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Abstract

Mulatu K., Hundera K., Senbeta E.: The ecological impacts of forest fragmentation in southwest Ethiopia. Ekoldgia (Bratislava), Vol. 44, No. 2, p.
117-128, 2025.

Deforestation and fragmentation have posed a serious threat to tropical forests, leading to a loss of biodiversity and ecological disturbance. This study
aimed to investigate the effects of forest fragmentation and anthropogenic disturbances on the diversity, structure, and regeneration status of woody
species. Systematic sampling approach was employed to assess woody vegetation and human disturbances across four forest fragment sizes (FFSs)
in 122 sample plots, each measuring 20x20 m. One-way ANOVA and Pearson correlation analyses were conducted to evaluate the impacts of frag-
mentation and disturbances on woody species diversity, structure, and regeneration status. The results showed that very large FFSs had higher mean
species richness (S) (31.55), Shannon diversity (H") (2.96), and evenness (E) (0.86) than large (S = 26.44, H" = 2.68, E = 0.81), medium (S = 24.57,
H'=2.48, E = 0.78), and small FFSs (S = 22.28, H' = 2.22, E = 0.76), with significant differences (p < 0.001) between very large and small FFSs. Dis-
turbance levels varied significantly, with small FES experiencing higher mean index (34.37). Mean stem density ranged from 613.2 to 985 individuals/
ha, showing significant differences between small and very large FFSs. Mean basal area density varied from 27.68 to 60.66 m*/ha, with significantly
higher values in very large FFSs. Larger FFSs and reduced disturbances positively influence tree species regeneration. These findings underscore the
negative effects of forest fragmentation and disturbances on woody species richness, diversity, structure, and regeneration in southwest Ethiopia.

Urgent conservation strategies are necessary to protect these forest fragments and their biodiversity and ecosystem services.
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Introduction

Forests are essential for the planet’s well-being, providing critical
ecosystem services (Hansen et al., 2020) and supporting nearly
80% of global biodiversity (Singh et al., 2022), including about
60% of terrestrial species in tropical regions (Raj et al., 2022).
However, the state forest conditions have been worsened owing
to habitat loss and fragmentation (Singh et al., 2022), with tropi-
cal forest alone losing approximately 50% of their area in the last
century (McFarland, 2018). Most of this deforestation occurs in
developing countries (Estoque et al.,, 2022), with Sub-Saharan
Africa contributing around 20% of tropical deforestation from
2000 to 2012 (Kim et al., 2015). This rapid loss has resulted in
significant fragmentation during the previous two decades (Ma
etal., 2023).

Studies have indicated that land-use/land-cover (LU/LC)
changes have been the major drivers of forest decline (Lewis et
al,, 2015; Taubert et al., 2018; Hansen et al., 2022) primarily due
to expansion of agriculture lands and increased demands linked
to population growth (Hending et al., 2023). Over the past five
decades, forest fragmentation has emerged as a critical threat to
biodiversity (Bellard et al., 2012; Fardila et al., 2017), particularly

in tropical regions, where deforestation and fragmentation have
drastically affected biodiversity (Jha et al., 2005; Hending et al.,
2023). This forest fragmentation significantly impacts plant spe-
cies diversity, with numerous studies documenting detrimental
effects (Haddad et al., 2015; Rajamurugan et al., 2021; Hending
etal., 2023).

Forest fragmentation is defined as the dissection of continu-
ous forests into smaller, isolated patches (Laurance, 2008; Sahana
etal, 2015). The adverse effects of forest fragmentation on bio-
diversity were explained by the theory of island biogeography
(MacArthur, Wilson, 1967), and this theory provides a critical
framework for understanding the ecological influences of forest
fragmentation. Forest fragmentation is thought to reduce plant
species diversity (Soomers et al., 2013; Muluneh et al., 2021;
Hending et al., 2023) and phytosociological traits such as ba-
sal area and species richness (Mohandass, Davidar, 2010; Pao,
Upadhaya, 2017). Fragmentation can also foster the emergence
of new species (Tripathi et al., 2010), modify the composition
of regenerating plant communities (Benitez-Malvido, Martinez-
Ramos, 2003), and increase the extinction risk of native plant
species (Vellend et al., 2006; Rahman, 2023).

The consequences of forest fragmentation primarily affect
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habitats quality and integrity, altering physical and biologi-
cal conditions (Jha et al., 2005). Such changes can disturb im-
portant ecological processes, such as genetic exchange (Ibanez
et al,, 2014) and nutrient cycling (Fahrig, 2003). Additionally,
fragmentation enhances access to interior forests, exacerbating
activities such as hunting, logging, and agricultural land use
(Broadbent et al., 2008; Slattery, Fenner, 2021), which can inter-
fere with plant reproduction, pollination, and dispersal (Benitez-
Malvido, 1998). Studies (e.g., Echeverria et al., 2007; Muluneh et
al,, 2021) have shown that forest fragmentation, combined with
human disturbances, significantly reduces woody species diver-
sity and structural integrity.

The significance of fragments on plant diversity and struc-
tural characteristics is a topic of extensive debate, with one view
asserting that large fragments can support more species (Ma-
jumdar, Datta, 2016; Muluneh et al., 2021). Conversely, certain
studies indicated that species diversity does not always correlate
with the size of fragments (Rajamurugan et al., 2017). Research
studies by Arroyo-Rodriguez et al. (2009) and Pao and Upad-
haya (2017) have found that smaller fragments supported higher
levels of biodiversity than larger forest patches. Hernandez-Rue-
das et al. (2014) also observed that there was no significant dif-
ference in trees species between small and large forest patches.
Fahrig (2020) found that a network of small fragments can pro-
mote greater plant species diversity than a single large fragment,
highlighting the importance of multiple small fragments in con-
servation efforts. Godefroid and Koedam (2003) also noted that
small fragments can achieve species diversity comparable to that
of larger habitats, emphasizing their critical role in biodiversity
conservation initiatives.

The impacts of forest fragmentation and associated human
disturbances on biodiversity can vary significantly across loca-
tions (Haddad et al., 2015; Malcolm et al., 2017; Razafindratsima
et al., 2018). These impacts differ notably among various forest
types and disturbance gradients, affecting floral and structural
diversity in distinct ways (Hending et al., 2023). Additionally,
these effects are heavily influenced by specific geographical con-
texts, with some studies reporting positive effects while others
highlighting negative outcomes for floral and structural diversity
(Hending et al., 2023). The magnitude and nature of these im-
pacts also depend on site-specific conditions, ecosystem types,
and the characteristics of plant species (Echeverria et al., 2007;
Haddad et al., 2015). This stresses the complexity of biodiversity
response to forest fragmentation and the need to identify unique
local characteristics to mitigate its impact.

The forest ecosystem in southwestern Ethiopia is the birth-
place of Coffea arabica L. (Senbeta, Denich, 2006; Tadesse et al.,
2014) and is situated within the Eastern Afromontane Biodiver-
sity Hotspot (Schmitt, 2006). This area contains one of the rem-
nant forest blocks (Wood et al., 2019) and represents a major
vegetation type in the country (Friis, 1992). It also serves as a
source of various forest-related goods and services essential at
both national and local levels (Tadesse et al., 2014; Masha et al.,
2024). Since the 1970s, however, southwest Ethiopia has been ex-
periencing substantial deforestation problems driven by exces-
sive logging, human settlement, and commercial development
(Wiersum, 2010). Furthermore, Mengist et al. (2022) and Mulatu
etal. (2024) highlighted the significant forest fragmentation over
the past three decades due to human activities. Rapid population
growth, complex policies, and economic pressures continue to
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pose threats to forest biodiversity, resulting further forest frag-
mentation (Tadesse et al., 2014; Fashing et al., 2022; Senbeta et
al., 2014; Lemenih, 2024; Mulatu et al., 2024).

However, despite the significant deforestation and fragmen-
tation, there is limited understanding of the local impact of for-
est fragmentation and disturbance on vegetation diversity in the
region. Existing research has mainly focused on analyzing veg-
etation structure and community composition (Senbeta et al.,
2014; Kefalew et al., 2022; Sewale, Mammo, 2020), assessing the
impact of forest management regimes on plant diversity (Geer-
aert et al., 2019; Wood et al., 2019), and comparing vegetation
diversity across various land-use/land-cover scenarios related
to forest cover changes (Tadesse et al., 2014; Kebebew, Ozanne,
2022) as well as forest cover change analysis (Gubila et al., 2024;
Mulatu et al., 2025).

To safeguard the Afromontane forest ecosystem in south-
western Ethiopia, it is crucial to understand the effects of on-
going forest fragmentation on plant diversity, highlighting the
urgent need for research in these biodiversity hotspots (Asefa et
al,, 2020). Currently, there is a significant lack of scientific evi-
dence regarding how forest fragmentation affects woody species
diversity, structure, and regeneration in the region. Grasping
the localized effects of forest fragmentation is vital for the effec-
tive management and restoration of priority conservation areas,
which are essential for preserving threatened floral and faunal
diversity found in the unique niches of these forests. This study
aims to explore the impact of forest fragmentation on the com-
position, diversity, structural attributes, and natural regeneration
of woody plants in southwestern Ethiopia.

Material and methods

Description of the study area

This study was conducted in the Shey-Bench district of the Bench
Sheko Zone located in Southwestern Ethiopian People’s Region-
al States. The study area is defined by latitudes from 6°44 '22"N
to 7°4’45"N and longitudes from 35°36°'14"E to 35°53 E (Fig.
1). The forest in the study area belongs to the vegetation type
of moist evergreen Afromontane forests (Friis et al., 2010). For-
ests in study area are highly fragmented and isolated, resulting
in smaller and more heterogeneous patches due to agriculture
expansion and settlement (Mulatu et al., 2024).

The altitude of the study area ranges from 1,327 to 2,653 m
above sea level. The reference evapotranspiration is 1259 (+12)
mm per year, and the average annual precipitation is 1780 (+270)
mm per year (FAO, 2006). The mean air temperature ranges from
13 to 27 °C (Tadesse et al., 2006). Leptosols, Fluvisols, and Niti-
sols are the dominant soil types in the area (Dewitte et al., 2013).

Selection of forest fragments

The study area consists of several forest patches (Mulatu et al.,
2024), with a total of 12 forest fragments selected based on
similar environmental conditions such as elevation, topography,
and soil factors (Ma et al., 2015; Muluneh et al., 2021). Selec-
tion methods included Google Earth, reconnaissance surveys,
and forest cover data from the district’s Forest and Environmen-
tal Protection Office. The fragments were categorized into four
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Fig. 1. Map of the study area, indicating forest fragment sizes: VL - very large, L - large, M - medium, and S - small.

forest fragment sizes (FFSs): small (<5.0 ha), medium (5.0-15
ha), large (16.0-60 ha), and very large (>60 ha), each with three
replications. These size classifications are informed by ecologi-
cal principles regarding species needs and conservation goals,
aiding in the analysis of fragmentation effects on woody diver-
sity and guiding conservation strategies. Similar methodologies
have been employed in other studies (Mohandass, Davidar, 2010;
Majumdar, Datta, 2016; Pao, Upadhaya, 2017; Muluneh et al,,
2021; Assefa, Gobezie, 2022). The distances between the forest
fragments ranged from 250 m to 2.5 km. The size of each frag-
ment was also measured using Google Earth and confirmed at
the office of Shey Bench Forest and Environmental Protection.
The studied forest fragments cover a total area of 529.87 ha.

The number of study plots investigated within each fragment
varied depending on the size of the forest fragment (Senbeta et
al., 2014; Wekesa et al., 2019; Muluneh et al., 2021). A total of 18
plots were established in small FFSs, 23 in medium FESs, 34 in
large FFSs, and 47 in very large FFSs, with each plot measuring
20%20 m. This resulted in a total sampling area of 4.88 ha, repre-
senting 0.92% of the overall study area. This sampling effort ex-
ceeds the minimum recommended intensity of 0.01% for investi-
gating the impacts of fragment size, as outlined by Sukumar et al.

(1992). The sampling intensities for each fragment size category
were as follows: 5.97% for small fragments, 2.94% for medium
fragments, 1.86% for large fragments, and 0.46% for very large
fragments.

Vegetation sampling procedure

Vegetation surveys in each forest fragment were carried out us-
ing systematic sampling methods (Kent, 2012; Eyasu et al., 2020).
To ensure a representative sample across all FFSs, transect lines
were established along an altitude gradient (Berhanu et al., 2017;
Muluneh et al., 2021). The first-line transect was randomly posi-
tioned at least 20 m from the forest edge to avoid edge effect. The
distance between parallel transects varied between 100 and 300
m depending on the size of the forest fragment. This transect ap-
proach is widely recognized as an effective method for vegetation
sampling and monitoring, often regarded as the most efficient
design for surveying multiple species (Kent, 2012; Muluneh et
al.,, 2021).

A nested plot design was employed to assess woody plant
species (trees, shrubs, and lianas), following the guidelines sug-
gested by previous studies (Kent, 2012). Within each plot, all
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shrubs and trees with a diameter at breast height (DBH) of 22.5
cm and a height of 1.5 m were counted. In addition, five smaller
subplots, each measuring 5x5 m (25 m?), were established at the
four corners and the center of each 20x20 m plot to quantify
seedlings and saplings.

In each 20x20 m plot, the DBH for live stems measured at
1.3 m above ground level for all woody species with a height
of 21.5 m and a DBH of 22.5 cm. The number of logged stems
was counted, and their stump height diameter (DSH) measured
30 cm above ground level (Muluneh et al., 2021). In this study,
“stumps” refer to the small sections of the stems that remain after
trees have been felled, with a minimum diameter of 2.5 cm. DSH
measurements were conducted to evaluate the extent of distur-
bances mainly caused by selective logging (Aguilar-Santelises,
Castillo, 2013; Muluneh et al., 2021; Kassahun et al., 2024).

Plants with a DBH <2.5 cm and a height <0.6 m were classi-
fied as seedlings, while those with a DBH <2.5 cm and a height
between 0.61 and 1.5 m were classified as saplings, following the
criteria established by Kumal and Shibru (2015). Tree diameter
was measured using calipers and/or diameter tapes, while the
height of each tree was measured with a Suunto clinometer.

Species identification was carried out in the field, and speci-
mens that could not be identified on-site were pressed and taken
to Mizan-Tepi University for identification using published vol-
umes of the Flora of Ethiopia and Eritrea (Hedberg, Edwards,
1989; Edwards et al., 1995, 2000; Hedberg et al., 2003, 2006).

Data analysis

Diversity data were analyzed for Shannon-Wiener (H") and Pie-
lou’s evenness index (J“) following Kent (2012). The Shannon
index was calculated as follows:

H'== () (inPy, (1)

where Pi is the proportion of individuals or the abundance of
the i" species and In = log base . Pielou’s evenness index (J ") was
calculated as follows:

’

H’ H
H'may InS’
where S is the number of species (species richness) and H" is the
Shannon-Wiener diversity indices.

To compare the floristic similarity between the forest frag-
ments, we employed the Jaccard coefficient of similarity (S)) cal-
culated as follows:

J’= (2)

a
Ta+b+4c

In this formula, a is the number of species common to both
forest fragments, b is the number of species found only in forest
fragment 1, and c is the number of species found only in forest
fragment 2.

The structure of woody species was examined by analyz-
ing stand density and basal area density. Basal area is the cross-
sectional area of tree stems at breast height, indicating species
dominance in a forest for trees with a diameter at breast height
(DBH) of 2.5 cm or greater. Woody species density is a vital pa-
rameter in vegetation analysis, calculated by summing stems

s, (3)
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with a diameter at breast height of 2.5 cm or greater and convert-
ing this total to a per-hectare basis.

The regeneration status of forest woody species was catego-
rized into five levels based on tree density: Good: seedlings >
saplings > matures; Fair: seedlings > or < saplings > matures;
Poor: saplings, but no seedlings (though saplings < or > matures);
None: only adults present; and New: matures absent, but saplings
and/or seedlings present (Maua et al., 2020). The percentage re-
generation potential of tree species in each FFS was calculated by
dividing the number of species in each regeneration category by
the total number of species across all categories and multiplying
by one hundred, as detailed by Pradhan et al. (2018).

Human disturbances, particularly selective logging, were the
primary drivers of fragmentation in forests. Disturbance levels
were assessed in each FSC using the basal area of stumps (Agui-
lar-Santelises, Castillo, 2013; Borah et al., 2014). The disturbance
index was calculated with the following formula:

BA CST
0f) = — =20
DI(%) BA; x 100, (4)
where DI is the disturbance index, BA _ is the total basal area
of cut stumps, and BA_ is the total basal area of both cut stumps
and standing trees.

Pearson correlation analysis was performed to examine the
effect of fragment size and disturbances on density, regeneration
status, basal area, and various diversity indices. One-way ANO-
VA, followed by LSD post hoc tests (a= 0.05), was used to exam-
ine whether fragments of different size classes were significantly
different in Shannon diversity and structural attributes, such as
basal area density and stem density, density of seedlings, and
saplings within fragments. The software SPSS statistical package
(Version 23) was used for statistical analysis.

Results and discussion

Composition and diversity of woody species

The species accumulation curve for forest fragments levels off at
different sampling plot sizes. For instance, in very large forests,
it stabilized at a sampling intensity of 1.08 ha, while for large
forests, it was 0.56 ha. In medium and small fragments, the curve
flattened at 0.48 ha (Fig. 2). This indicates that the total number
of sample plots used in the study was adequate.

A total of 83 woody species from 40 families were recorded in
the studied FFSs. Specifically, there were 76 species in 36 families
in very large FFSs, 65 species in 32 families in large FFSs, 57 spe-
cies in 32 families in medium FFSs, and 52 species in 29 families
in small FFSs. The proportion of woody species linked to each
FFS ranged from 30.11% in very large FFSs to 20.88% in small
FFSs, highlighting the differing responses of woody species to
forest fragmentation and associated disturbances. These findings
demonstrated that larger forest fragments harbor a greater num-
ber of woody species compared to smaller forest patches. The
study found that in very large FFS, the dominant plant families
were Euphorbiaceae (eight species) and Rubiaceae (six species),
followed by Malvaceae and Fabaceae (five species each). Large
FFS had Euphorbiaceae (seven species) and Rubiaceae (six spe-
cies) as well, with Asteraceae and Fabaceae contributing five spe-
cies each. In medium FFS, Euphorbiaceae and Rubiaceae each
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Fig. 2. Species accumulation curve of studied forest fragments.

Table 1. Woody species diversity in the study FFSs in southwest Ethiopia.

FSC Meanztstand. Dev.

Richness Shannon Diversity Evenness Disturbance index (DI)
Very large 31.55*+4.48 2.96* £0.20 0.86* £0.06 9.27*+7.31
Large 26.44"% +5.09 2.68%+0.47 0.81"+0.09 11.16* £10.86
Medium 24.57% +5.22 2.48° +0.51 0.78" +0.09 20.35°+9.59
Small 22.28<4 +4.97 2.22¢+0.43 0.76¢ £0.07 34.37°+16.45
Total 27.44+6.37 2.68+0.47 0.82+0.09 16.03+13.86

Note: Means with the same superscript letter in a column are not significantly different from each other at p <0.05.

Table 2. Pearson’s correlation between fragment size, phytosociological attributes and disturbance in the study FFSs.

A S H’ E DI BA NCS StD SaD SeD
A 1 0.48 0.73" 0.63 -0.83" 0.50 -0.53 0.46 0.15 0.31
S 1 0.78" 0.24 -0.56 0.46 -0.44 0.18 0.21 0.72"
H’ 1 0.58’ -0.53 0.58’ -0.41 0.10 0.34 0.72"
E 1 -0.39 0.22 0.07 0.01 0.59° 0.42
DI 1 -0.54 0.78" -0.74" -0.22 -0.31
BA 1 -0.59" 0.59" 0.26 0.50
NCS 1 -0.75" -0.06 -0.27
StD 1 0.16 0.17
SaD 1 0.62
SdD 1

Notes: *P < 0.05 and **P < 0.001; A - fragment size; S - richness; H" - Shannon diversity; E - evenness; DI - disturbance index; BA - basal
area; StD - stem density (ha'); NCS - number of cut stumps; SaD - Sapling density(ha); SeD - Seedling density (ha™).
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Table 3. Jaccard coefficient of similarity of woody species among forest fragments in the southwestern Ethiopia.

VL, VL, | VL L L, L, M, M, M, S, S, S,
VL, 1 069 | 061 | 063 | 064 | 047 | 062 | 036 | 049 | 041 | 047 | 030
VL, 1 0.64 | 064 | 065 | 049 | 050 | 042 | 055 | 043 | 064 | 036
VL, 1 058 | 067 | 055 | 063 | 048 | 056 | 060 | 053 | 037
L 1 040 | 077 | 0547 | 0.66 | 047 | 059 | 053 | 058
L 1 059 | 056 | 062 | 061 | 058 | 045 | 041
L, 1 061 | 057 | 058 | 043 | 059 | 0.55
M, 1 044 | 056 | 052 | 057 | 038
M, 1 056 | 052 | 045 | 052
M, 1 0.62 | 063 | 043
S, 1 057 | 051
S, 1 0.48
S, 1

Notes: VL - very large; L - large; M - medium; S - small-sized forest fragment, with the number in subscript indicating the level of replication.

represented five species, while small FFS saw Euphorbiaceae (six
species), Asteraceae (five species), and Fabaceae (five species)
leading. Overall, Euphorbiaceae and Rubiaceae were consistently
dominant across all sizes, with larger forests supporting greater
diversity and smaller forests having fewer families and species.

The analysis indicated that very large FFSs exhibit signifi-
cantly higher mean species richness (31.55), Shannon diversity
index (2.96), and Pielou’s evenness index (0.86) than other FFSs.
These metrics indicate that larger forests can sustain a more di-
verse array of species and maintain a balanced representation
within the ecosystem. Additionally, large forest fragments exhib-
ited an average species richness of 26.44, the Shannon diversity
index of 2.68, and Pielou’s evenness index of 0.81 (Table 1). Al-
though these values are relatively high, they indicate a decrease
in both richness and species diversity when compared to very
large fragments. Medium-sized fragments displayed even greater
declines, reflecting a mean species richness of 24.57, the Shan-
non index of 2.48, and a Pielou’s evenness score of 0.78. Small
forest fragments recorded the lowest metrics, with a species rich-
ness of 22.28 and the Shannon diversity index of 2.22.

However, no significant mean differences were observed
between large- and medium-sized FFSs regarding the analyzed
indices. The findings provide important insights into the con-
nection between forest size and biodiversity metrics. A clear
trend was observed, indicating that as forest size diminishes, the
corresponding biodiversity parameters also decline. The correla-
tion coefficient (Ratner, 2009) showed that there exists a strongly
significant relationship between species diversity and fragment
size (r = 0.73, p < 0.01) (Table 2). These results underscore the
crucial importance of larger forest areas in fostering plant diver-
sity. The findings indicate that the forest fragments in the study
area are subjected to varying levels of disturbance due to illegal
logging, with the mean disturbance index (DI) for small FESs
being significantly higher than that of the other FFSs (Table 1).

The differences in diversity among the FFSs may be influ-
enced by factors such as land-use history, human disturbances,
and proximity to settlements (Echeverria et al., 2007; Pao, Upad-
haya, 2017). Research has shown that smaller fragments tend to
exhibit lower species richness and diversity compared to larger
fragments (Muluneh et al., 2021; Aguirre-Jaimes et al., 2021; As-
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sefa, Gobezie, 2022; Hending et al., 2023). Hending et al. (2023)
found that habitat degradation resulting from forest fragmenta-
tion and edge effects exacerbates the decline in species diversity
as the size of the forest decreases.

Our findings revealed a strong, significant negative corre-
lation between the disturbance index and the species diversity
index (H') (r = -0.83, p < 0.01). According to Muluneh et al.
(2021), forest fragments were categorized based on disturbance
levels into three groups: low (7-13% DI), medium (17-23% DI),
and high (29-33% DI). In this framework, smaller forest frag-
ments were identified as highly disturbed, whereas very large
fragments were classified as having low disturbance. Further-
more, studies by Bentsi-Enchill et al. (2022) and Kassahun et
al. (2024) reported a decline in species richness and diversity in
heavily disturbed forest regions.

The similarity in woody species composition among FFSs
varies, ranging from 30% between VL1 and S3 to 77% between
L2 and L3 (Table 3). The average similarities for very large, large,
medium, and small FFSs are 65.41, 59.79, 52 and 52.11%, respec-
tively, indicating a trend where similarity diminishes with a de-
creasing fragment size. Very large FFSs exhibited average simi-
larities of 58.76% with large FFSs, 51.1% with medium FESs, and
45.63% with small FFSs. Notably, the similarity between large
and medium FFSs was 58%, while it decreased to 53.5% between
large and small FFSs, highlighting a diminishing pattern.

Despite evidence showing that geographical proximity and
environmental similarities positively influence species similarity
(Durigan et al., 2008; Pao, Upadhaya, 2017), our findings reveal
reduced similarity between large and small forest fragments.
This decrease is likely due to edge effects and increased human
disturbances associated with smaller fragments. Hending et al.
(2023) revealed that forest fragmentation and edge effects lead
to fewer tree species, especially in smaller fragments. Ashworth
and Marti (2011) noted that fragmentation adversely affects ger-
mination and plant population viability, causing differences in
species composition between fragment sizes. Pao and Upadhaya
(2017) also discussed the combined negative influences of frag-
mentation and disturbance. As habitat quality declines, smaller
fragments lose shade-loving species and become dominated by
opportunistic species, further decreasing similarity to larger
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Table 4. Structural parameter of woody species in the study forest fragments.

FFSs Structural parameters (Mean+Stand. Dev.)

Basal area (m*/ha) Stem density ha! Sapling ha™! Seedling ha™!
Very Large 60.66°+52.03 985.16°+451.83 4,564.67°+935.27 8,977.03*+682.81
Large 43.53°+41.63 748.94>+275.59 3,409.67°£664.47 7,710.76*£409.63
Medium 44.17°4£29.42 789.13°£334.04 4,024.0°£857.62 6,609.66°+599.92
Small 27.68+14.04 613.16+200.93 2,819.0°+669.545 5,460.42°+785.56
Total 45.69+44.27 797.73+£352.24 3,704.33+466.60 7,189.46+343.10

Note: Means with different superscript letters in a column are significantly different at p <0.05.

fragments. Previous studies reported similarity indices from 52
to 77% (Pao, Upadhaya, 2017) and from 40 to 77.2% (Muluneh et
al,, 2021) across differently sized forest fragments.

Density and basal area

The mean stem density varied by FFS with low density (613.2
individuals/ha) in small FFSs to higher density (985 individu-
als/ha) in very large FFSs (Table 4). The mean stem density of
very large FFSs was significantly higher than that of other FFSs.
However, no significant differences were found among large,
medium, and small FFSs. The dominant species in terms of
density across all FFSs were Macaranga capensis and Syzygium
guineense. The next most predominant species in both very
large and large forest fragments were Psychotria nervosa and
Ilex mitis, while Ilex mitis and Cyathea manniana ranked as the
next most dominant species in medium and small fragments,
respectively. The dominance of species such as Macaranga cap-
ensis and Syzygium guineense across different forest sizes may
be attributed to their adaptability to varying environmental
conditions and disturbances, allowing them to thrive in frag-
mented habitats.

The mean basal area density exhibited an increasing trend
with the size of the forest fragments, ranging from 27.68 m*/ha
in small FFSs to 60.66 m?/ha in very large FFSs, with an overall
mean of 45.69 m*/ha. The difference was significantly greater
between very large FFSs and small FFSs. Correlation results
also support this finding, showing a moderate positive correla-
tion between basal area and forest fragment size (r = 0.47, p =
0.12). This trend can be attributed to the higher number of indi-
vidual trees in the larger forest fragments, which contributed to
the increased basal area. The findings of Muluneh et al. (2021)
and Majumdar and Datta (2016) align with this study, indicat-
ing that larger FFSs support a higher stem density per hectare
due to their ability to accommodate more individuals.

Furthermore, a moderately significant negative correla-
tion was observed between basal area density and the number
of cut stumps (r = -0.59, p < 0.05), along with a moderately
negative relationship with the disturbance index (r = -0.54, p =
0.07). These findings indicate that the increase in disturbances
within smaller FFSs, caused by the excessive harvesting of trees
with larger diameters, has led to a decline in basal area den-
sity. This observation is consistent with the reports by Atkinson
and Marin-Spotta (2015) and Pao and Upadhaya (2017), who
noted that forest fragments experiencing the highest levels of
disturbance often have lower basal areas. Furthermore, Pao and

Upadhaya (2017) and Kassahun et al. (2024) corroborated this
trend, highlighting that increased logging intensity and distur-
bances lead to decreases in basal area. The reduction in basal
area within smaller fragments exhibiting a higher disturbance
index suggests alterations in stand structure, indicative of an
earlier successional stage within the small FFSs (Echeverria et
al., 2007).

Small forest fragments usually receive little protection from
government and community initiatives and apparently exposed
to severe disturbances. The impact of disturbances also varies
among species due to differences in local community prefer-
ences for construction, timber, and fuelwood. The distribution
of tree species in terms of basal area density was shaped by local
community needs, driven by the high demand for timber and
construction materials. Research by Gebrehiwot and Hundera
(2014) highlighted how the demand for specific species with
larger diameters in the moist evergreen Afromontane forest in-
fluenced this distribution. Notably, as forest areas shrink, the
growth and survival of these species are further threatened by
increased edge effects, habitat fragmentation, and competitive
dynamics.

Regeneration status

The regeneration profile of a woody species is reflected by the
balance of seedlings, saplings, and matures. Effective recruit-
ment and a balanced presence of these stages indicate suc-
cessful and healthy forest ecosystem regeneration (Temesgen,
Warkineh, 2020).

The mean sapling density of the study forest fragments rang-
es from 2,819 to 4,564.67 per ha, while the mean seedling density
varies from 5,460.42 to 8,977 per ha. Sapling density is highest
in large forest fragments, while seedling density decreases with
the fragment size (Table 4). The study also showed a weak-to-
moderate positive relationship between sapling density and frag-
ment size and a weak-to-moderate negative relationship between
seedling density and disturbance index (Table 2).

High sapling and seedling densities in very large forest frag-
ments are due to better growth conditions and low disturbance,
while smaller FFSs suffer from issues like uncontrolled grazing.
This finding is in line with the finding reported by Assefa and
Gobezie (2022), while Muluneh et al. (2021) reported the high-
est densities of seedlings and saplings density in small FFSs.
But both studies found non-significant differences in sapling
and seedling densities across FFSs. The regeneration condi-
tion of tree species in all FFSs is good, with seedling density
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Table 5. Regeneration status of tree species in the studied FFSs in southwest Ethiopia.

Regeneration status Regeneration potential of FFSs (%)

Very large Large Medium Small
Good regeneration 58.18 30.77 48.84 28.21
Fair regeneration 12.73 30.77 18.6 17.95
Poor regeneration 1.82 5.77 2.33 0
No regeneration 0 3.85 2.33 2.56
Newly recruit 27.27 28.85 2791 51.28
Total 100 100 100 100

greater than saplings and adults (Table 4). Most species are
well-recruited or have new regeneration (Table 5). The high-
est percentage of species with good regeneration (58.18%) was
in very large FFSs, followed by medium-sized FFSs (48.84%).
Small FFSs had the lowest percentage (28.21%), while large
FFSs showed intermediate potential (30.77%).

In small FESs, newly recruited tree species as seedlings
and saplings accounted for 51.28%, while only 28.85% in large
FFSs, 27.91% in medium FFSs, and 27.27% in very large FFSs.
This high recruitment in small FFSs may indicate viable soil
seed banks, suggesting a potential shift in species composition
(Pradhan et al., 2018).

The differences in regeneration status among FSC classes
may be attributed to variations in environmental conditions
and levels of human disturbance within each FSC. Human dis-
turbances play a significant role in determining the success of
regeneration (Cotler, Ortega-Larrocea, 2006). Similarly, Agra-
mont et al. (2012) found that logging and grazing negatively
impact the recruitment of key tree species. Gebeyehu et al.
(2019) and Kassahun et al. (2024) also reported the adverse ef-
fects of overgrazing on seedlings and saplings.

Larger forest fragments offer benefits over smaller areas, in-
cluding diverse habitats, more resources (Schoener, 2010; Prad-
han et al., 2018), reduced susceptibility to human disturbances
(Cayuela et al., 2006; Tripathi, Reynald, 2010), and greater ge-
netic diversity, which enhances resilience and adaptability to
disturbances. This contributes to better forest conditions and
higher seedling and sapling growth compared to small FFSs.
Conversely, the increased vulnerability of small FFSs to distur-
bances and higher edge effects may lead to greater exposure
to invasion by new species, particularly invasive ones, which
could hinder regeneration. Furthermore, increased overexploi-
tation could result in a reduction or absence of adult trees in
small FFSs. As noted by Pradhan et al. (2018), high levels of
new recruitment in small FFSs indicate that these forests are
secondary and undergoing regeneration.

Species such as Trilepisium madagascariense, Polyscias fulva,
and Sapium ellipticum show no regeneration in small, medium,
and large FFSs, respectively. In very large FFSs, Hagenia abys-
sinica has poor regeneration, while Vepris dainellii, Ekebergia
capensis, and Euphorbia candelabrum show poor regeneration
in large FFSs. These species may face future risks within their
respective FFSs (Malik, Bhat, 2016; Pradhan et al., 2018). The
lack of regeneration may be due to low or uncertain seed sup-
ply, insufficient favorable micro-sites, and factors hindering
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early seedling growth and survival in different FFSs (Clark et
al., 1999).

Conclusion

This study has provided crucial insights into the conservation
potential of forest fragments in southwest Ethiopia, a region crit-
ical in maintaining global biodiversity. Our findings suggest that
both fragment size and disturbance level can significantly impact
the species richness, diversity, evenness, and structural attrib-
utes of forest fragments. Specifically, the study found that larger
fragment sizes contribute positively to species diversity, while
disturbances negatively affect forest structure and species rich-
ness. Notably, very large forest fragments exhibited higher regen-
eration rates, reinforcing their importance in fostering healthy
regeneration. Conversely, small forest fragments displayed sig-
nificant recruitment of new woody species, indicating the estab-
lishment of secondary succession communities following forest
fragmentation. Moreover, our results indicate that larger forests
harbor more rare species, highlighting their crucial role in con-
serving biodiversity. The detrimental effects of increased frag-
mentation and disturbance on species richness, diversity, and
forest structure further underscore the urgency of implementing
a comprehensive conservation strategy. To safeguard these vital
ecosystems, we recommend an expedited conservation plan to
protect the remaining forests in southwest Ethiopia, ensuring
their continued contribution to global biodiversity and ecosys-
tem services while mitigating the impacts of climate change.
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Appendix 1. List of woody species in study forest fragments.

. . Life form Status in FFSs

Species Family VL M

Acanthus polystachyus Delile Acanthaceae S + + + -
Albizia gummifera (J.EGmil.) GA.Sm. Fabaceae T + + - +
Albizia schimperiana Oliv Fabaceae T + + + +
Allophylus abyssinica (Hochst) Sapindaceae T + - + +
Apodytes dimidata E.Mey. ex Arn. Icacinaceae T + + + +
Asparagus africana Lam Asparagaceae L + + + +
Baphia abyssinica Brummitt Fabaceae T + + + +
Bersama abyssinica Fresen Melianthaceae T + + + -
Bothrocline schmperi olive & Hiern Asteraceae T + + - +
Bridelia micrantha Hochst.Baill. Phyllanthaceae T - + + +
Brucea antidysenterica ].EMill. Simaroubaceae T + + + -
Cassipourea malosana (Baker) Alston Rhizophoraceae T + - - -
Clausena anisata (Willd.) Hook. E. ex Benth Rutaceae T + + + +
Clematis longicaudata Steud ex A. Rich. Ranunculaceae L + - - +
Coffea arabica L. Rubiaceae S + + + -
Combretum panciculatum Vent. Combretaceae L + - - -
Cordia african Lam Boraginaceae T + + - +
Croton macrostachyus Del. Euphorbiaceae T + + + +
Cyathea manniana Hook Cyatheaceae T + + + +
Deinbollia kilimandscharica Taub Sapindaceae T + + - -
Dombeya torrida (].F. Gmel.) Bamps Malvaceae T + + - -
Draceana fragrans (L.) Ker Gawl Asparagaceae T - + - -
Draceana stedudneri Engl. Asparagaceae T + + - +
Ehretia cymosa Thonn Boraginaceae T + + + +
Ekebergia capensis Sparm Meliaceae T + + + +
Elaeodendron buchananii (Loes.) Loes. Celastraceae T - + + -
Embelia schimperi Vatke Myrsinaceae S + + + +
Erythrina brucei Schweinf Fabaceae T + + + +
Erythrococca abyssinica Pax Euphorbiaceae S + + - +
Erythrococca trichogyne (Muell Arg.) Prain Euphorbiaceae S + + - +
Euphorbia abyssinica Gmel. Euphorbiaceae S + + - +
Ficus plamata forssk. Euphorbiaceae T + + + +
Ficus vasta Vahl Moraceae T + + + +
Galiniera saxifraga (Hochst.) Bridson Rubiaceae T + + + +
| Hagenia abyssinica (Willd.) Rosaceae T + - - -
Hippocratea goetzei Loes Celastraceae L + + + +
Hipporatea african (Willd.) Loes. ex Engl. Celastraceae L + + - -
Ilex mitis (L.) Radlk Aquifoliaceae. T + + + +
Juniperus procera Hocht. ex. Endl. Cupressaceae T - + - -
Justicia schimperiana T.Anderson Acanthaceae S - + + -
Landolphia buchananii (Hallier f.) Stapf Apocynaceae L + + + -
Lepidotrichilia volkensii (Giirke) ].-ELeroy Meliaceae T + + - -
Macaranga capensis (Baill) Sim Euphorbiaceae T + + + +
Maesa lanceolata Forssk. Myrsinaceae T + + + +
Manilkara butugi Chiov Sapotaceae T + + + +
Maytenus graulipes (Welw. ex Olive.) Celastraceae T + + + +
Millettia ferruginea (Hochst.) Hochst. ex Baker Fabaceae T + + + +
Olea capensis subsp Oleaceae T + + + +
Oncinotis tenuiloba Stapf. Apocynaceae L + - + -
Pavetta abyssinica Fresen. Rubiaceae T + + - -
Premna schimperi Engl. Rubiaceae T + + + -
Pavonia urens Cav. Malvaceae S + - - -
Phoenx reclinata Jacq. Arecaceae T + + + +
Phyllanthus reticulatus Poir. Euphorbiaceae S + - - -
Phytolacca dodecandra LHerit. Phytolaccaceae L + + - -
Pittosporum virdiflorum Sims Pittosporaceae T + + + +
Polyscias fulva (Hiern.) Harm Araliaceae T + + + +
Pouteria adolfi-friederici (Engl.) Bachni Sapotaceae T + - + +
Prunus africana (Hook. E) kalkm Rosaceae T + + + +
Psychotria nervosa Swartz Rubiaceae S + + + +
Rhamnus prinoides UHerit Rhamnaceae S + + + +
Ricinus communis L. Euphorbiaceae S + - + -
Rytigyna neglecta (Hiern) Robyns Rubiaceae T + + + +
Sapium ellipticum (Hochst.) Pax Euphorbiaceae T - + + -
Schefflera abyssinica (Hochst. ex A.Rich.) Harms Araliaceae T + + + +
Sida urens L Malvaceae S + - - -
Solanecio gigas (Vatke) C. Jeffrey Asteraceae S - + + +
Solanecio mannii (Hook f.) Jeffery Asteraceae S + + + +
Solanum anguivai Lam. Solanaceae S + - - +
Solanum gigantum Jacq. Solanaceae T + - + -
Spatoda nilotica PBeauv. Bignoniaceae T + - - -
Syzygium guineense (Willd.) DC. Myrtaceae T + + + +
Tacazzea conferta N.E.Br. Apocynaceae L + + - +
Tiliacora troupinii Curod. Menispermacee L + - + +
Trichilia dregeana Sond Meliaceae T + + + +
Trichilia emeitica Vahl Meliaceae T + - + -
Trilepisium madagascarinace DC. Moraceae T + - - +
Triumfetta semitriloba Jacq. Malvaceae S + + + +
Triumfetta srhomboidea Jacq Malvaceae S + - + -
Urera hypselodendron (A. Rich.) Wedd. Urticaceae L + + + -
Vepris dainellii (Pichi-serm) Kokwara Rutaceae T + + + -
Vernonia amygdalina Del. in Caill. Asteraceae S + + + +
Vernonia auriculifera Hiern Asteraceae S + + + +

(+) represent presence and (-) absence. For FFES: VL for Very Large, L for Large, M for Medium, and S for Small. For life form: T for tree, S

for shrubs and L for lianas.
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