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Species richness and diversity are key indicators of ecosystem resilience and sustainability. However, 
identifying vulnerable and rare tree species in a particular environment can e�ectively guide its 
sustainable management and restoration plans. Therefore, this study explored the conservation 
trends of tree species in Okalma Natural Reserved Forest based on their importance value index and 
regeneration status. The study used a systematic sampling design, by which the Okalma forest was 
divided into 11 transects and each transect was further subdivided into sample plots. The seedlings, 
saplings, and mature trees were identi�ed and measured in 84 sample plots of 1000 m2, which were 
systematically distributed across the study area. Based on the species regeneration pattern and 
importance value index, the study classi�ed the tree species of Okalma forest into rare, vulnerable, 
in-between, subdominant, and dominant species. The mean density of dominant tree seedlings was 
six times equal to vulnerable ones with signi�cant di�erences (F4, 83 = 144.7 and P  <0.01). While 10% 
of the identi�ed tree species displayed a good regeneration pattern, 55% and 20% showed none and 
poor regeneration, respectively. However, the conservation trends show that 60% of Okalma tree 
species were rare, with no regeneration and limited relative frequency. These results highlighted the 
signs of biodiversity decline due to anthropogenic pressure and high consumption rates, which calls 
for conservation measures and restoration plans. The study recommends the introduction of 
community forests outside the reserve and intensive extension programs.
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�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.
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�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Figure 1. The study area map showing the sample plots sites and the boundary of Okalma 
Natural Forest Reserve.

Figure 2. The average minimum and maximum temperature degrees 
and total rainfall per month for Okalma Natural Forest Reserve (2023), 
calculated utilizing the meteorological data requested from SMA 
(Sudan Meteorological Authority).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.

Acknowledgement
�e author is thankful to the University of Gezira and the sta� 
of Forests National Corporation in Sinnar State for the study 
leave and study permit, respectively.

Data Availability Statement
�e data will be available on request. 

Funding
�is research received no external fund.

References
1. Mohammed EM, Elhag AM, Ndakidemi PA, Treydte AC. 

Anthropogenic pressure on tree species diversity, composition, and 
growth of Balanites aegyptiaca in Dinder Biosphere Reserve, Sudan. 
Plants. 2021;10(3):483. https://doi.org/10.3390/plants10030483 

2. Idrissa B, Soumana I, Issiaka Y, Karimou A, Mahamane A, 
Mahamane S, et al. Trend and structure of populations of Balanites 
aegyptiaca in parkland agroforestsin western niger. Annu Res Rev 
Biol. 2018;22:1-12. http://dx.doi.org/10.9734/ARRB/2018/38650 

3. Hernández AS, González MF, Martínez VA, Posadas MD, Aldrete A, 
Díaz CE. Structure, richness and diversity of tree species in a tropical 
deciduous forest of Morelos. Rev Mex Ciencias For. 2018;9(46):131-156.   

4. Mustapha Y, Adamu S, Inuwa A. Importance value index (IVI) of 
tree species and diversity of Baturiya Hadejia Wetland National Park, 
Jigawa State, Nigeria. Int J Trend Sci Res Dev. 2022;6(2):876-883. 

5. Mohammed EMI, Hamid EAM, Ndakidemi PA, Treydte AC. �e 
stocking density and regeneration status of Balanites aegyptiaca in 
Dinder Biosphere Reserve, Sudan. Trees For People. 2022;8:100259. 
https://doi.org/10.1016/j.tfp.2022.100259 

6. Asprilla-Perea J, Díaz-Puente JM, Martín-Fernández S. Estimating 
the potential of wild foods for nutrition and food security planning 
in tropical areas: Experimentation with a method in Northwestern 
Colombia. Ambio. 2022;51:955-971.                         . 
https://doi.org/10.1007/s13280-021-01624-9 

7. Tsegu E. �e role of Faidherbia albida tree species in parkland 
agroforestry and its management in Ethiopia. J Hortic For. 
2019;11(3):42-47. https://doi.org/10.5897/jhf2018.0570 

8. Portela AP, Gonçalves JF, Durance I, Vieira C, Honrado J. Riparian 
forest response to extreme drought is in�uenced by climatic context 

and canopy structure. Sci Total Environ. 2023;884:163418. 
https://doi.org/10.1016/j.scitotenv.2023.163418 

9. Zhang P, Cui Z, Liu X, Xu D. Above‐ground biomass and nutrient 
accumulation in ten eucalyptus clones in leizhou peninsula, Southern 
China. Forests. 2022;13(4):530. https://doi.org/10.3390/f13040530 

10. Ibrahim E, Paity B, Hassan T, Idris E, Yousif T. E�ect of tree species, 
tree variables and topography on CO2 concentration in Badous 
riverine forest reserve – Blue Nile, Sudan. Univ Kordofan J Nat 
Resour Environ Stud. 2018;5(1):1-12.  

11. Singh S, Malik ZA, Sharma CM. Tree species richness, diversity, and 
regeneration status in di�erent oak (Quercus spp.) dominated 
forests of Garhwal Himalaya, India. J Asia-Paci�c Biodivers. 
2016;9(3):293-300. https://doi.org/10.1016/j.japb.2016.06.002  

12. Sahoo UK, Musa FI. Role of sustainable forest management in poverty 
reduction and livelihood improvement in Sudan: A review. Int J Ecol 
Environ Sci. 2023;49:449-456. https://doi.org/10.55863/ijees.2023.3036 

13. Aleza K, Villamor GB, Nyarko BK, Wala K, Akpagana K. Shea 
(Vitellaria paradoxa Gaertn C. F.) fruit yield assessment and 
management by farm households in the Atacora district of Benin. PLoS 
One. 2018;13(1):e0190234. https://doi.org/10.1371/journal.pone.0190234 

14. Ullah W, Ahmad K, Ullah S, Tahir AA, Javed MF, Nazir A, et al. Analysis 
of the relationship among land surface temperature (LST), land use land 
cover (LULC), and normalized di�erence vegetation index (NDVI) 
with topographic elements in the lower Himalayan region. Heliyon. 
2023;9(2):e13322. https://doi.org/10.1016/j.heliyon.2023.e13322 

15. Alqethami A, Aldhebiani AY, Teixidor-Toneu I. Medicinal plants used 
in Jeddah, Saudi Arabia: A gender perspective. J Ethnopharmacol. 
2020;257:112899. https://doi.org/10.1016/j.jep.2020.112899 

16. Asigbaase M, Sjogersten S, Lomax HB, Dawoe E. Tree diversity and 
its ecological importance value in organic and conventional cocoa 
agroforests in Ghana. PLoS One. 2019;14(1):e0210557. 
https://doi.org/10.1371/journal.pone.0210557 

17. Ghimire M, Khanal A, Bhatt D, Dahal DD, Giri S. Agroforestry 
systems in Nepal: Enhancing food security and rural livelihoods – a 
comprehensive review. Food Energy Secur. 2024;13(1):e507. 
https://doi.org/10.1002/fes3.507 

18. Egbe AM, Tabot PT, Ambo FB. Tree species composition and diversity 
in the riparian forest of Lake Barombi Kotto, Cameroon. Am J Plant 
Sci. 2021;12(1):127-145. https://doi.org/10.4236/ajps.2021.121008 

19. Franceschinis C, Swait J, Vij A, �iene M. Determinants of 
Recreational Activities Choice in Protected Areas. Sustainability. 
2022;14(11):6608. https://doi.org/10.3390/su14116608 

20. Natarajan L, Usha T, Gowrappan M, Palpanabhan Kasthuri B, 
Moorthy P, Chokkalingam L. Flood Susceptibility Analysis in Chennai 
Corporation Using Frequency Ratio Model. J Indian Soc Remote Sens. 
2021;49:1533-1543. https://doi.org/10.1007/s12524-021-01331-8 

21. Pielech R. Plant species richness in riparian forests: Comparison to 
other forest ecosystems, longitudinal patterns, role of rare species 
and topographic factors. For Ecol Manage. 2021;496:119400. 
https://doi.org/10.1016/j.foreco.2021.119400 

22. Hassan TT, Mohammed EMI, Magid TDA. Exploring the current 
status of forest stock in the areas bordering Dinder Biosphere 
Reserve, Sudan. J For Nat Resour. 2022;1(1):11-25. 

23. Ali OB, Ibrahim EM, Abdelmagid TD. Detection of tree species 
dynamic changes on Savannah ecology through diameter at breast 
height, Case study Heglieg area, Sudan. J Nat Resour Environ Stud. 
2015;3(1):24-30. 

24. Mohammed EM, Mohammed EMI, Gerbeel BAA. Intensive 
harvesting menaces trees producing fodder, edible fruit, and gum in 
Abu Gadaf natural reserved forest, Sudan. J Ecol Conserv. 
2023;1(1):32-34. http://dx.doi.org/10.61577/jec.2023.100002 

25. Yasin EH, Mulyana B. Spatial distribution of tree species 
composition and carbon stock in Tozi tropical dry forest, Sinnar 
State, Sudan. Biodiversitas. 2022;23(5):2359-2368.           .  
https://doi.org/10.13057/biodiv/d230513 

26. Musa FI, Sahoo UK, Eltahir MES, Abdel Magid TD, Adlan OE, 

Abdelrhman HA, et al. Contribution of non-wood forest products 
for household income in rural area of Sudan – A review. J Agric Food 
Res. 2023;14:100801. https://doi.org/10.1016/j.jafr.2023.100801 

27. Fahmi MKM, Dafa-Alla DAM, Kanninen M, Luukkanen O. Impact 
of agroforestry parklands on crop yield and income generation: case 
study of rainfed farming in the semi-arid zone of Sudan. Agrofor 
Syst. 2018;92:785-800. https://doi.org/10.1007/s10457-016-0048-3 

28. Khamis G, Saleh AM, Habeeb TH, Hozzein WN, Wadaan MAM, 
Papenbrock J, et al. Provenance e�ect on bioactive phytochemicals 
and nutritional and health bene�ts of the desert date Balanites 
aegyptiaca. J Food Biochem. 2020;44(11):e13447.           .  
https://doi.org/10.1111/j�c.13447  

29. Gebeyehu G, Soromessa T, Bekele T, Teketay D. Species 
composition, stand structure, and regeneration status of tree species 
in dry Afromontane forests of Awi Zone, northwestern Ethiopia. 
Ecosyst Health Sustain. 2019;5(1):199-215. 
https://doi.org/10.1080/20964129.2019.1664938 

30. Hanief M, Bidalia A, Meena A, Rao KS. Natural regeneration 
dynamics of dominant tree species along an altitudinal gradient in 
three di�erent forest covers of Darhal watershed in northwestern 
Himalaya (Kashmir), India. Trop Plant Res. 2016;3(2):253-262. 

31. Gurashi NA, Mohammed EMI, Mohammed EMI. Modeling carbon 
stock-dendrometric parameters relationship and tree species 
diversity in Abu-Gadaf Natural Forest Reserve, Sudan. J Agric For 
Res. 2023;2(6):1-10.

32. Ghanbari S, Se�di K, Kern CC, Álvarez-Álvarez P. Population 
structure and regeneration status of woody plants in relation to the 
human Interventions, Arasbaran Biosphere Reserve, Iran. Forests. 
2021;12(2):191. https://doi.org/10.3390/f12020191  

33. Endale Y, Derero A, Argaw M, Muthuri C. Farmland tree species 
diversity and spatial distribution pattern in semi-arid East Shewa, 
Ethiopia. For Trees Livelihoods. 2017;26(3):199-214. 
https://doi.org/10.1080/14728028.2016.1266971 

34. Derroire G, Tigabu M, Odén PC, Healey JR. �e E�ects of 
Established Trees on Woody Regeneration during Secondary 
Succession in Tropical Dry Forests. Biotropica. 2016;48(3):290-300. 
https://doi.org/10.1111/btp.12287 

35. Fakhry AM, Khazzan MM, Aljedaani GS. Impact of disturbance on 
species diversity and composition of Cyperus conglomeratus plant 
community in southern Jeddah, Saudi. J King Saud Univ Sci. 
2020;32(1):600-605. https://doi.org/10.1016/j.jksus.2018.09.003 

36. Liu J, Bai X, Yin Y, Wang W, Li Z, Ma P. Spatial patterns and 
associations of tree species at di�erent developmental stages in a 
montane secondary temperate forest of northeastern China. PeerJ. 
2021;9:e11517. https://doi.org/10.7717/peerj.11517  

37. Zonta EI, Vargas GK de, Jarenkow JA. Intraspeci�c trait variability 
of a typical tree species of riverine forests in southern Brazil. Flora. 
2021;279:151806. https://doi.org/10.1016/j.�ora.2021.151806 

38. Mohammed EM, Hamed AM, Ndakidemi PA, Treydte AC. Illegal 
harvesting threatens fruit production and seedling recruitment of 
Balanites aegyptiaca in Dinder Biosphere Reserve, Sudan. Glob Ecol 
Conserv. 2021;29:e01732. https://doi.org/10.1016/j.gecco.2021.e01732 

39. Assogbadjo AE, Kakaï RLG, Sinsin B, Pelz D. Structure of Anogeissus 
leiocarpa Guill., Perr. natural stands in relation to anthropogenic 
pressure within Wari-Maro Forest Reserve in Benin. Afr J Ecol. 
2010;48(3):644-653. https://doi.org/10.1111/j.1365-2028.2009.01160.x 

40. Delvaux C, Sinsin B, Van Damme P. Impact of season, stem 
diameter and intensity of debarking on survival and bark re-growth 
pattern of medicinal tree species, Benin, West Africa. Biol Conserv. 
2010;143(11):2664-2671. https://doi.org/10.1016/j.biocon.2010.07.009 

41. Bondé L, Ouédraogo O, Ouédraogo I, �iombiano A, Boussim JI. 
Variability and estimating in fruiting of shea tree (Vitellaria paradoxa 
C.F. Gaertn) associated to climatic conditions in West Africa: 
implications for sustainable management and development. Plant 

Prod Sci. 2019;22(2):143-158. https://doi.org/10.1080/1343943X.2018.1541712 
42. Neya T, Neya O, Abunyewa AA. Agroforestry parkland pro�les in 

three climatic zones of Burkina Faso. Int J Biol Chem Sci. 
2019;12(5):2119-2131. https://doi.org/10.4314/ijbcs.v12i5.14 

43. Beche D, Gebeyehu G, Feyisa K. Indigenous utilization and 
management of useful plants in and around Awash National Park, 
Ethiopia. J Plant Biol Soil Health. 2016;3(1):1-12. 

44. Abdou L, Morou B, Abasse T, Mahamane A. Analysis of the 
structure and diversity of Prosopis africana (G. et Perr.) Taub. Tree 
stands in the Southeastern Niger. J Plant Stud. 2016;5(1):58-68. 
http://dx.doi.org/10.5539/jps.v5n1p58   

45. Ilu KJ, Salami KD, Mohammed KY, Jahun BM, Aujara YI. In�uence 
of tapping dates on the yield of Acacia Senegal (L) Wild at two 
di�erent locations in Jigawa State, Nigeria. Fudma J Sci. 
2020;4(1):246-249. 

46. Degrande A, Schreckenberg K, Mbosso C, Anegbeh P, Okafor V, 
Kanmegne J. Farmers' fruit tree-growing strategies in the humid 
forest zone of Cameroon and Nigeria. Agrofor Syst. 2006;67: 
159-175. https://doi.org/10.1007/s10457-005-2649-0  

47. Ahmed A, Rotich B, Czimber K. Assessment of the environmental 
impacts of con�ict-driven Internally Displaced Persons: A 
sentinel-2 satellite based analysis of land use/cover changes in the 
Kas locality, Darfur, Sudan. PLoS One. 2024;19(5):e0298930. 
https://doi.org/10.1371/journal.pone.0304034 

48. Gurashi NA, Mohammed EMI, Fadlelmola SA, Mohammed EMI, 
Musa FI. Aboveground biomass, carbon stock, and stand 
characteristics of three selected riverine reserved forests in Sinnar 
State, Sudan. J Agric For Res. 2024;3(1):13-21.

49. Mohammed EM, Harouna DV, Osman EH, Mohammed EMI, 
Fadlelmola SAA. Causes and consequences of mother tree 
population decline in Fazara Natural Forest Reserve, Sudan. J 
Biodivers Environ Sci. 2023;23:189-209. 

50. Adam IAA, Adam YO, Olumeh DE, Mithöfer D. Livelihood 
strategies, baobab income and income inequality: Evidence from 
Kordofan and Blue Nile, Sudan. For Policy Econ. 2024;158:103116. 
https://doi.org/10.1016/j.forpol.2023.103116 

51. Eltahir MES, Eltahir SI, Zaid MB, Elamin HMA, Hamad ZM, 
Abdelkareem OEA, et al. Assessing the performance of a new gum 
Arabic harvesting tool through the insight of gum producers in the 
gum belt of Sudan. For Sci Technol. 2024;20(4):326-336. 
https://doi.org/10.1080/21580103.2024.2397521 

52. Kingazi N, Petro R, Mbwambo JR, Munishi LK. Performance of 
Pinus patula in areas invaded by Acacia mearnsii in Sao Hill forest 
plantation, Southern Tanzania. J Sustain For. 2020;40(5):518-527. 
https://doi.org/10.1080/10549811.2020.1788952 

53. Rajpar MN, Rajpar AH, Zakaria M. Riverine forest as a signi�cant 
habitat to harbor a wide range of bird species. Braz J Biol. 
2024;84:e256160. https://doi.org/10.1590/1519-6984.256160 

54. Mohammed EMI, Hassan TT, Idris EA, Abdel-Magid TD. Tree 
population structure, diversity, regeneration status, and potential 
disturbances in Abu Gadaf natural reserved forest, Sudan. Environ 
Challenges. 2021;5:100366. https://doi.org/10.1016/j.envc.2021.100366 

55. Maua JO, Tsingalia HM, Cheboiwo J, Odee D. Population structure 
and regeneration status of woody species in a remnant tropical 
forest: A case study of South Nandi forest, Kenya. Glob Ecol 
Conserv. 2020;21:e00820. https://doi.org/10.1016/j.gecco.2019.e00820 

56. Weldemariam CE, Jakisa SE, Ahebwe AD. Implication of forest 
zonation on tree species composition, diversity and structure in 
Mabira Forest, Uganda. Environ Earth Ecol. 2017;1(1):112-122. 
http://dx.doi.org/10.24051/eee/69224 

57. Kacholi DS. Analysis of structure and diversity of the Kilengwe 
Forest in the Morogoro region, Tanzania. Int J Biodivers. 
2014;2014(1):516840. https://doi.org/10.1155/2014/516840 

J. Ecol. Conserv., 2025, 2, 1-7 © Reseapro Journals 2025
https://doi.org/10.61577/jec.2025.100001

JOURNAL OF ECOLOGY AND CONSERVATION
2025, VOL. 2, ISSUE 1

2



�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Equation Reference

Tree basal area (g) =  [5]

Frequency (F) = Presence or absence of the species per site [1]

Relative frequency (RF) = ∗ 100 [1]

Dominance (D) = Total basal area of the species [2]

Relative dominance (RD) = ∗ 100 [2]

Abundance (A) = Number of trees per area measured [31]

Relative abundance (RA) = ∗ 100 [31]

IVI = Relative frequency + Relative dominance + Relative abundance [31]

Table 1. �e tree basal area, relative frequency, dominance, abundance and IVI equations.

Table 2. Tree species, habit, and regeneration patterns.

Local name Scienti�c name Family name Habit Regeneration patterns
Kiter Acacia mellifera Fabaceae Shrub Poor 
Kakamot Acacia polyacantha Fabaceae Tree None
Hashab Acacia senegal Fabaceae Tree Good
Talha Acacia seyal Fabaceae Tree Good
Baobab Adansonia digitata Malvaceae Tree None
Seilak Anogeissus leiocarpus Combretaceae Tree Poor
Hegleig Balanites aegyptiaca Balanitaceae Tree Fair
Tragtrag Boswellia papyrifera Burseraceae Tree Poor
Habeil Combretum hartmannianum Combretaceae Tree Fair
Abanous Dalbergia melanoxylon Fabaceae Tree None
Kadad Dichrostachys cinerea Fabaceae Shrub None
Abu Gawi Gardenia lutea Rubiaceae Tree None
Doom Hyphaena thebiaca Palmae Tree None
Sarah Maerua angolensis Capparaceae Shrub None
Kharoub Piliostigma reticulatum Fabaceae Tree None
Homeid Sclerocarya birrea Anacardiaceae  Tree None
Tartar Sterculia setigera Malvaceae  Tree Poor
Aradeib Tamarindus indica Fabaceae Tree None

Darout Terminalia laxi�ora Combretaceae Tree None

Sidir Ziziphus spina-christi Rhamnaceae Tree Fair

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.
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�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Table 3. Importance Value Index, regeneration patterns, and conservation trends.

Figure 3. Weibull distribution for (A) Dominant and subdominant, (B) 
In-between, and (C) Vulnerable and rare tree species identified in 
Okalma Natural Forest Reserve.

Figure 4. Mean density of trees, saplings and seedlings for dominant, 
subdominant, in-between, vulnerable and rare tree species identified in 
Okalma Natural Forest Reserve.

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Species RA RD RF IVI Regeneration patterns Conservation trends

Acacia mellifera 2.15 1.2 2.2 5.55 Poor Rare
Acacia polyacantha 1.54 0.34 1.22 3.1 None Rare 
Acacia senegal 21.96 26.8 18.34 67.1 Good Dominant
Acacia seyal 15.91 19.97 12.71 48.59 Good Subdominant
Adansonia digitata 1.76 0.96 1.96 4.68 None Rare 
Anogeissus leiocarpus 6.44 5.03 5.87 17.34 Poor Vulnerable
Balanites aegyptiaca 9.33 11.18 10.27 30.78 Fair In-between
Boswellia papyrifera 5.35 4.5 7.33 17.18 Poor Vulnerable
Combretum hartmannianum 11.31 11.69 7.33 30.33 Fair In-between
Dalbergia melanoxylon 1.35 0.3 1.96 3.61 None Rare
Dichrostachys cinerea 1.28 0.38 1.71 3.37 None Rare
Gardenia lutea 1.15 0.27 2.21 3.63 None Rare
Hyphaena thebiaca 0.61 0.71 0.73 2.05 None Rare
Maerua angolensis 0.96 0.27 1.22 2.45 None Rare
Piliostigma reticulatum 0.64 0.28 0.98 1.9 None Rare
Sclerocarya birrea 1.54 1.18 1.96 4.68 None Rare
Sterculia setigera 3.46 5.14 6.6 15.2 Poor Vulnerable
Tamarindus indica 1.12 0.78 1.71 3.61 None Rare
Terminalia laxi�ora 1.63 0.92 1.71 4.26 None Rare
Ziziphus spina-christi 10.51 8.1 11.98 30.59 Fair In-between

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.
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�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Table 4. Some supporting literature and former studies.

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Title Published Reference

1 Riverine forest as a signi�cant habitat to harbor a wide range of bird species 2024 [53]

2 Intensive harvesting menaces trees producing fodder, edible fruit, and gum in Abu Gadaf natural 
reserved forest, Sudan

2023 [24]

3 Importance value index (IVI) of tree species and diversity of Baturiya Hadejia Wetland National Park, 
Jigawa State, Nigeria

2022 [4]

4 �e stocking density and regeneration status of  Balanites aegyptiacain Dinder Biosphere Reserve, Sudan 2022 [5]

5 Anthropogenic pressure on tree species diversity, composition, and growth of B. aegyptiaca in Dinder 
Biosphere Reserve, Sudan

2021 [1]

6 Tree population structure, diversity, regeneration status, and potential disturbances in Abu Gadaf 
natural reserved forest, Sudan

2021 [54]

7 Population structure and regeneration status of woody plants in relation to human Interventions, 
Arasbaran Biosphere Reserve, Iran

2021 [32]

8 Population structure and regeneration status of woody species in a remnant tropical forest: A case study 
of South Nandi forest, Kenya

2020 [55]

9 Agroforestry parkland pro�les in three climatic zones of Burkina Faso 2019 [42]

10 Species composition, stand structure, and regeneration status of tree species in dry Afromontane forests 
of Awi Zone, Ethiopia

2019 [29]

11 Tree diversity and its ecological importance value in organic and conventional cocoa agroforests in Ghana 2019 [16]

12 Trend and Structure of Populations of Balanites aegyptiaca in Parkland Agroforests in Western Niger 2018 [2]

13 Structure, richness and diversity of tree species in a tropical deciduous forest of Morelos 2018 [3]

14 Implication of forest zonation on tree species composition, diversity and structure in Mabira Forest, Uganda 2017 [56]

15 Analysis of the structure and diversity of Prosopis africana (G. et Perr.) Taub. Tree stands in the 
Southeastern Niger

2016 [44]

16 Analysis of structure and diversity of the Kilengwe forest in the Morogoro region, Tanzania 2014 [57]

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.
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�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.
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�e Importance Value Index (IVI) is an ecological index that 
measures how a speci�c species is dominant in a particular 
ecosystem [1]. It is an integrative value of species relative 
frequency, dominance, and abundance articulated in 
percentages ranging from 0 to 300 [1,2]. While tree species with 
IVI values close to 0 display no signi�cance, the ones with values 
near 300 exhibit a high prominence and dominance in their 
habitat and ecosystem range [1,3]. �is index illustrates the 
ecological signi�cance of a given tree species in a community 
and niche [4]. �erefore, for conservation purposes, yield 
regulation, and sustainable management of forest trees, 
understanding the IVI of each species in hotspots and 
frequently disturbed sites is signi�cant, particularly for 
naturally regenerated forests and rangelands.

 Naturally regenerated forests and rangelands play 
signi�cant ecological functions in Savanna ecosystems by 
supporting human livelihoods, various wild animals, livestock, 
and ecosystem resilience [5-8]. �ey facilitate nutrient cycling, 
weather acclimatization, soil protection, and conservation of 
biological diversity [1,9-11]. �ese functions and services are 
essential for rural communities, urban environments, 
agroforestry parklands, protected areas, and watershed sites 
[12-21]. So, the integrative management of such functions and 

roles is a key approach for sustainable satisfaction of local 
community needs, mitigating climate change, and enhancing 
ecosystem resilience, especially for mixed-natural forests in 
Sudan and other dryland areas.

 One of the unique mixed-natural forests in Sudan is the 
Okalma Natural Forest Reserve (ONFR). �e forest is located in 
Sinnar State southeastern Sudan near Lakandi locality, Hegeir 
village, and Dinder Biosphere Reserve. It hosts various tree and 
shrub species with considerable bird populations and Hussar 
monkeys (Cercopithecus aethiops) [1,22]. Besides timber and 
honey, the reserve products include Gum Arabic, Baobab fruits 
(fruits of Adansonia digitata), Laloab fruits (fruits of Balanites 
aegyptiaca), Sidir fruits (fruits of Ziziphus spina-christi), 
Aradeib fruits (fruits of Tamarindus indica), and medicinal 
extracts [10,23,24]. Despite these mu�llous functions and 
services supported by ONFR, little is documented about the 
conservation status of its tree species and which ones vigorously 
regenerating versus those need interventions.

 �is study analyzed the conservation trends of tree species 
in ONFR based on their IVI and regeneration status. Due to the 
ongoing war crisis and climatic variability, the study 
hypothesized that broadleaf species such as Adansonia digitata 
are severely a�ected and its frequency was dramatically reduced. 

Furthermore, fast-growing and drought-tolerant species like 
Acacia senegal and Acacia seyal dominate large areas of ONFR.  
Moreover, as ecological monitoring and dynamic prediction 
models require updated information and data, the study 
�ndings will initiate a concrete baseline for further studies of 
tree population dynamics and long-term monitoring towards 
the sustainable management of forest resources and biodiversity 
conservation in Sudan and similar ecosystems in the continent.

Materials and Methods
Study area
�e study occurs in ONFR that present at 12º 30ʹ 00ʺ N and 12º 
40ʹ 00ʺ N, and 34º 16ʹ 00ʺ E and 34º 24ʹ 00ʺ E, covering an area 
of 42,000 feddans (Figure 1). �e gum-producing trees like 
Acacia senegal and Acacia seyal are common, mixed with 
Adansonia digitata, Balanites aegyptiaca, and Ziziphus 
spina-christi [22]. �e average minimum and maximum 
temperature degrees in the forest vary from < 20˚C in 
December and January to > 40˚C in April and May with total 
annual rainfall of > 900 mm (Figure 2). While sandy and mixed 
soil types dominate mountainous areas, the cracky clay ones 
frequently observed in �atland sites of the reserve [22,25].

 Based on their income sources and life style, the local 
communities around the ONFR are classi�ed into farmers 
(traditional and mechanized), pastoralists (rearing grazers and 
browsers), agro-pastoralists (practice farming and keeping 
livestock), timber producers and traders (round and sawn 
timbers), Non-timber Forest Products (NTFPs) collectors and 
traders (fruits, gum, honey, and medicine), and charcoal 
producers [24,26]. �e farmers cultivate Dura (Sorghum bicolor), 
cooking oil producing crops like Sesamum indicum, Arachis 
hypogaea, and Helianthus annuus L, and vegetables [24,27,28].  

Data collection
�e study used a systematic sampling design, by which the 
Okalma forest was divided into 11 transects and each transect 
was further subdivided into sample plots of 1000m2 area (Figure 
1). �e total number of sample plots was 84, and the completely 
sampling layout was performed using ArcMap 10.5. In each 
1000m2 sample plot, the diameter and height of seedlings, 
saplings, and adult trees were measured using diameter tape, 
caliper, and Suunto Clinometer, respectively. While the tree 
diameter was measured at breast height (at 1.3 m above ground 
level), the seedling and sapling diameters were cruised at core 
level as recommended by [24,29]. �e woody plants with < 3cm 
core diameters were considered as seedlings, and those in range 
from ≥ 3cm to < 7cm were saplings [5,30]. Moreover, adult trees 
had diameter at breast height of ≥ 7 cm [24,31]. �e regeneration 
patterns, human disturbances, and the frequently observed 
livestock were recorded and clustered for further analysis.

Results
Tree species diversity, diameter class distribution and 
density
�e forest hosts twenty tree species distributed between ten 
families dominated by Fabaceae (40%) followed by 
Combretaceae (15%) and Malvaceae (10%), with 5% to each of 
the remaining families (Table 2). While 85% of the identi�ed 
tree species were trees with single stems, 15% were shrubs with 

limited regeneration and growing stock (Table 2). �e dominant 
and codominant tree populations have more juvenile and young 
generations compared to vulnerable and rare ones (Figure 3). 
However, the mean density of dominant tree seedlings was six 
times equal to vulnerable ones with signi�cant di�erences (F4, 83 
= 144.7 and P <0.01, Figure 4). Similar pattern was observed for 
dominant and rare saplings density (F4, 83 = 162.3 and P <0.01, 
Figure 4).

Data analysis
�e density of seedlings, saplings, and 
adult trees was calculated as a number of 
stem per area sampled [24]. �e tree basal 
area (m2) and IVI (%) were calculated 
using equations described in Table 1 
[1,29,32]. �e species regeneration 
patterns were distinguished into good 
(seedling density > sapling density > adult 
tree density), fair (seedling density > 
sapling density < adult density), poor (no 
seedlings), and none (only adult) [1,2,33]. 
Based on the species regeneration pattern 
and IVI, the tree species of ONFR were 
classi�ed into rare, vulnerable, in- 
between, subdominant, and dominant 
species. �e dominant species are those 
with good regeneration status and IVI of 
≥ 60, while subdominant, in-between, 
and vulnerable ones have good, fair, and 
poor regeneration with IVI of ≥ 45 to < 
60, ≥ 30 to < 45, and ≥15 to < 30, 
respectively. However, rare species are 
only adults with IVI of < 15. �e 
descriptive statistics and analysis of 
variance (ANOVA) were performed in 
JAMOVI (Ver. 1.1.7).

Importance value index and conservation trends
Findings illustrated that Acacia senegal trees dominate the 
Okalma forest with an importance value index of 67.1, followed 
by Acacia seyal, Balanites aegyptiaca, Combretum 
hartmannianum, and Ziziphus spina-christi (Table 3). While 
10% of the identi�ed tree species displayed a good regeneration 
pattern, 55% and 20% showed none and poor regeneration, 
respectively (Table 3). However, the conservation trends show 
that 60% of Okalma tree species were rare with none 
regeneration patterns and limited relative frequency (Table 3). 
�e relative abundance and frequency of Acacia senegal were 
respectively ten and nine times equal to that of Adansonia 
digitata and Acacia mellifera (Table 3). �e relative dominance 
of Combretum hartmannianum was double that of Anogeissus 
leiocarpus and Sterculia setigera, with signi�cant variation in 
relative frequency and importance value index (Table 3).  

Discussion
While the study results documented that the ONFR 
accommodates diversi�ed tree species, most are rare with low 
frequency and importance value index. �is trend illustrates an 
unbalanced distribution of tree species in the reserve with 
selective utilization and intensive competition. �e 
inter-speci�c competition between vigorously regenerating trees 
like Acacia senegal and Acacia seyal, and the poorly regenerating 
ones including Adansonia digitata and Sterculia setigera a�ects 
the species abundance, distribution, and population dynamics. 
Competition usually disturbs seed germination, seedling 
growth, sapling recruitment, and tree �tness [34–37].

 Furthermore, over-harvesting of timber by local 
communities neighboring the reserve can reduce the number of 
adult trees and consequently, the seed production and seedling 
recruitments.  A study conducted in Sudan at Dinder Biosphere 
Reserve concluded that illegal harvesting of crown branches for 
livestock feeding and adult trees for charcoal production 
dramatically minimized the seedlings of Balanites aegyptiaca 
and disturbed its population composition [38]. Likewise, 
similar trends were observed in Benin, Burkina Faso, Ethiopia, 
Niger, and Nigeria [2,29,39-46]. �e unmanaged utilization of 
forest resources increases the number of vulnerable species and 
diminishes forest diversity [47,48]. �erefore, the high number 
of rare and vulnerable tree species in the Okalma forest can be 
directly referred to the intensive illegal harvesting of forest 
trees, particularly Anogeissus leiocarpus, Combretum 
hartmannianum, and Dalbergia melanoxylon for building 

purposes and Adansonia digitata, Hyphaena thebaica, and 
Tamarindus indica for domestic and commercial uses.

 On the other hand, the poor and low regeneration status of 
various tree species identi�ed in the Okalma reserve may result 
from the rigorous collection of forest fruit for income 
generation and daily needs satisfaction. �e species like 
Adansonia digitata, Balanites aegyptiaca, Grewia bicolor, Grewia 
�avescens, Grewia molle, Tamarindus indica, and Ziziphus 
spina-christi are of high demand in the non-timber forest 
products markets and intensively gathered from di�erent 
natural forests [26,49–51]. Moreover, the fast germination of 
Acacia sengal and Acacia seyal gives them more advantage and 
can rapidly encroach on the illegally harvested sites and 
establish pure stands. Such a scenario was reported in Southern 
Tanzania where Pinus patula areas in Sao hill forest plantation 
were invaded and encroached on by Acacia mearnsii [52]. 

 �e study �ndings underlined the signi�cance of long-term 
monitoring programs that will oversee the forest trees through 
permanent monitoring plots and remotely sensed maps. However, 
based on the study results and for conservation purposes, 
categorizing the study area into highly, moderately, slightly, and 
non-disturbed sites can be easy. Further population dynamics and 
spatial distribution studies are recommended to protect 
vulnerable and rare tree species and the sustainable management 
of the Okalma forest reserve. Additionally, some supporting 
literature and former studies were reported and highlighted in 
table 4. �ese studies were conducted in various sites ranging 
from natural forests to national parks and savanna woodlands. 

Conclusions
�e study out-listed twenty tree species belonging to ten 
families in the Okalma forest with di�erent regeneration 
patterns and conservation trends. �e study �ndings illustrated 
that 60% of the reserve tree species are rare with no 
regeneration or juvenile populations. �ese results show the 
in�uence of high anthropogenic pressure on forest resources 
and species diversity, which calls for urgent intervention and 
conservation measures. To reduce the ongoing pressure, a 
community forest must be introduced in areas neighboring the 
villages and outside the reserve. �e community forest can 
regularly satisfy the locals' needs and help the reserve to recover 
naturally. Moreover, awareness-raising and nature-conservation 
education are necessary for long-term sustainability and 
ecosystem resilience.

 �e future research must focus on the site conditions that 
governing the tree seeds distribution, seedlings germination, 
saplings establishment, and tree maturity. Such research 
directions, assisted with community-based monitoring and 
conservation, can guide the integrative management plan of the 
reserve and its vulnerable and rare tree species.
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