abobo sites near
Banco National Park in Ivory Coast. Gnahoré
et al. (2020) also observed that the
environments least subject to impacts are those
that are not close to local communities. This
shows that the mechanism used to protect a
site has an impact on its restoration and
composition; otherwise, it encourages its
degradation.

Stand structure. The significant difference
displayed by the sylvigenetic parameters of
two strata, ranging from very significant in
the upper canopy to highly significant in the
understory for DBH, and the opposite trend
for heights (Table 2); are evidence that the level
of protection of the sites influences the
sylvigenetic parameters within the strata. This
could be due to stand of different ages and
varying levels of anthropogenic influence
across the sites. Several other reports  showed
that the site effects manifests in
disproportionate distributions of structural
characteristics (Hakizimana et al., 2012;
Adjonou et al., 2016; Gansaonré, 2018).

The basal area was highly significant in the
understory (Table 2), likely because density
in the understory depends on light availability
and management methods (Ducrey and Labbe,
1985; Issoufou et al., 2013; Soulama et al.,
2015). The density and spatial distribution of
individuals in the understory, expressed by the
coefficient of variation, indicate that Mikembo
and Kibundu have greater regeneration
potential than Kiswishi. This can be attributed
to Kibundu’s lower upper canopy cover, and
the degree of Mikembo degradation before
being protected by a fence. Kiswishi has a
larger basal area than the other sites because
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it has been protected for more than five
decades, and only in the last two decades have
communities encroached on its fringes and
even illegally entered the area to harvest non-
timber forest products because it is not fenced
off. In addition, Kibundu has a lower basal
area in the upper canopy due to sporadic
logging for charcoal production. Mikembo, on
the other hand, continues to densify because
of the suppression of human activities within
the forest. An observation consistent with
Rollet (1983) in tropical forest gaps, where
gap size plays a major role in individual
establishment. Moreover, regeneration
potential is related to individual density spatial
distribution according to Hakizimana et al.,
(2011).

The number of seedlings obtained at
different sites confirms that they had balanced
regeneration potential (Nghonda et al., 2024).
Therefore, the parameter influencing natural
regeneration from one site to another remains
the protection mechanism. Protection with
fencing appears to be a good means of
protection, since it allows the conservation of
a large number of individual trees, because
despite the fact that Kibundu indicates the
presence of many young trees and seedlings
that can grow in the forest, most of them die
quickly, leaving a few trees with an average
size of 24 cm (Table 2), and even fewer large
and very large trees, as observed by White
and Edwards (2000) in African rain forests.
Thus, an increase in diameter at breast height
has a negative influence on trees density in
terms of individuals per unit area, which is
the case at Kiswishi.

Natural regeneration and disturbance
gradient. The high correlation of regeneration
index and disturbance index in this study, was
likely due to differing levels of Anthropization,
which indicates a different disturbance
gradient between the sites; testified by the
higher presence of therophyte and
chamaephyte species; proof of significant
anthropisation of the sites depending on the

level of protection (Aboubacar et al., 2023;
Gnahoré et al., 2020).

These biological types are typically the first
to establish after minimal anthropogenic
disturbance (Sirvent, 2020a, b). The fenced
site (Mikembo) shows a lower level of
disturbance than the unfenced site (Kiswishi)
and the site under the management of local
communities (Kibundu). This means that
Kibundu is very open compared with the others
and has a higher degree of degradation through
increased local community harvesting (Table
3).

Furthermore, differences in the
regeneration index could be attributed to
variations in site protection and exploitation
methods. According to Aboubacar et al. (2023),
regeneration index varies depending on the
protection and maintenance system in place.
Kibundu site, despite its status as a community
forest under Decree-Law No 14/018 of August
2, 2014, concerning local community-based
management, has a higher regeneration index
compared to Mikembo and Kiswishi sites,
which have been protected for over two
decades (Nkombe et al., 2023). This is likely
due to the low density in Kibundu’s upper
canopy, resulting from the loss of mature trees
used for charcoal production and other
purposes. This reduces canopy cover and
facilitates regenerate establishment (Lomalisa
et al., 2022; Aboubacar et al., 2023).
Moreover, Mikembo site had a higher
regeneration index than Kiswishi, despite the
lower disturbance rate of the former, as it was
fully fenced with regulated access, unlike
Kiswishi site, which had free access, without
fencing.

The proximity of Kiswishi to settlements
increases the number of therophytes and
chamaephytes, while these species are
systematically suppressed in the Mikembo
reserve; noting a 23% reduction in therophytes
in the Mikembo site between 2017 and 2023.
Gnahoré et al. (2020) observed a similar
pattern in Ivory Coast, He found that the
Youpougon and Abobo sites had a high
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disturbance index, more so than the Adjamé
and Attécoubé sites, because the former remain
very open areas, easily accessible to local
communities who infiltrate them with illegal
activities, while the latter are well protected
and far from incursions by local communities.
This shows that there is a causal relationship
between the regeneration potential of a site and
the degree to which it has been disturbed; and
suggests that fencing is the best method for
densifying forest ecosystems on the
Lubumbashi plain and for promoting natural
regeneration, as colloborated earlier by Muledi
et al. (2016) and  later by Nkombe et al.
(2023). This could facilitate the return of
ecosystem services that were previously
suppressed but remain essential for local
communities.

Impact of the upper canopy on
regeneration. The observation that the upper
canopy significantly influences the density of
regenerating plants in the understory, primarily
through the crown diameter (Fig. 2), revealed
the fact that regenerates tend to cluster in areas
where the crown is narrower, suggesting that
these plants in the Lubumbashi plain are highly
tolerant to light. Similar findings were observed
by Hakizimana et al. (2011) in the open forest
of Rumonge in Burundi, where the
concentration of individuals decreased as
crown diameter increased with tree height.

Across all the study sites, the density of
regenerates was highest in areas with
intermediate crown diameters (Fig. 2),
indicating a moderate degree of canopy
openings for successful establishment.
However, it should be noted that the influence
of crown diameter on understory density
varied proportionally, with the total height of
the trees, which suggests that the upper
canopy has a significant influence on
regeneration in the understory. Indeed, the
diameter classes of the upper canopy crown
showed a highly significant difference between
the sites and demonstrated a positive correlation
(r = 0.751) with the average total heights of

the trees in each site (P = 0.0157). This
corroborates the results found earlier by
Hakizimana et al, (2011) and later by Lomalisa
et al, (2022), showing that the structure of a
forest and the degree of canopy openness
influence the species’ richness and density of
trees growing in the understory. Mikembo and
Kibundu show a better correlation between
crown diameter and density of regenerates in
the understory than Kiswishi; this could be
explained by the fact that Kiswishi has an
ageing physiognomy than the other two sites.
This also refers to the fact that Mikembo would
have had a very advanced level of disturbance
before being protected by a fence and away
from any harvesting as reported by Nkombe
et al. (2023). Furthermore, this demonstrates
the influence of site protection mechanisms
on the development of crown diameters and,
in turn, that of the level of disturbance on the
density of regenerates in the understory.

CONCLUSION

This study has provided insights into the
characteristics of plant regeneration in miombo
woodland of the Democratic Republique of
Congo. Clearly, protection mechanisms
influence regeneration, in this ecosystem. The
fencing at Mikembo has allowed the re-growth
of vegetation and the removal of evidence of
human disturbance; at Kiswishi, protection
without fencing has allowed the vegetation to
move towards a climatic state, but continued
access by riverine communities is undermining
these efforts by increasing the level of
disturbance.

On the other hand, at Kibundu, continued
harvesting by local communities is limiting the
vegetation’s tendency to mature and increasing
the level of disturbance; as a result, much of
the vegetation is regenerating. However,
human activity acts as a limiting factor, causing
imbalances in the floristic composition of the
different vegetation strata. Protecting a site
with fencing appears to be a highly effective
strategy for restoring the Lubumbashi plain,
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as it promotes natural regeneration by
minimising anthropogenic disturbances,
although this puts the economic cost of the
process contestable. Conversely, unrestricted
access to sites leads to sporadic wood cutting,
which significantly reduces the number of
trees in the upper canopy, thereby benefiting
regeneration in the understory.

The gradual loss of mature trees reduces
species diversity in the upper canopy and,
consequently, hinders seminal regeneration in
the understory. Across all the sites evaluated,
only the Apocynaceae, Fabaceae, Ochnaceae,
and Phyllanthaceae families were found to
regenerate well in both the upper canopy and
understory. Other families were unevenly
represented and sometimes entirely absent in
one of the strata. Overall, the regeneration
index exceeded unity at each site, suggesting
a state of equilibrium. However, this was
counterbalanced by an increase in the
disturbance index, which reflects degradation
of the plant cover and a shift from forest
formations to more degraded states. The
observed disturbance rates also indicated that
Kibundu and Kiswishi sites were the most open
sites, making them more susceptible to ongoing
human pressure.
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