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Background: This research analyzed the e�ects of human disturbances, particularly harvesting of tree 
products and livestock grazing, on pollinators, soil nutrients, and tree diversity and composition in 
Dinder Biosphere Reserve, Sudan. 

Methods: The research was carried-out in 150 randomly selected sample plots (1000m2) across the 
three zones of DBR. Additionally, 210 key informant interviews and questionnaires were purposively 
conducted in six villages surrounding the reserve. A two-way analysis of variance, linear regression, 
descriptive statistics, and Shapiro-Wilk and Tukey’s Post Hoc tests at 0.05 were used for data analysis.

Results: Outcomes show that tree species diversity, insect pollinators, and natural regeneration in 
transition zone were half that of core zone (F2, 147 = 127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001; F2, 
147 = 138.2 and P = 0.021, respectively). 
(F2,147 = 92.8 and P = 0.001; F2,147 = 91.3 and P < 0.001; F2,147 = 101.2 and P < 0.001, respectively), with a 
positive relationship with mean tree crown diameter (R2 = 0.78, β = 0.55, P < 0.001). Moreover, the fruit 
production was signi�cantly varied across the three zones. 

Conclusion: We concluded that illegal harvesting of forest tree products and the intensive livestock 
grazing negatively impacted the provisioning, regulatory, and nutrient cycling services of DBR 
ecosystem and deteriorated the species diversity and food security of local peoples within and 
around the reserve.
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Introduction

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic Tree crown diameter, height, and fruit production

�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Figure 1. The Dinder Biosphere Reserve map showing the sites of the 
cruised sample plots as drawn using ArcGIS.

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic 

Species Family  Habit  IVI Regeneration  

Acacia polyacantha Fabaceae  Tree  4.3 Fair 

Acacia senegal Fabaceae  Tree  12.9 Excellent 

Acacia seyal Fabaceae  Tree  30.7 Excellent  

Anogeissus leiocarpus Combretaceae  Tree  18.4 Excellent 

Balanites aegyptiaca Balanitaceae Tree  36.9 Excellent 

Boscia senegalensis Capparaceae  Shrub  3.8 Poor 

Boswellia papyrifera Burseraceae  Tree 11.2 Excellent 

Table 1. Tree species, importance value index (IVI), and regeneration pattern in core zone. 

Tree crown diameter, height, and fruit production
�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic 

Combretum aculeatum Combretaceae  Shrub 2.7 None  

Combretum ghasalense Combretaceae  Tree  6.9 Good 

Combretum glutinosum Combretaceae  Tree  9.5 Good 

Combretum hartmannianum Combretaceae  Tree  32.2 Excellent 

Commiphora africana Burseraceae Shrub 3.2 Poor  

Dalbergia melanoxylon Fabaceae  Tree  4.8 Fair 

Dichrostachys cinerea Fabaceae  Shrub 2.8 None 

Diospyros mespiliformis Ebenaceae Tree 4.6 Fair 

Gardenia lutea Rubiaceae Shrub 4.1 Fair 

Hyphaena thebiaca Palmae  Tree  6.4 Good 

Lannea fruticosa Anacardiaceae  Tree  18.8 Excellent 

Lannea nigritana Anacardiaceae  Tree  9.4 Good 

Lannea schimperi Anacardiaceae  Tree  4.4 Fair  

Maerua angolensis Capparaceae Shrub 2.8 None  

Piliostigma reticulatum Fabaceae  Tree  2.3 None  

Pseudocedreca kotschyi Meliaceae Tree  7.4 Good 

Pterocarpus lucens Fabaceae Tree  6.1 Good 

Sclerocarya birrea Anacardiaceae Tree  5.9 Fair 

Sterculia setigera Malvaceae Tree  10.7 Excellent 

Stereospermum kunthianum Bignoniaceae Tree  2.2 None  

Strychos innocua Loganiaceae Shrub 3.1 Poor 

Tamarindus indica Fabaceae Tree  2.2 None 

Terminalia brownii Combretaceae  Tree  1.6 None  

Terminalia macroptera Combretaceae Tree  6.5 Good 

Xeromphis nilotica Rubiaceae Shrub 2.9 None  

Ximenia americana Olacaceae  Shrub 4.7 Fair  

Ziziphus spina-christi Rhamnaceae Tree 13.4 Excellent 

Tree crown diameter, height, and fruit production
�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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Species Family  Habit  IVI Regeneration  

Acacia polyacantha Fabaceae  Tree  8.4 Good  

Acacia senegal Fabaceae  Tree  3.1 Poor  

Acacia seyal Fabaceae  Tree  58.1 Excellent 

Anogeissus leiocarpus Combretaceae  Tree  14.1 Excellent 

Balanites aegyptiaca Balanitaceae Tree  58.5 Excellent 

Boscia senegalensis Capparaceae  Shrub  4.1 Fair 

Combretum aculeatum Combretaceae  Shrub 7.1 Good 

Combretum ghasalense Combretaceae  Tree  4.8 Fair 

Combretum glutinosum Combretaceae  Tree  12.8 Excellent 

Combretum hartmannianum Combretaceae  Tree  21.5 Excellent 

Commiphora africana Burseraceae Shrub 5.9 Fair 

Dalbergia melanoxylon Fabaceae  Tree  11.5 Excellent 

Table 2. Tree species, importance value index (IVI), and regeneration pattern in bu�er zone. 
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic Tree crown diameter, height, and fruit production

�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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Gardenia lutea Rubiaceae Shrub 3.5 Poor 

Hyphaena thebiaca Palmae  Tree  7.2 Good 

Lannea fruticosa Anacardiaceae  Tree  13.5 Excellent 

Pterocarpus lucens Fabaceae Tree  8.9 Good 

Sclerocarya birrea Anacardiaceae Tree  8.5 Good 

Sterculia setigera Malvaceae Tree  7.6 Good 

Tamarindus indica Fabaceae  Tree  11.9 Excellent 

Terminalia laxi�ora Combretaceae  Tree  9.3 Good 

Terminalia macroptera Combretaceae  Tree  7.4 Good 

Ziziphus spina-christi Rhamnaceae Tree 12.3 Excellent 

Species Family  Habit  IVI Regeneration  

Acacia leata Fabaceae Shrub 6.3 Good 

Acacia mellifera Fabaceae Shrub 9.2 Good 

Acacia polyacantha Fabaceae Tree 6.5 Good 

Acacia senegal Fabaceae Tree 21.8 Excellent 

Acacia seyal Fabaceae Tree 89.9 Excellent 

Adansonia digitata Malvaceae Tree 3.2 Poor 

Anogeissus leiocarpus Combretaceae Tree 14.2 Excellent 

Balanites aegyptiaca Balanitaceae Tree 36.4 Excellent 

Combretum hartmannianum Combretaceae Tree 38.1 Excellent 

Dichrostachys cinerea Fabaceae Shrub 7.4 Good 

Lannea fruticosa Anacardiaceae Tree 7.1 Good 

Lonchocarpus laxi�orus Fabaceae Tree 19.4 Excellent 

Sterculia setigera Malvaceae Tree 6.8 Good 

Tamarindus indica Fabaceae Tree 4.4 Poor 

Terminalia brownii Combretaceae Tree 4.1 Poor 

Ziziphus spina-christi Rhamnaceae Tree 24.9 Excellent 

Table 3. . Tree species, importance value index (IVI), and regeneration pattern in transition zone. 

Figure 2. Species richness for identified insect pollinators and trees in 
the transition, buffer, and core zones of the study area.
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic Tree crown diameter, height, and fruit production

�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Figure 3. The mean crown and total tree height for tree species 
inventoried in the transition, buffer, and core zone of the study area.

Figure 6. Mean nitrogen, organic carbon, and phosphorus content 
assessed in shaded and unshaded areas of the core, buffer, and transition 
zone of the study area.

Figure 7. The crown diameter-soil phosphorus correlations for the 
collected soil samples and tree species cruised in the transition, buffer, 
and core zone of the study area.

Figure 4. Average collected fruits amount in kilogram for the 
interviewed people of Um-Elkhair, Khairat, Lakandi, Korwash, 
Abu-Gadaf, and Menza villages.

Figure 5. The crown diameter-fruit production correlations for tree 
species cruised in the transition, buffer, and core zone of the study area.

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic Tree crown diameter, height, and fruit production

�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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Nature-reserved sites like biosphere reserves, natural forests, 
national parks, and sanctuaries frequently support human 
needs through ecosystem services provisioning [1], biodiversity 
preservation [2], resource sustainability [3], and utilization 
needs satisfaction [4,5]. �ese services and functions are of 
great importance for Sahel area and similar dryland sites with 
marginalized areas and nature-dependent communities [6,7]. 
However, unmanaged human disturbances like unpermitted 
livestock grazing, harvesting of tree products, and farming 
expansion can interrupt the �ow of these services and eliminate 
their sustainability, particularly for vulnerable peoples within 
and neighboring Dinder Biosphere Reserve (DBR).

 DBR accommodates signi�cant plant and animal 
populations randomly distributed across the three zones of the 
reserve. Tree species like Acacia seyal and Balanites aegyptiaca 
form pure stands in the transition and bu�er zones of the 
biosphere and scattered patches in the core zone [8]. Moreover, 
Adansonia digitata, Tamarindus indica, and Ziziphus 
spina-christi are frequently found along the Rahad River at the 
northern part of the reserve and Kadalo area at the southern 
borders [9]. While the core zone of DBR exhibited no 
permanent human settlement [10], the transition one 
documented an inverse status with > 20 villages and intensive 
movement of pastoralists [8].

 �e change-driving human disturbances within and 
around the biosphere reserves and natural forests in Sudan are 
illegal harvesting [9,11,12] and overgrazing [13–15]. 
Accordingly, the study hypothesis suggests that tree diversity 
and ecosystem-provisioning services in the core zone are 
slightly a�ected by illegal harvesting and livestock grazing 
compared to bu�er and transition zones. �erefore, this study 
analyzed the e�ects of illegal harvesting and grazing on fruit 
production, soil nutrients (organic carbon, nitrogen, and 
phosphorus), pollinators, and tree species diversity in the 
transition, bu�er, and core zones of DBR. Accordingly, the 
study outcomes will form a key approach for maintaining 
biological diversity in natural and plantation forests in Sudan 
and similar ecosystems in Sahel and other arid lands across 
the continent. 

Materials and Methods
Study area
�is study was carried out in DBR that covers an area of 
10,290 Km2 and posed between latitudes 11°- 21ʹ N and 13°- 
00ʹ N, and longitudes 34°- 28ʹ E and 35°- 46ʹ E (Figure 1). 
Administratively, the reserve is divided into transition zone 
(TZ), bu�er zone (BZ), and core zone (CZ). �e TZ locates at 
the reserve boundary with unambiguously observed human 

settlement and manmade disturbances [10], CZ at the reserve 
center with no presence of villages or anthropogenic 
interferences [14], and BZ between TZ and CZ with limited 
mankind snooping [8]. While the minimum temperature can 
reach 17 ºC, the maximum temperature and rainfall reach 43 ºC 
and 1200 mm, respectively [8,9]. �e reserve topography is �at 
to semi-�at with clay-sand mixed soil, randomly found across 
the three zones [9,16,17].

activities, their experience in uses, markets, and selling of 
non-timber forest products, the history of tree species in the 
area and their bene�ts, common pollinators, and the 
consequences of the species decline on their life.

Data analysis
�e chemical analysis for soil nitrogen, organic carbon, and 
phosphorous took place at the University of Gezira following 
the recommended international procedures as adopted by 
[18–20]. Nitrogen and Organic Carbon were measured using a 
CN-analyzer as recommended by [21], while Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
with nitric and perchloric acid was used for Phosphorous [19]. 
�e Shapiro-Wilk test to check for normality, linear regression 
for correlations, two-way analysis of variance for within and 
between sites comparison, and Tukey’s Post Hoc test at 0.05 for 
signi�cant di�erences [22–24] were carried out. Descriptive 
statistics and cross-tabulation with Chi-square were performed 
for the socio-economic data [25,26]. �e importance value 
index (IVI) was computed as a sum total of relative abundance, 
relative dominance, and relative frequency [10,27,28]. All 
statistical analysis were executed in JAMOVI and SPSS 
so�wares.

Results
Regeneration pattern, tree diversity, and pollinators 
Results show that the reserve hosts more than thirty-�ve tree 
species, with the majority belonging to Fabaceae and 
Combretaceae families (Tables 1, 2, and 3). Based on the 
importance value index analysis, Acacia seyal, Balanites 
aegyptiaca, and Combretum hartmannianum are dominant tree 
species in the three zones with IVI values above thirty (Tables 1, 
2, and 3). While most trees with excellent regeneration patterns 
come from Combretaceae family, the majority of poor and none 
regenerated trees are from Fabaceae family (Tables 1, 2, and 3). 
Moreover, the tree species diversity and insect pollinator 
richness at the transition zone were half that of core ones with 
unblemished signi�cant di�erences between zones (F2, 147 = 
127.3 and P < 0.001; F2, 147 = 142.4 and P = 0.001, respectively, 
�gure 2). 

 �ough Tamarindus indica and Terminalia brownii 
displayed none and poor regeneration trends in the core and 
transition zones, Acacia leata and Acacia mellifera appeared in 
the transition zone only (Tables 1, 2, and 3). �e bu�er zone 
attained the same intermediate status between core and 
transition zones for the species richness of both insect 
pollinators and tree species assessed in the study sites (Figure 2).

Data collection
�e inventory data were collected from 150 sample plots (1000 
m2) randomly chosen across the reserve’s three strati�ed zones 
(50 samples per zone). �e diameter (at breast height), height 
(total), and crown width of all cruised tree species were 
measured. Regeneration, insect pollinators, illegal harvesting 
signs, and grazing areas were reported throughout the sampled 
area. Moreover, ten mature trees with healthy and a�ected 
fruit-bearing branches were counted per surveyed sample plots. 
Five soil samples were collected at a depth of 15 cm (four at the 
corners and one centralized) in each inventory sample plot. 

 Additionally, for the social survey and based on purposive 
selection, the research questionnaires and key informant 
interviews were respectively distributed to 180 and 30 
respondents found in six villages lying within and around the 
biosphere summing a total of 210 respondents. �e selection of 
participants based on their income generation activities and 
experience with non-timber forest products trade. �e 
questionnaire involved 20 aspects, covering the demographic 
characteristics of the participants, their socio-economic Tree crown diameter, height, and fruit production

�e crown height and total height of mature trees in the core 
zone of DBR were double that of the transition ones and 
signi�cantly di�er with the bu�er zone (F2, 147 = 87.6 and P < 
0.01; F2, 147 = 92.1 and P = 0.001; F2, 147 = 76.8 and P = 0.021, 
respectively, �gure 3). Similarly, the fruit production in a core 
zone was three times and twice that of a transition zone and 
bu�er zone, respectively, with signi�cant di�erences across 
zones (F2, 147 = 102.7 and P < 0.001; F2, 147 = 118.6 and P = 0.001, 
respectively, �gure 4). Moreover, fruit production increases 
with an increase in the tree crown diameter and fruiting 
branches (R2 = 0.89, β = 0.53, P < 0.01; R2 = 0.92, β = 0.34, P = 
0.01; R2 = 0.91, β = 0.46, P = 0.01, respectively, �gure 5).

Soil organic carbon, nitrogen, and phosphorus 
contents
�e soil analysis revealed that the transition zone sequestrates 
less carbon compared to bu�er and core zones (Figure 6). �e 
soil organic carbon, nitrogen, and phosphorus contents at the 
core zone were double and three times equal to that of the 
transition ones (F2, 147 = 92.8 and P = 0.001; F2, 147 = 91.3 and P 
< 0.001; F2, 147 = 101.2 and P < 0.001, respectively, �gure 6). 
Furthermore, the �ndings illustrate a positive relationship 
linking the mean tree crown diameter with soil phosphorus 
contents (R2 = 0.78, β = 0.55, P < 0.001, Figure 7).

Discussion
Regeneration pattern, tree diversity, and pollinators
�e study results illustrated that the core zone had better 
regeneration patterns, tree species diversity, and insect 
pollinators compared to bu�er and transition zones. �e 
transition and bu�er zones of DBR are frequently subjected to 
intensive grazing by livestock and severe illegal harvesting for 
domestic and commercial utilization [10,29]. However, due to 
the high adaptability of Acacia seyal, Balanites aegyptiaca, and 
Combretum hartmannianum to various soil types and climatic 
conditions [30–32], most open space that resulted from 
anthropogenic disturbance is occupied by these species and 
form pure stands.

 Furthermore, the exploitation of Adansonia digitata, 
Tamarindus indica, and Terminalia brownii for food 
production, livestock foraging, timber production, and 
medicinal extracts has reduced their species population and 
disrupted their regeneration. �ese outcomes are consistent 
with [33–35]. �e large spaces between adult trees and low 
species richness in the transition zone of DBR explicate that 
most vulnerable tree species with poor regeneration 
disappeared from the site and call for quick interventions for 
further conservation and management of the remaining species 
and the ecological functions of the biosphere.

Tree crown diameter, height, and fruit production
Findings documented that the transition zone encompasses 
trees with small crown diameters, low crown and total tree 
heights, and fruit production. �is can be directly associated 
with the locals’ income generation activities and the types of 
domestic animals that are reared. During summer and the 

extended dry seasons, the only source of fodder for animals is 
DBR. However, among the livestock keepers settling within and 
around the reserve, the herds of goats and sheep are dominant 
compared to cows and camels, resulting in more pressure on 
natural regeneration due to overgrazing and small crowns due 
to the removal of branches and twigs for feeding purposes. 
Moreover, rigorous cutting of crown branches reduces the 
number of �owering twigs, fruiting branches, and hence fruit 
production [36,37]. Similar results were reported by [38–41]. 
Additionally, Um-Elkhair, Abu-Gadaf, and Lakandi showed 
high amounts of collected fruits among all surveyed villages, 
which might result from the considerable numbers of 
non-timber forest products collectors, traders, and markets as 
well as indigenous knowledge and healing skills of their 
residents. 

Soil organic carbon, nitrogen, and phosphorus 
contents
Outcomes exhibited that shaded areas have higher soil nutrients 
than unshaded ones, with noteworthy variations between the 
three zones. Various studies have concluded that leaf litter 
improves soil properties and health by increasing soil aeration, 
nitrogen, organic carbon, phosphorus, and decomposers 
[18,42,43]. �e illegal logging of trees negatively a�ects soil 
fertility by increasing soil erodibility and nutrient loss [19,44]. 
�erefore, sites with high tree density and shade, like the core 
zone of DBR, attained more soil nutrients than less stocked and 
open ones (transition zone). Such reduction in soil nutrients 
indicates the need for urgent conservation programs to better 
manage the DBR, this can restore the degraded areas and 
sustain the ecological and socio-economic roles of the reserve.

Conclusions
�e study concludes that illegal harvesting of forest products 
has in�uenced the provisioning, regulatory, and nutrient 
cycling services of the DBR ecosystem, deteriorated species 
diversity, and a�ected food security of the local peoples within 
and around the reserve. �e low regeneration status and soil 
nutrients in the transition and bu�er zones of DBR can directly 
refer to observed anthropogenic disturbances that are governed 
by overgrazing and harvesting activities. Moreover, as the core 
zone comprises species with healthy trees and good fruit 
production, it forms an excellent source for restoration and 
a�orestation of the degraded areas in the transition and bu�er 
zone. We recommended an introduction of community forests 
in the bare lands outside the reserve for local community needs 
satisfaction, an intensive awareness-raising program for 
conservation purposes, and mobile guards to reduce the grazing 
activities in the newly regenerated sites.
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