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ABSTRACT

Livestock browsing, and illegal harvesting often influence natural woodlands, rangelands, and
biosphere reserves. However, the resulting tree species diversity, composition, and population
structure have rarely been quantified. This study explored the status of tree diversity,
composition, and the growth of Balanites aegyptiaca, across 100 sample plots of 25 m x 40 m at
disturbed and non-disturbed sites in Dinder Biosphere Reserve, Sudan (DBR). The dendrometric
parameters of B. aegyptiaca, fruit production, and the soil-chemical properties were also assessed
in the same sample plots. Moreover, to examine the response of B. aegyptiaca seedlings and
saplings to livestock browsing, the study used a stratified sampling design with four sites been
browsed by goats, cattle, camels, and control, respectively. The study data was collected over
two years from January 2019 to January 2021. It was observed that non-disturbed sites had
double tree diversity than that of disturbed ones (T = 32.6, p < 0.001), and their seedlings and
saplings constituted more than 70% of the entire population (F,4s = 116.4, p = 0.034; Fj45 =
163.2, p = 0.021, respectively). The soil nitrogen and phosphorus contents beneath trees in non-
disturbed sites were almost double that of those in the disturbed site (F1, 196 = 68.1, p < 0.001; Fy,
196 = 97.9, p < 0.001, respectively) while sodium and electrical conductivity were by about 50%
lower (F1, 106 = 535.8, p < 0.001; Fy, 106 = 16.1, p < 0.001, respectively). Mortalities of seedlings
under goat browsing were four times higher than that under camel browsing and control and
twice as high than under cattle browsing (Fs 196 = 100.39, p < 0.001). Sapling mortality was three
times higher under goat browsing compared to cattle and control (F3 196 = 73.4, p < 0.001). The
study found that seedlings recover better than saplings, and, unexpectedly, goat browsing
severely affected the natural regeneration of B. aegyptiaca in DBR. lllegal harvesting in DBR
severely reduced tree structure and recruitment parameters of B. aegyptiaca, which might also
impact soil fertility. Intensive monitoring and awareness-raising programs are urgently needed to

conserve this vulnerable tree species.
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CHAPTER ONE
INTRODUCTION
1.1  Background of the Problem

Trees and shrubs play indispensable ecological functions in savanna ecosystems globally as they
promote habitat biodiversity, population complexity, climate resilience, and stand heterogeneity,
and they usually support various animal species by giving feed, shelter, shade, and nests
(Assogbadjo et al., 2010; Fakhry et al., 2020; Ghanbari et al., 2021; Hofhansl et al., 2020; John
et al., 2020; Mohammed et al., 2021). On the other hand, forests, plantations, biosphere reserves
(BRs), and other protected areas (PAs) as worldwide known as sites of diversified trees, shrubs,
herbaceous plants, and animal species have always supported human lives through the provision
of food, wood, and non-wood products, medicine, recreation sites, and shelter (Asigbaase et al.,
2019; Maua et al., 2020; Mukul et al., 2016; Powell et al., 2013; Treydte et al., 2007). However,
management of these resources sustainability is a fundamental element towards the satisfaction

of current and future generation needs.

The dramatic worldwide increase in human populations creates more demands for resources and
hinders the biological diversity of both fauna and flora in both protected and unprotected areas
(Cantarello et al., 2014; Cheng et al., 2017; Hasoba et al., 2020; Ouédraogo et al., 2019).
Moreover, anthropogenic activities such as intensive livestock grazing and browsing, illegal
harvesting of trees and tree products, agricultural expansion and land-use change, and
overexploitation are among the common factors that disturb the tree species population dynamic
and suppress their natural regeneration (Mohammed et al., 2021; Piabuo et al., 2021; Sales-
Baptista et al., 2016; Wang et al., 2019). Therefore, understanding the effects of these factors on
both adult and young trees can guide the restoration of degraded areas and lead to better

protection and management of well-established ones.

In Africa, particularly Sub-Saharan countries and the Sahel region, overgrazing and illegal
harvesting had led to serious ecological challenges vary from habitat destruction and
fragmentation, soil compaction and deterioration to deforestation, desertification, and tree species
disappearance (Assogbadjo et al., 2010; Nacoulma et al., 2016; Ouédraogo et al., 2019; Sanon et
al., 2007). While cutting of tree branches to feed livestock, stem debarking for medicine, and
logging of the whole tree for timber uses damage adult trees, browsing, on the other hand, are

affecting young seedlings and saplings (Derebe & Girma, 2020; Lopez-Sanchez et al., 2014,
1



Negussie et al., 2008; Piabuo et al., 2021; Sukhbaatar et al., 2019). Accordingly, information on
the species composition and population structure is of high significance, especially for a country
like Sudan, where rangelands and protected areas are under increasing anthropogenic pressure, in

particular, after the separation of South Sudan.

Recent studies carried out in Sudan by Hasoba et al. (2020), Mohammed et al. (2021), and
Younis et al. (2018) showed that the tree species richness, stocking density, and the stand
composition in different natural forests are declining. However, information on how tree
seedlings, saplings, and seed-producing trees had been affected by livestock browsing and illegal

harvesting are scarce.

Tree seeds, seedlings, and saplings are the core constituents of the natural regeneration for
various tree species, especially the species that rarely regenerate by coppicing (Ghanbari et al.,
2021; Hammond et al., 2021; Lacerda & Kellermann, 2019; Negussie et al., 2008). Sufficient
and effective natural regeneration of a tree species improves their population resilience, diversity,
productivity, and sustainability (Arosa et al., 2017; Endale et al., 2017; Singh et al., 2016; Storch
et al., 2018). Therefore, well-sustained natural regeneration can foster the recruitment of tree

seedlings to saplings and maintain a healthy population with all stages of development.

Tree species like Balanites aegyptiaca are highly used in different regions in Sudan as food and
fodder with several medicinal applications (Elfeel & Warrag, 2011). However, the available
knowledge on how this species’ population responds to livestock browsing and illegal harvesting
activities is limited. Thus, there is an urgent need to bridge this gap and reveal an up-date and

viable data that can guide the sustainable management and conservation of the species in Sudan.
1.2 Statement of the Problem

Various studies had addressed the effects of anthropogenic pressure on forest reserves,
rangelands, and unprotected areas populations (Aubad et al., 2008; Fakhry et al., 2020;
Gebeyehu et al., 2019; Kimaro & Lulandala, 2013; Kutnar et al., 2019; Neelo et al., 2015).
However, information on how biosphere reserves have been affected by such pressure is still

limited and needs to be explored.

Biosphere reserves (BRs) host considerable biodiversity and play a core function towards the
fulfillment of the daily local community needs as well as different ecological roles at regional
and global levels (Ghanbari et al., 2021; John et al., 2020; Kim & Eltahir, 2004; Pfeifer et al.,

2012; Reuter et al., 2018). These roles are important in Sudan, particularly in marginalized areas,
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remote sites, and forest-based villages (EImekki, 2008; Mahgoub, 2014; Wassie, 2011). One of
the most famous BR in Sudan is Dinder Biosphere Reserve (DBR). However, information on
how the increasing livestock grazing, browsing, and illegal harvesting affects this reserve is

limited.

Dinder Biosphere Reserve (DBR) is the oldest and first biosphere reserve in Sudan (Mahgoub,
2014; Mohammed et al., 2021). It hosts more than thirty-three tree and shrub species and
different animal species, vary from small reptiles, birds, and mammals, to carnivores and aquatic
animals (Hassaballah, 2020; Mohammed & Hashim, 2015; Mohammed et al., 2021; Saaid et al.,
2019; Yousif, 2012). The common tree species in the reserve include Acacia seyal, Acacia
senegal, Acacia mellifera, B. aegyptiaca, Combretum hartmannianum, Lannea fruticosa, and
Ziziphus spina-christi (Ahmed, 2005; Hassaballah et al., 2016; Mohammed et al., 2021; Yousif
& Mohammed, 2012). While, the frequently observed wild animals are African buffalo (Syncerus
caffer), warthogs (Phacochoerus aethiopicus), baboon (Papio anubis), reedbuck (Redunca
redunca), and ostrich (Struthio camelus). Moreover, B. aegyptiaca is widely utilized by locals for
food and feed as well as medicine. Its fruits are edible, and new shoots and fresh leaves have
usually been used to made salads, while the roots, bark, and heartwood have frequently been
used in traditional medicine (Abou-Khalil et al., 2016; Adam et al., 2013; Hassanin et al., 2018;
Idrissa et al., 2018; Okia, 2013).

Despite the various uses of B. aegyptiaca, little had been reported about its population and how
intensive livestock browsing has disturbed the species growth, dynamic, and population
structure. Additionally, data on the consequences of increasing illegal harvesting of the tree
crown branches on fruit production, seedling recruitment, and saplings distribution are rare.
Therefore, there is a high demand to explore the effects of livestock browsing and illegal
harvesting on the natural regeneration and population structure of B. aegyptiaca in DBR and how

the possible decline of the species can affect the local community income.
1.3 Rationale of the Study

Although B. aegyptiaca products are highly consumed and sold in different African countries
(Beche et al., 2016; Elbadawi et al., 2017; Idrissa et al., 2018; Okia, 2013; Ouédraogo et al.,
2019), the available information on the status of its natural regeneration and population structure
is scarce. In Sudan, up-to-date data on the stocking density, growth status, population
composition, adult to juvenile ratio, and natural regeneration of B. aegyptiaca across the country

and in the protected areas, in particular, are lacking (Elfeel et al., 2007; Food and Agriculture
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Organization [FAO], 2015; International Fund for Agricultural Development [IFAD], 2012;
Osman & ldris, 2012). Recently released documents (Adam et al., 2013; Fahmi, 2017; Hasoba et
al., 2020; Mohammed et al., 2021) necessitated the significance of exploring the status of the
natural regeneration of B. aegyptiaca tree species in natural and protected areas in Sudan towards

its conservation and restoration in degraded sites.

While evidence of the effects of overgrazing on herbaceous and perennial plant density (Fraser et
al., 2001; Kutnar et al., 2019; Ssegawa & Kasenene, 2007), composition (Gebrehiwot &
Hundera, 2014; Rahman et al., 2016), and diversity (Osem et al., 2017; Treydte et al., 2009;
Treydte et al., 2007) is quite available, there is a knowledge gap in the impacts of mammalian
herbivory on woody species, especially B. aegyptiaca. Information on how intensive browsing
and illegal harvesting affect the recruitment of B. aegyptiaca seedlings, fruit production, and
dendrometric characteristics are limited. Therefore, this study explored the effects of livestock
browsing and illegal harvesting on the natural regeneration of B. aegyptiaca in the DBR. It also
analyzed the effects of browsing and illegal harvesting on the chemical properties of the DBR
soil. Further, the study investigated the effects of the possible decline of the B. aegyptiaca

population on the income and livelihood of the local community within and around the Reserve.
1.4  Research Objectives
1.4.1 General Objective

The main objective of this study was to assess the effects of livestock browsing and illegal
harvesting activities on the distribution and natural regeneration of B. aegyptiaca in DBR, Sudan.

1.4.2 Specific Objectives

Q) To explore the effects of livestock browsing and illegal felling on the tree species

diversity and composition in DBR and growth of B. aegyptiaca in DBR.

(i)  To identify the sensitive stage (seedling or sapling) at which B. aegyptiaca is most

strongly affected by livestock browsing.

(i)  To assess the effect of illegal cutting of B. aegyptiaca branches on tree survival, fruit

production, and seedling recruitment.



(iv)

(v)

1.5

(i)
(iii)

(iv)

(v)

1.6

(i)

(i)

(iii)

(iv)

(V)

To quantify differences in the soil chemical properties beneath the affected
(browsed/harvested) and healthy (unbrowsed/unharvested) trees in the disturbed and non-

disturbed sites.

To evaluate the influence of B. aegyptiaca population decline on the income of local

people.
Research Questions

How strongly do livestock browsing and illegal felling affect the tree species diversity

and composition in DBR and growth of B. aegyptiaca?
At which stage is B. aegyptiaca mostly affected by livestock browsing in DBR?

To what extent does illegal cutting of B. aegyptiaca branches affect tree survival, fruit
production, and seedling recruitment in DBR?

To what extent do the chemical properties of the DBR soil vary beneath the affected and

healthy trees in the disturbed and non-disturbed sites?

How does the decline of natural regeneration and stock of B. aegyptiaca affect the income

of local communities in and around the DBR?
Research Hypotheses

Tree species diversity and composition in DBR and growth of B. aegyptiaca have
severely been decreased in the areas disturbed by livestock browsing and illegal
harvesting.

Seedlings of B. aegyptiaca are most vulnerable to livestock browsing, followed by

saplings and then adult trees.

Sites disturbed due to illegal cutting of B. aegyptiaca branches have lower tree survivals,

fruit production, and limited seedling recruitment compared to non-disturbed sites.

The chemical properties of the soil beneath B. aegyptiaca tree crowns decrease in

disturbed due to livestock browsing and illegal harvesting.

The income of local communities in and around the reserve is influenced by the decline

of the B. aegyptiaca population.



1.7  Significance of the Study

Up-to-date information and knowledge about the impacts of anthropogenic disturbances on the
trees, shrubs, and their natural regeneration in the BRs are very significant and form a
cornerstone for the sustainable management of these species and their protection (Fakhry et al.,
2020; Kutnar et al., 2019; Mohammed et al., 2021). This knowledge is scarce and often limited
to perennial plants (Hawkins, 2017; Listopad et al., 2018; Panagopoulos et al., 2019; Wang et
al., 2019). Therefore, this study examines the effects of livestock browsing and illegal harvesting
on the distribution and natural regeneration of B. aegyptiaca in DBR. This study forms a baseline
foundation for controlling the negative effects of livestock browsing and management of illegal
harvesting in the protected areas in Sudan and similar systems. The study findings on the
responses of B. aegyptiaca seedlings and saplings to livestock browsing can guide the policy-
makers to formulate policies that will protect the sensitive stage and enhance its recovery. In
addition, it raises awareness among locals, particularly livestock keepers and agro-pastoralists,
on the significance of conserving the natural regeneration of B. aegyptiaca as a way to sustain
other services and goods gained from the species.

Further, this study is of high importance to the national forest corporation, rangelands, and
animal production officers, as well as wildlife authority, as it assessed the effects of illegal
harvesting on tree survival, fruit production, seedling recruitment, and soil chemical properties,
which are core concerns for all above five mentioned disciplines (Abdou et al., 2015; Chen &
Tang, 2016; Domene et al., 2017; Ji et al., 2017; Reuter et al., 2018). Foresters are interested in
the information related to the status of tree survival and fruit production as a principal component
for yield regulation planning. Moreover, while seedling recruitment and soil property data are
highly preferred by the rangeland management authority, wildlife conservation administration is
mainly concerned with conservation aspects. Thus, this study is of high significance to these

sectors with various potentials, contributions, and implications.

Moreover, the study findings that come from the investigation of the influences of the possible
decline of B. aegyptiaca populations on the income and livelihood of the local community will
pave the way for a permanent solution for this constrain and determines the possible alternatives

that can supplement and reduces the pressure on B. aegyptiaca.



1.8 Delineation of the Study

The present study was carried out to explore the impacts of livestock browsing and illegal
harvesting on the natural regeneration of B. aegyptiaca using disturbed and non-disturbed sites in
the DBR. A stratified sampling design was used to localize the disturbed and non-disturbed sites,
and simple random sampling was used to select the sample plots within different browsed sites.
The dendrometric parameters of seedlings, saplings, and adult trees were measured to assess the
abundance, density, distribution, basal area contribution, and the proportion of juveniles to adults
in each site. The study further collected soil samples under affected and healthy trees to
understand the contribution of trees and their crowns to the chemical properties of the soil and
how these properties of soil varies. Moreover, the study focused on B. aegyptiaca because it is a
multipurpose tree species and is widely used by the local community, and their populations are

declining across the country.

The study stratified the browsed sites based on the main livestock species that dominated the site
as the study aimed at identifying the most damaging livestock species and the sensitive stage of
B.aegyptiaca to their browsing activities.



CHAPTER TWO
LITERATURE REVIEW
2.1  Biology of Balanites aegyptiaca

Balanites aegyptiaca (L) Del., is a medium-sized evergreen tree that usually reaches the average
height of 9 m and rarely 15 m, and a mean diameter at breast height of 35 cm (Chothani &
Vaghasiya, 2011; Ibrahim et al., 2015; Ibrahim & Hassan, 2015). Although the species generally
well-known as Desert date, it has several other local names such as Soap berry tree, Thorn tree,
and Hegleig (Elbadawi et al., 2017; Fadl, 2015; Sagna et al., 2014). The Desert date tree is a
member of the Balanitaceae family, which formerly belonged to Zygophyllaceae (Elfeel et al.,
2007; Fadl, 2015; Ouédraogo et al., 2019).

The tree crown is characterized by a spherical to irregular shape with varied crown width and
height based on the site conditions and the stage of development (lbrahim et al., 2015;
Mohammed et al., 2021; Okia, 2013) (Plate 1). While the bark of saplings and juvenile trees is
smooth and green in colour, it is rough and deeply fissured with dark brown to greyish colour in
the adult trees (Chothani & Vaghasiya, 2011; Fadl, 2015; Khamis et al., 2016) (Plate 2).

Plate 1:  Crown Shape of Adult B. aegyptiaca Trees that have been Measured in Non-
disturbed sites of Dinder Biosphere Reserve from January 2019 to December 2020



Plate 2:  Illustrates the Outward Bark Appearance and Colour for Sapling and Adult
Tree of B. aegyptiaca; (A) and (B), Respectively; that have been Assessed in the
Non-disturbed Sites of Dinder Biosphere Reserve from January 2019 to
December 2020

Furthermore, B. aegyptiaca is characterized by its edible fruits, leaf with two ovate to rhomboid
leaflets, and thorny seedlings and saplings (Chothani & Vaghasiya, 2011; Elfeel, 2010; Idrissa et
al., 2018) (Plate 3). Besides that also, it’s a drought-tolerant and multi-purpose tree species with
diversified food, feed, medicinal, and agroforestry uses (Hassanin et al., 2018; lbrahim &
Hassan, 2015; Mohammed et al., 2021) (Plate 4). However, studies on the species response to
anthropogenic activities like overgrazing and illegal harvesting are lacking and need to be

addressed towards its sustainable management.
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Plate 4:  Shows a Population of B. aegyptiaca Tree Species Grown in the Drought Area at
the Western Part of Dinder Biosphere Reserve that we have Measured at the
Period from January 2019 to December 2020

2.2  Global distribution of Balanites aegyptiaca

Balanites aegyptiaca (Desert date tree) is native to most arid and semi-arid areas in Africa, with
high spread and wealthy stands from north to south (Elfeel, 2010; Idrissa et al., 2018; Sagna et
al., 2014). The species is also indigenous to the Middle East and many Asian countries such as
India (Chothani & Vaghasiya, 2011; Okia, 2013), Pakistan (Abdelaziz et al., 2020; Manji et al.,
2013), Iran (Elfeel, 2010; Ouédraogo et al., 2019), and Saudi Arabia (Abdelaziz et al., 2020;
Murthy et al., 2021), Syria (Joel, 2018; Murthy et al., 2021), and Yemen (Chapagain et al., 2009;
Elbadawi et al., 2017; Fadl, 2015; Murthy et al., 2021). Moreover, in Sudan, B. aegyptiaca
covered a wide distribution range varying from arid lands in the northern part of the country to
the semi-arid ones on the west and east as well as the highly fertile ones in the central and
southern regions (Adam et al., 2013; Elfeel et al., 2007; Gasmalla et al., 2016; Hasoba et al.,
2020; Mohammed et al., 2021). The species was also introduced in Latin America, Caribbean
islands, and Burma (Gebru et al., 2019; Joel, 2018; Marone et al., 2017; Weber & Montes,
2010). Despite this global distribution of the species, detailed studies on its population structure

and its natural regeneration in the Sahel are holistically missing and need to be explored.
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@ Native

Figure 1: Global Distribution of B. aegyptiaca. The Green Areas Show where B. aegyptiaca
is Native, while the Red-purple Areas indicate Sites where the Species has been
Introduced. Moreover, the Grey Areas lllustrate where the Species has never
been Recorded (Centre for Agriculture and Bioscience International [CABI],
2021)

2.3 Uses of Balanites aegyptiaca
2.3.1 Food and Feed uses

Balanites aegyptiaca has been used for a long time for food and feed purposes among different
communities especially in Africa and Asia (Abou-Khalil et al., 2016; Elbadawi et al., 2017;
Hasoba et al., 2020; Idrissa et al., 2018; Murthy et al., 2021). Its fruits are edible, where they can
be eaten fresh or dried or even as juice and beverages (Chothani & Vaghasiya, 2011; Fadl, 2015;
Ogala et al., 2018; Okia, 2013; Ouédraogo et al., 2019). However, in some countries like Eritrea,
Ethiopia, Kenya, and Uganda, locals also eat the fruits of B. aegyptiaca after been cooked and
skinned (Beche et al., 2016; Okia, 2013; Sagna et al., 2014; Tesfaye, 2015). Moreover, other
studies have reported that the flowers, leaves, young twigs, and seed kernels of B. aegyptiaca tree
species also utilized fresh in form of salad or cooked with salt and some seasoning materials to
enhance its palatability (Gasmalla et al., 2016; Joel, 2018; Khamis et al., 2016; Lockett et al.,
2000; Maniji et al., 2013). Besides that, its foliage and new shoot are usually used as fodder for
livestock in the Sahel region and most sub-Saharan countries, particularly during dry seasons
(Elfeel et al., 2007; Ibrahim et al., 2015; Idrissa et al., 2018; Mohammed et al., 2021).
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2.3.2 Medicinal Uses

The desert date tree is of tremendous medicinal significance, and most of its parts encompass
useful compounds that have been used to cure various diseases that attack humankind (Abdel-
Motaal et al., 2015; Elbadawi et al., 2017; Ogala et al., 2018; Siddique & Anis, 2009). Extracts
from leaves, bark, roots, and fruits have been used to treat Malaria, diarrhea, fevers, and stomach
iliness (Beche et al., 2016; Chothani & Vaghasiya, 2011; Elfeel et al., 2007; Elfeel, 2010;
Hassanin et al., 2018). The fruits and seed kernels of B. aegyptiaca are rich with Steroidal
secondary metabolizes such as diosgenin and daponins, which are key elements in the production
of Corticosteriols, human fertility hormones, and some sterility prevention drugs (Khamis et al.,
2016; Murthy et al., 2021; Ouédraogo et al., 2019; Siddique & Anis, 2009).

Further, extracts from Balanites leaves proved to have antioxidant, antimicrobial, and
antiprotozoal activity (Al-thobaiti & Abu Zeid, 2018; Elfeel & Warrag, 2011; Khamis et al.,
2020; Ndoye et al., 2004). Antimicrobial activity was investigated against Streptococcus mutans
and Escherichia coli, while antiprotozoal activity was tested against Trypanosoma cruzi (Khamis
et al., 2020). Besides that also, Abdelaziz et al. (2020), Alansari & Al-thobaiti (2021), Harlev et
al. (2012); Hassan et al. (2016) and Khamis et al. (2020) concluded that secondary metabolizes
extracted from B. aegyptiaca shoot have a curative significant role as an anticancer. Additionally,
derivatives from its bark proved their potentials to cure yellow fever, as well as jaundice and
syphilis (Hassan et al., 2016; Joel, 2018; Okia, 2013; Tesfaye, 2015). While some studies have
reported and proved the uses of aqueous leaf and fruit extracts of B. aegyptiaca as an antifungal
(Abdallah et al., 2012; Khatoon et al., 2013; Sawadogo et al., 2020; Singh et al., 2017), others
illustrated their antibacterial and anti-inflammatory potentiality (Ezemokwe et al., 2020; Khamis
et al., 2020; Murthy et al., 2021; Tula et al., 2014).

Moreover, various studies illustrate the intensive utilization of B. aegyptiaca in traditional
medicine in many African countries including, Sudan (Hasoba et al., 2020; Mohammed et al.,
2021), Niger (Idrissa et al., 2018; Weber & Montes, 2010), Nigeria (Lockett et al., 2000;
Suleiman et al., 2017), Burkina Faso (Nacoulma et al., 2016; Ouédraogo et al., 2019; Sanon et
al., 2007), Ethiopia (Beche et al., 2016; Gebeyehu et al., 2019; Tesfaye, 2015), Uganda (Okia,
2013; Ssegawa & Kasenene, 2007), Kenya (Maua et al., 2020), Tanzania (John et al., 2020;
Kikoti & Mligo, 2015), and Madagascar (Joel, 2018; Murthy et al., 2021; Reuter et al., 2018).
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2.3.3 Agroforestry Uses

Agroforestry is a practice and land use model where trees, shrubs, and other perennials woody
plants are integrated with crop and livestock production in the same land-use system (Dawson et
al., 2009; Endale et al., 2017; Poudel et al., 2019). Planting in rows, strips, intercropping, and
Tungya are various forms of this practice (Folega et al., 2011; Idrissa et al., 2018; Marone et al.,
2017). Thus, agroforestry is an innovative way of managing a diversified community of plants
and animals to obtains sustained goods and services while conserving biodiversity and enhancing
ecosystem resilience (Hollingsworth et al., 2005; Idrissa et al., 2018; Marone et al., 2017;
Mohammed et al., 2021). Tree species like Acacia senegal, Acacia nilotica, Adansonia digitata,
Balanites aegyptiaca, Cordia africana, Faidherbia albida, Eucalyptus camaldulensis, Khaya
senegalensis, Tamarindus indica, Tectona grandis, and Ziziphus spina-christi are among the
commonly used tree in agroforestry (Dawson et al., 2009; Folega et al., 2011; Githae et al.,
2011; Idrissa et al., 2018; Omar & Muhammad, 2016). Moreover, the frequently used tree
species for this purpose in the Sahelian region are A. senegal, B. aegyptiaca, and F. albida
(Assogbadjo et al., 2010; Endale et al., 2017; Gebeyehu et al., 2019; Idrissa et al., 2018).

Researchers reported that farmers in the eastern part of Sudan are planting sorghum (Sorghum
bicolor) and sesame (Sesamum indicum) under B. aegyptiaca trees, while in the western region
A. senegal and F. albida are the dominant tree species in their local gardens (Elagib & Al-Saidi,
2020; Fadl et al., 2015; Fahmi et al., 2018; Magid et al., 2014). Also, Elhadi et al. (2014) and
Fadl et al. (2015) reported the intercropping of millet (Pennisetum glaucum), groundnut (Arachis
hypogaea), and watermelon (Citrullus lanatus) with scattered B. aegyptiaca and Z. spina-christi
in North Kordofan State, Sudan. Ali et al. (2009), Fahmi et al. (2015) and Rahim et al. (2007)
mentioned the frequent practices of growing roselle (Hibiscus sabdariffa), sorghum (Sorghum
bicolor), groundnut (Arachis hypogaea), and millet (Pennisetum glaucum) in associations with B.

aegyptiaca and A. senegal as a soil fertility improver in the Blue Nile region, Sudan.

Furthermore, some studies illustrated the importance of B. aegyptiaca trees to crops as an
attractor of insect pollinators (Dawson et al., 2009; Idrissa et al., 2018; Ndoye et al., 2004; Okia,
2013; Weber & Montes, 2010). Windbreaks, shelter, and moderation of harsh weather are also
useful functions of B. aegyptiaca in the agroforest parklands and rain-fed farms (Elfeel &
Warrag, 2011; Fahmi, 2017; Joel, 2018). Moreover, various studies across African countries such
as (Gebru et al., 2019; Yirga, 2019) in Ethiopia, (Omar & Muhammad, 2016) in Nigeria,
(Ssegawa & Kasenene, 2007; Weldemariam et al., 2017) in Uganda, (Degrande et al., 2006) in
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Cameroon, (Asigbaase et al., 2019; Hassan & Tag, 2017; Maua et al., 2020) in Kenya, and
(Haarmeyer et al., 2013; Nacoulma et al., 2016; Neya et al., 2019) in Burkina Faso, discussed
the significance of B. aegyptiaca as vital agroforestry tree that offering multi-services ranging
from improving soil fertility and aeration to the enhancement of farmers livelihood and raising
their income. Thus, any recent study that can reveal outcomes related to the population of this

valuable species, its structure, natural regeneration, and dynamics is of high significance.
2.3.4 Other Uses

The seeds of B. aegyptiaca have a good content of oil which is edible and used locally for
making food (Abdelaziz et al., 2020; Hasoba et al., 2020; Mohammed et al., 2021). The oil also
used in the manufacturing of some soaps (Chothani & Vaghasiya, 2011; Elfeel, 2010), shampoo
(Manji et al., 2013; Ouédraogo et al., 2019), and various cosmetic products (Beche et al., 2016;
Elbadawi et al., 2017), as well as for biodiesel production and energy derivatives (Chapagain et
al., 2009; Elfeel & Warrag, 2011; Fadl, 2015; Khamis et al., 2016). While the fruits are rich in
fatty acids, minerals, and proteins, their oil is also used perfectly in detergents (Abdallah et al.,
2012; Al-thobaiti & Zeid, 2018; Siddique & Anis, 2009).

The mature trees of B. aegyptiaca characterized by durable and termite-resistant wood (Okia,
2013; Sagna et al., 2014; Weber & Montes, 2010), which is useful for furniture, agricultural
tools, building, handicrafts, firewood utilization, and charcoal production (Adam et al., 2013;
Hassanin et al., 2018; Idrissa et al., 2018; Marone et al., 2017; Mohammed et al., 2021). Besides
that, the good porosity of its wood makes it easier to be worked and reshaped (Joel, 2018; Weber
& Montes, 2010). Additionally, as its timber secrete resin and the bark rich in extractives, B.
aegyptiaca resins and extractives worked efficiently as insecticide and pesticides with lower
harm to the environment (Fahmi et al., 2018; Joel, 2018; Zida et al., 2018). As the species might
be declining (Hassanin et al., 2018; Idrissa et al., 2018; Mohammed et al., 2021), it is of high

significance to understand how such decline can affect the local’s livelihood.
2.4 Impacts of Livestock Grazing and Browsing on the Natural Regeneration

Natural regeneration can be defined as a process through which new seedlings, coppices, or
sprouts are emerging and growing to replace the destroyed and dead ones towards the restocking
of the spaced sites and restoration of the degraded lands (Arosa et al., 2017; Ghanbari et al.,
2021; Hammond et al., 2021). Therefore, it is a principal and core process by which most plants

naturally recruit new generations, compensate for losses, and sustain their population dynamics

15



(Hanief et al., 2016; Lacerda & Kellermann, 2019; Sukhbaatar et al., 2019). However,
disturbances including livestock grazing and browsing usually interfere with this process and
interrupting its sustainability (Lempesi et al., 2017; Sales-Baptista et al., 2016). Thus, studies on
this aspect are well-appreciated as they will form concrete pillars for future conservation,

management, and sustainability plans.

Intensive grazing and browsing are among the leading factors that decrease species diversity and
degrade rangelands worldwide (Derebe & Girma, 2020; Mohammed et al., 2021; Mysterud,
2006). Arid and semi-arid zones show a clear example where overgrazing had led to a dramatic
reduction in the herbaceous plants (Fraser et al., 2001; Osem et al., 2017), lowered the species
richness (Chaturvedi et al., 2012; Kikoti & Mligo, 2015), reduplicated the impacts of the soil
erosion process (Muller et al., 2014; Panagopoulos et al., 2019), and soil fertility loss (Kosmas et
al., 2015; Xu et al., 2018). While various studies have addressed these impacts on the herbaceous
layer, few studies have investigated the response of woody vegetation, i.e., tree seedlings and

saplings, to high animal browsing intensities.

In Africa, and especially the sub-Saharan countries and the Sahel region, overgrazing resulting
from mammalian herbivores had altered the sustainability of different forest stands and
rangelands by disturbing their natural regeneration (Hawkins, 2017; Kgosikoma et al., 2013;
Treydte et al., 2009), compacting the soil (Derebe & Girma, 2020; Krzic et al., 2006), and
decreasing their seeds bank (Domene et al., 2017; Nacoulma et al., 2016; Omar & Muhammad,
2016). Different studies that took place in Ethiopia (Mekuria & Aynekulu, 2013), Tanzania
(Ligate et al., 2019), South Africa (Kgosikoma et al., 2013), Burkina Faso (Sanon et al., 2007),
Nigeria (Ogunwusi et al., 2013), Niger (Idrissa et al., 2018), and Cameroon (Degrande et al.,
2006) have documented how livestock overgrazing increased the rate of deforestation, forest
fragmentation, and invasive species in the community forests, natural woodlands, and agroforest
parklands. However, with all this literature, the information regarding the impact of livestock

browsing on juvenile trees is limited.

Sudan has a significant number of livestock herds (Elmekki, 2008; Hassan & Tag, 2017;
Mahgoub, 2014), very trace data is available about their effects on the natural regeneration of
woody plants and the seedlings recruitment in their rangelands, protected areas, natural forests
and open community forests (Ibrahim & Hassan, 2015; Mohammed et al., 2021). The study
carried out by (Abdelrahim, 2015) in the Blue Nile region, Sudan, mentioned that overgrazing by
livestock affected the income and livelihood of forest products dependent families, particularly

16



those mainly dependent on the non-timber forest products including fruits, resins, gum, and
honey. Such indirect effect of overgrazing raised the alert on the significance of monitoring and
controlling this practice as well as eliminate its consequences, especially in the biosphere

reserves as Dinder.

On the other hand, researchers highlighted that light grazing or browsing in the natural
rangelands and forests can suppress the closed plant competitors and promotes ungrazed healthy
ones (Lempesi et al., 2017; Lopez-Sanchez et al., 2014; Miiller et al., 2014). However, this
regime of grazing is achievable only under a restricted monitoring management plan based on the
carrying capacity of the site (Gamoun et al., 2015; Mysterud, 2006) and the availability of the
resources (Hawkins, 2017; Ligate et al., 2019; Wang et al., 2019). Therefore, information on the
species composition, population structure, stocking density, and natural regeneration status are
among the leading factors that shape the formulation of a comprehensive plan, which considers

the resources sustainability and well-regulated yield.

Studies concerned with the effects of overgrazing on the natural regeneration of B. aegyptiaca
are scarce or not well-reported. Documents on how seedlings and saplings of this species have
been influenced by intensive livestock browsing and frequent grazing are limited, particularly for
Biosphere Reserves and other protected areas. Therefore, the current study bridges this gap and
contributes to knowledge by revealing up-to-date findings related to this multipurpose tree
species and this important stage of development.

2.5  Impact of Illlegal Harvesting on the Fruit Production and Seedlings Recruitment

The term illegal harvesting has usually been used to refer to all activities that take place in a
protected or reserved area without its authority permit, or exceed their permission limits (Ji et al.,
2017; Piabuo et al., 2021; Reboredo, 2013). It covers stem debarking for medicine, shoots and
twigs cutting for animal feeding, uprooting, removal crown branches, especially fruited branches
as well as logging of the entire tree (Haarmeyer et al., 2013; Nacoulma et al., 2016). As
debarking usually affected the bark of mature trees, branches cutting and removal on the other
hand, reduced the number of fruited branches and seedlings distribution and growth (Bondé et
al., 2019; Nakajima et al., 2015; Zahawi & Holl, 2009).

Frequent and intensive stem debarking has severe impacts on the tree structure, wood continuity,
wood conductivity, and tree survival (Beltran-Rodriguez et al., 2021; Chaturvedi et al., 2012).

Although some tree species like Anogeissus leiocarpus, Azadirachta indica, Khaya senegalensis,
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Lannea fruticosa, Ziziphus spina-christi can heal and recover the removed part (Assogbadjo et
al., 2010; Ball & Tzanopoulos, 2020; Beche et al., 2016; Haarmeyer et al., 2013), others like
Boswellia papyrifera, Commiphora africana, Crativa adansonii, and Sclerocarya birrea, are
sensitive to deep and extreme debarking (Guedje et al., 2016; Negussie et al., 2008; Nndwammbi
et al., 2018). In Sudan, particularly in the Blue Nile Region, the bark of Acacia nilotica, B.
aegyptiaca, Combretum hartmannianum, Sterculia setigera, Terminalia brownii, and Ziziphus
abyssinica, has commonly been used to treat Malaria, fever, stomach pains, and skin wounds
(Abdelrahim, 2015; Ibrahim et al., 2014; lbrahim & Hassan, 2015; Mohammed et al., 2021).

However, to what extent does this utilization affecting B. aegyptiaca populations is unknown.

Further, debranching of the tree crown and twigs can thoroughly reduce the tree’s capability to
produce fruit and lowered the seedling establishment for the tree species that regenerate naturally
by seeds (Abdou et al., 2015; Lompo et al., 2018). Bondé et al. (2019) revealed that illegal
harvesting affected the population of Shea tree (Vitellaria paradoxa) in Burkina Faso and
decreased its fruit production capacity by < 40%, and seedlings recruitment by 35%. Moreover,
Kikoti et al. (2015) and, Kimaro and Lulandala (2013) reported that tree crown debranching and
intensive re-browsing of newly emerged shoots led to natural regeneration failure in North

Kilimanjaro and reduced the species richness to a critical level in the coastal area.

Although some studies have discussed the effect of illegal harvesting on soil properties
(Missanjo & Kamanga-thole, 2014; Sukhbaatar et al., 2019), stand density (Chaturvedi et al.,
2012; Neelo et al., 2015; Vayreda et al., 2013), and dendrometric parameters (Aleza et al., 2018;
Lamien et al., 2007; Mohammed et al., 2021), knowledge of its impact on juvenile tree growth
and seedling development and distribution is low. Vulnerable species like B. aegyptiaca, with its
tremendous uses and services, need more researches in this aspect as a prerequisite for species
conservation. Thus, the current study bridges this gap by assessing and analyzing how illegal
harvesting influences the natural regeneration, fruit production, and seedling distribution of B.

aegyptiaca in the Dinder Biosphere Reserve, Sudan.
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CHAPTER THREE
MATERIALS AND METHODS
3.1  Study Area

The study was carried out in Dinder Biosphere Reserve (DBR), which is located in the south-
eastern part of Sudan, at latitudes 11° 20’ N and 13° 00’ N and longitudes 34° 30’ E and 35° 48’ E
(Fig. 2) with 10 290 km? as a total area ( Higher Council for Environment and Natural Resources
[HCENRY], 2004; Mohammed et al., 2021). The annual rainfall in DBR varies from 600 mm to
1100 mm between April to November (Mohammed et al., 2021; Saaid et al., 2019), while the
minimum mean monthly temperature range from 18-20 °C, and the maximum between 27 to
44°C (Hassaballah et al., 2016; Hassaballah et al., 2020). The reserve consists of three zones
which are transition, buffer, and core zone (Mahgoub, 2014; Mohammed & Hashim, 2015). The
transition zone is the outer zone that protect the Buffer and core zone (Elmekki, 2008;
Mohammed et al., 2021). The core zone is located at the center of DBR, while the buffer zone is

situated between the transition and core zone (Ahmed, 2005; Mahgoub, 2014).

The transition zone is usually under high anthropogenic pressure and frequent disturbances due
to the presence of more than 25 villages in the area (Mohammed & Hashim, 2015; Yousif &
Mohammed, 2012). The dominant tree species in this zone are Acacia senegal, Acacia seyal, B.
aegyptiaca, Boswellia papyrifera, Combretum hartmannianum, Lonchocarpus laxiflorus, and
Ziziphus spina-christi (Mahgoub, 2014; Mohammed et al., 2021). However, in the buffer zone
beside the above-mentioned tree species, the site also hosts Acacia mellifera, Acacia
polyacantha, Anogeissus leiocarpus, Combretum ghasalense, and Tamarindus indica (Elmekki,
2008). It also hosts a diversified animal species including, Guinea fowl (Numida meliagris),
Egyptian goose (Alopochen aegyptiaca), common ostrich (Struthio camelus), water buck (Kobus
ellipsiprymnus), and Hussar monkey (Cercopithecus aethiops) (Elmekki, 2008; Mahgoub, 2014;
Mohammed et al., 2021; Wassie, 2011; Yousif, 2012). Although this zone is adjacent to the
transition zone, it is subjected to low human disturbances compared to the transition (Hassaballah
et al., 2016; Mohammed & Hashim, 2015; Yousif & Mohammed, 2012).

The core zone represents the heart of DBR, where the majority of wild animals including, large
mammals, carnivores, reptiles, and birds are found (Mohammed et al., 2021; Yousif, 2012). It
hosts more than 33 tree species which are varying between the deciduous tree species like

Combretum aculeatum, Combretum glutinosum, Lannea nigritana, Lannea schimperi,
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Sclerocarya birrea, Sterculia setigera, and Terminalia brownii, and the evergreen trees that
includes: Balanites aegyptiaca, Boscia senegalensis, Tamarindus indica, and Ximenia americana
(Ahmed, 2005; Basheer et al., 2016; Saaid et al., 2019). Wild animals like reedbuck (Redunca
redunca), warthogs (Phacochoerus aethiopicus), Anubis baboon (Papio anubis), roan antelope
(Hippotragus equinus), and African buffalo (Syncerus caffer) are frequently observed in this
zone (Mahgoub, 2014; Wassie, 2011). All activities like livestock grazing, timber harvesting,
fuelwood production, and poaching are prohibited in this area (Mohammed & Hashim, 2015;
Yousif & Mohammed, 2012).

The soil is generally black cracky clay across the biosphere except in the mountainous area at the
southern (Tabya) and south-western part (Kadalu), where mixed sandy-clay soil can be found
(Basheer et al., 2016; Mohammed et al., 2021). The common income generation activities of the
local communities within and around the reserve are horticulture, agriculture, livestock keeping,
firewood and charcoal production, non-timber forest products (NTFPs) collection, and fishing
(Ahmed, 2005; Elmekki, 2008; Mahgoub, 2014). While the main agricultural crops in the area
are sorghum (Sorghum bicolor), sesame (Sesamum indicum), milt (Pennisetum glaucum), and
watermelon (Citrullus lanatus); the major livestock species reared by the locals for meat and
milk are goats (Capra hircus), cattle (Bos indicus), sheep (Ovis aries), and camels (Camelus
dromedarius) (Fahmi et al., 2015; Fahmi et al., 2018; Mahgoub, 2014; Mohammed et al., 2021,
Raddad et al., 2006).

Small sample plots of 5 x 5 m? were used for seedling and sapling measurements compared to
larger sample plot sizes of 25 x 40 m? for adult trees. This multi-approach sampling regime was
recommended by several scholars (Grenier et al., 2008; Meng, 2013; Pirzadeh et al., 2013;
Storch et al., 2018).
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Figure 2: The Map of the Study Area showing the Transition, Buffer, and Core Zone of the Dinder Biosphere Reserve, where
we Collected all our Study Data from January 2019 to January 2021
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3.2 Exploring the Effects of Livestock Browsing and Illegal Felling on the Tree Species
Diversity, Composition, and Growth of B. aegyptiaca in Dinder Biosphere Reserve

3.2.1 Data Collection

For data collection, as the transition zone is under high human disturbances, and the core zone is
without anthropogenic activities, the study assigned the first one as a disturbed site and the
second one as a non-disturbed site. Fifty (50) sample plots were randomly laid in each site that
sum up to 100 sample plots across the study area (Fig. 3). These sample plots were rectangular in
shape, with a size of 25 m x 40 m, and were measured in the period between April 2019 to April
2020. In each plot, the study identified and classified all the observed tree species and
distinguished them into; adult trees, saplings, and seedlings. Adult trees were defined as those
with a trunk diameter at breast height (DBH) of > 7 cm (Ibrahim et al., 2018; Ibrahim et al.,
2014; Osman & ldris, 2012). Moreover, saplings are with core diameter (CD) of 3 cm to 6.9 cm
(Gebeyehu et al., 2019; Kikoti et al., 2015; Tripathi & Tripathi, 2010), and seedlings are of < 3
cm core diameter (Lempesi et al., 2017; Papadopoulos et al., 2017).

Further, four dendrometric parameters (height, DBH, crown width, and crown height) were
measured for all adult trees in the sampled sites. Tree DBH was measured using Ordinary Caliper
(65 cm) for the small and juvenile trees and tape (5 m) for the largest (Ibrahim & Hassan, 2015;
Mohammed et al., 2021). Suunto Hypsometer and Spiegel Relaskope were used for total tree
height (H) and crown height (CH) measurements, respectively (lbrahim et al., 2015; Ibrahim &
Osman, 2014; Idrissa et al., 2018). In addition to that, tree crown width (CW) was measured by
using a 50 m distance measuring tape at eight directions radiating from the tree base and
vertically towards the edges of the tree crown and stand canopy (Assogbadjo et al., 2010; Fahmi
et al., 2018; Ranaivoson et al., 2015). The tree identification and nomenclature for all observed
and measured tree species were done by a botanist with the help of identification manuals and
literature (Nndwammbi et al., 2018; Seth, 2004; Weldemariam et al., 2017).
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Figure 3: The Map of the Study Area, with the Sampling Locations in the Non-disturbed
and Disturbed Sites of Dinder Biosphere Reserve, where we Assessed the Tree
Species Diversity, Composition, and B. aegyptiaca Growth (April 2019 to April
2020)
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3.2.2 Statistical Analysis

The average DBH, H, and CW were calculated for each sample plot as a prerequisite for further
comparison within and between the sites as recommended by Assogbadjo et al. (2010),
Gebeyehu et al. (2019) and Ghanbari et al. (2021). Further, the equations in (Table 1) were used
to compute the tree density (# of trees/ha), basal area per tree (m?), relative abundance (%),
relative dominance (%), relative frequency (%), and importance value index (I\VI) (Ghanbari et
al., 2021; Idrissa et al., 2018; Mohammed et al., 2021). Low IVI value shows that no
significance and the higher ones illustrate the greatest importance of the species within the
population (Hernandez et al., 2018; Maua et al., 2020).

Minitab 17 was used to calculate the mean and coefficient of variation for all measured structural
and dendrometric parameters (Mohammed et al., 2021). To compare the averages of measured
adult trees, saplings, and seedlings, one-way ANOVA using JAMOVI 1.1.7 was run. Moreover,
for the comparison of dendrometric parameters across the sites, the study applied a paired
sampled t-test using JAMOVI, as recommended by Assogbadjo et al. (2010), Idrissa et al. (2018)
and Mohammed et al. (2021). The same procedure was performed for diversity indices.

Furthermore, a principal component analysis (PCA) in Past (version 3.6) was performed for the
IVI values, based on this study hierarchical cluster analysis (HCA) results. Additionally, to
distinguish between size classes of B. aegyptiaca tree species in the disturbed and non-disturbed
sites of DBR, the study used Weibull distribution in Minitab 17, as also used by Assogbadjo et
al. (2010), Idrissa et al. (2018), Ligate et al. (2019) and Mohammed et al. (2021).
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Table 1:  Used Equations for the Computation of Various Structural and Dendrometric Tree Parameters at both Disturbed
and Non-disturbed Sites

No Parameter Equation Reference
1 Tree basal area () g=[n*DBH + 4 Ibrahim and Hassan (2015)
2  Stand basal area (G) G = [n + 4s] * [YDBH?] Idrissa et al. (2018)
3 Stand density (N) N=n*1/s Assogbadjo et al. (2010)
4 Species abundance (A) A = total # of tree per species + plot area Osman and Idris (2012)
5 Relative abundance (RA) RA = [species abundance + total abundance] * 100  lbrahim et al. (2015)
6  Species dominance (D) D = species total basal area + plot area Idrissa et al. (2018)
7 Relative dominance (RD) RD = [species dominance + total dominance] * 100  |prahjm and Hassan (2015)
8  Species frequency (F) F = presence or absence of a species in the plot Osman and Idris (2012)
9  Relative frequency (RF) RF = [species frequency + total frequency] * 100 Osman and Idris (2012)
10 Importance value index (IV1) IVI=(RA) + (RD) + (RF) Mohammed et al. (2021)
11 Blackman index (IB) IB =03 + uy Mohammed et al. (2021)
12 Basal area contribution (Cs) Cs=[Gs + G] * 100 Mohammed et al. (2021)
13 Simpson’s evenness (Eq) Eq=ID+Imax, Imax=3S Assogbadjo et al. (2010)

1 .
14 Simpson’s reciprocal index (Ip) o= m ffgﬁ:ﬁﬁg Ztt E:I.. ((22%23)) and

i=1

DBH is tree diameter at breast height (1.3 m above the ground) measured in cm, n is the total number of trees per plot, s is the area of
the plot, and o2 and uy are variance and of B. aegyptiaca density, respectively. Gg and G are B. aegyptiaca and stand basal area,
respectively. S is the species richness which was calculated as a number of tree species per site
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3.3 Identifying the Sensitive Stage at which B. aegyptiaca is most Affected by Livestock
Browsing in Dinder Biosphere Reserve

3.3.1 Data Collection

The study stratified the disturbed area (Transition zone) into three sites depending on the major
livestock groups reared by local community in the area. For GOA (goat), the major livestock
group was goat while for CAT (cattle) and CAM (camel) the dominant groups are cattle and
camel, respectively (Fig. 4). At each site browsing animals were assessed either directly or
indirectly via signs of animal browsing, type of animal dung, degree of livestock trampling and
livestock trespassing records from the annual reports of the DBR administration (2018, 2017,
2016 and 2015) and literature (Elmekki, 2008; Hassan & Tag, 2017; Mahgoub, 2014;
Mohammed & Hashim, 2015; Mohammed et al., 2021), (Table 2).

Within each site, 50 squared sample plots of 5 x 5 m? were located randomly, summing up to a
total of 200 sample plots across the reserve. The selection and location of sample plots were
based on complete randomization. In each sample plot, the study recorded the number of B.
aegyptiaca seedlings and saplings and whether they were un-browsed, browsed or dead. A
seedling and/or sapling was considered to have been browsed (affected) if any of its branches or
leaves had been injured or damaged or removed due to an animal bite (Ibrahim & Hassan, 2015;
Kikoti et al., 2015; McEvoy et al., 2006; Mohammed et al., 2021).

For each single browsed seedling and/or sapling, the study recorded and documented the number
of branches and twigs, which had recovered or died because of browsing, as well as, the
browsing height. Recovery state was mainly judged depending on the occurrence of new leaves
and shoots in seedlings and/or saplings after being attacked (browsed) by animals. All fieldwork
activities were carried out during the dry season when livestock grazers and browsers were

usually available inside the reserve.
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Table 2:  Livestock Species, their Numbers, and the Total Contribution of Each Species to
the Overall Livestock Numbers in the Transition Zone of Dinder Biosphere
Reserve (Total %) in the Dry Season

Livestock species Number Total % Dominant in
Cattle 15 400 44.1 CAT
Goat and sheep 15 361 43.9 GOA
Camel 4050 11.6 CAM

Dominant refers to > 50% of the main browser species being composed by that species. CAT = site browsed mainly by cattle, GOA = site
browsed mainly by goats, and CAM = site browsed mainly by camels. Fieldwork observation of the author (2019 - 2020), annual reports of DBR
administration (2015 - 2018) and (Mohammed & Hashim, 2015; Yousif & Mohammed, 2012)
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Figure4: The Map of the Study Area, with its Three Zones. Green rings, Yellow
rectangular, Pink stars and Blue bolts indicate the Sample-plots within the four
Sampled Sites, i.e., GOA (site browsed mainly by goats), CAT (site browsed
mainly by cattle), CAM (site browsed mainly by camels) and CON (control
without livestock browsers), respectively
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3.3.2 Statistical Analysis

All analysis was performed in JAMOVI (version 1.1.7) and Minitab (version 17). After testing
for normality using the Shapiro Wilk test (Missanjo et al., 2015; Truong & Marschner, 2018),
this study run a one-way analysis of variance (ANOVA) to compare survival, mortality, and
recovered seedlings and saplings across different animal browsing categories (Burman et al.,
2018; Hasoba et al., 2020; Jevon et al., 2020; Sukhbaatar et al., 2019). The Tukey’s Post-Hoc
tests (a0 = 0.05) was used to compare means (Assogbadjo et al., 2010; Fahmi, 2017; Ghosh &
Devi, 2019; Mohammed et al., 2021).

Descriptive analyses for the common dendrometric parameters of the seedlings and saplings,
including diameter, density, and height, were accomplished using Minitab 17 (Kingazi et al.,
2020; Mohammed et al., 2021). To compare the diameter and height mean of the affected and
healthy seedlings and saplings, this study used a paired sampled T-test (Kingazi et al., 2020;
Mekuria & Aynekulu, 2013; Miller et al., 2014).

Furthermore, to understand the possible correlation between the recovered seedlings and saplings
and their sample plot densities across the various browsed sites in the reserve, the current study
interrelated the total height of seedlings and saplings with their density using JAMOVI 1.1.7, as
per Domene et al. (2017), Ghosh & Devi (2019) and Hasnain et al. (2020).

3.4  Assessing the Effect of Illegal Cutting of B. aegyptiaca Branches on Tree Survival,
Fruit Production, and Seedling Recruitment in Dinder Biosphere Reserve

3.4.1 Data Collection

The study area was inventoried using a simple random sampling technique with rectangular
sample plots of 25 m x 40 m (1000 m?). A total of 100 sample plots were laid out across the
study area, 50 each in the disturbed and undisturbed sites, respectively, from February 2020 to
February 2021 (Fig. 5). At each sample plot, all tree species were identified and the diameter at
breast height (DBH), total tree height (H), and crown width (CW) were measured for mature
trees (> 7 cm in DBH) (Ibrahim et al., 2018; Osman & Idris, 2012). Caliper, Suunto clinometer,
and tape were used for measuring DBH, H, and CW, respectively (lbrahim & Osman, 2014;
Missanjo et al., 2015). The CW was measured in eight directions from the tree bole every 45

degrees to the vertically projected edge of the tree crown (lbrahim et al., 2015).
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To quantify the average number of fruiting branches (FB) per tree at each sample plot in the
disturbed and undisturbed sites, the study randomly selected five adult trees for both B.
aegyptiaca and other tree species (ten trees per sample plot), and all fruiting branches were
counted side by side in a clockwise direction and recorded (Missanjo et al., 2015; Nakajima et
al., 2015; Singh & Kushwaha, 2006; Wich et al., 2011). Also, the study counted and recorded the
number of seedlings and saplings for each sample plot.
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Figure 5: The Map of the Study Area, with the Sampling Locations in the Non-disturbed
and Disturbed Sites of Dinder Biosphere Reserve, where We Assessed the Tree
Crown Width, Fruited Branches, and Seedlings Recruitment for B. aegyptiaca
and Other Tree Species (February 2020 to February 2021)
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3.4.2 Statistical Analysis

Normality and homogeneity tests were done using Shapiro Wilk and Kolmogorov-Smirnov D
tests, respectively (Missanjo et al., 2015; Truong & Marschner, 2018). Two-way ANOVA was
used to analyze the data of DBH, H, and CW variables within and between the disturbed and
undisturbed sites across the study area (Ghosh & Devi, 2019; Hasnain et al., 2020). To explore
the association between the tree crown width and the number of seedlings and saplings under
trees, the study used regression analysis with JAMOVI software (version 1.1.7) (Hasnain et al.,
2020). The same procedure was used to correlate the average number of fruiting branches of B.
aegyptiaca to its crown width. To distinguish the significant differences between different
measured variables in the studied sites, Tukey’s tests at a = 0.05 was used (Ghosh & Devi, 2019;
Truong & Marschner, 2018). All statistical analyses were performed using JAMOVI (version
1.1.7) and Minitab (version 17).

3.5  Quantifying the Differences in the Soil Chemical Properties Beneath the Affected
and Healthy Trees in Dinder Biosphere Reserve

3.5.1 Data Collection

100 rectangular sample plots, with an area of 25 m x 40 m were randomly laid out, 50 samples in
the disturbed, and the same in the non-disturbed site, in a period from February 2020 to February
2021 (Fig. 5). In each sample plots, the study collected two soil samples: one sample under a B.
aegyptiaca tree and another one under a different tree species within the same sample plot. All
soil samples were gathered in the dry season with an auger instrument at a depth of 0 — 30 cm
and 5 cm width (0.5 kg) (Sigaye et al., 2020; Toledo et al., 2011; Wang et al., 2020), summing
up to 200 samples. All soil analyses were performed in the laboratory of the soil department at
the University of Gezira, where pH, N, Na, K, P, C/N, SOC, and Electrical Conductivity (ECe),
all were analyzed using the recommended standard procedures (Hofhansl et al., 2020; Sigaye et
al., 2020).

Nitrogen and Organic carbon were measured with a CN-analyzer (Scholten et al., 2017).
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) with nitric and
perchloric acid were also used to measure the concentrations of P, Na, and K (Hofhansl et al.,
2020; Scholten et al., 2017). Moreover, the soil pH was measused by using an ion-sensitive field-
effect transistor (ISFET) with a soil to water ratio of 1:2 as recommended by Hofhansl et al.

(2020), while electric conductivity was measured with a soil conductivity tester (Heshmati et al.,
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2018; Sukhbaatar et al., 2019). Carbon:Nitrogen ratio was calculated as an atomic ratio using

organic carbon to nitrogen (Yang et al., 2019).
3.5.2 Statistical Analysis

Two-way ANOVA in JAMOVI 1.1.7 was performed to analyze the various soil variables within
and between the sites. The Shapiro Wilk test was applied to check for normality (Missanjo et al.,
2015; Mohammed et al., 2021) and the Kolmogorov-Smirnov test for homogeneity (Joel, 2018;
Missanjo et al., 2015; Truong & Marschner, 2018). Regression analysis in Minitab 17 was
carried out to examine the correlation between the tree crown width and the chemical properties
of the soil (particularly; N, SOC, K, P, Na, and C/N) in the disturbed and non-disturbed sites.
Besides that, the study also run Tukey’s tests at p = 0.05 to explore the significant differences
among the various soil variables, as recommended by Burman et al. (2018), Ghosh & Devi
(2019), Mohammed et al. (2021) and Truong & Marschner (2018).

3.6  Evaluating the Influence of B. aegyptiaca population Decline on the Income of Local

People within and Around Dinder Biosphere Reserve
3.6.1 Data Collection

To assess the contribution of B. aegyptiaca tree species to the forest-based livelihoods and
household income within and around the DBR, and how the expected decline of the species
population will affect the locals, this study held a key informants interview and conducted a
semi-structured questionnaire (Abdelaziz et al., 2020; Rahman et al., 2016; Williamson, 2017).
The study purposively interviewed the chiefs of the selected villages (n = 9), forest management
officers (n = 3), rangelands management officers (n = 3), and wildlife authority officers (n = 5) to
get their views on the uses of NTFPs in the area and its decline can influence the local
community (Beiske, 2007; Ibrahim et al., 2015). Nine villages were selected for administrating
the questionnaire, and selection was based on the main income generation activities of the locals
and the locations of these villages (Beiske, 2007; Deafalla et al., 2014; Williamson, 2017). The
selected villages are Um-Elkheir, Nor-Elmadeina, Elkhairat, Korwash, Gari, Um-Bagara, Gadaf,
Amri, and Mokla (Fig. 6). The questionnaires covered 270 individuals as 30 respondents from
each village, with good consideration to the gender and age balance among the participants. The
questionnaire involved 24 components, covering the demographic characteristics of the

participants, their socio-economic activities, their experience in uses, markets, and selling of B.
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aegyptiaca products, the history of the species in the area, alternative species with similar

benefits, and the consequences of the species decline on their life (Appendix 1).
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Figure 6: Map of the Study Area illustrating the Three Zones of Dinder Biosphere
Reserve and the Location of Selected Villages for Questionnaire and Interviews
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3.6.2 Statistical Analysis

All gathered information during the key informant interviews and semi-structured questionnaires
were coded, organized, and categorized before been analyzed using IBM SPSS (version 24.0)
(Ahenkan & Boon, 2011; Rahman et al., 2016; Williamson, 2017). Descriptive statistics, cross-
tabulation, and analysis of variance (ANOVA) were performed to compare, distinguish, and
correlate the demographic characteristics and the socio-economic activities with the species uses,
received revenue, and the constraints (Beiske, 2007; Okia, 2013; Williamson, 2017).
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Results

4.1.1 Exploring the Effects of Livestock Browsing and lllegal Felling on the Tree Species

Diversity, Composition, and Growth of B. aegyptiaca in Dinder Biosphere Reserve

Q) High Diversity and Tree Density in Non-disturbed Site

Tree species richness in the non-disturbed site was double that in disturbed site (p < 0.001, T =

18.6), while diversity index and Simpson’s evenness index were more than twice (p < 0.001, T =

33.2; and p < 0.05, T = 28.2, respectively; Table 3). The density of the five most dominant
mature trees (Fs406 = 22.4, p = 0.001, Fig. 7), saplings (Fes406 = 19.6, p = 0.011, Fig. 8), and
seedlings (Fes406 = 16.4, p = 0.021, Fig. 9) significantly varied between the two sites, with lower

densities in the disturbed site, especially for Anogeissus leiocarpus, B. aegyptiaca, and

Combretum hartmannianum (Fig. 7, 8, and 9).

Table 3:  Species Richness, Simpson’s Evenness and Diversity Indices of Tree Species
Identified in the Non-disturbed and Disturbed Sites of DBR in the Year 2020

Parameter Non-disturbed site  Disturbed site T P
Species richness 35.0 17.0 18.6 <0.001
Simpson’s evenness index 0.51 0.42 28.2 0.053
Simpson’s diversity index 17.6 7.20 33.2 <0.001
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Figure 8: Mean Sapling Density (stem/ha) of the Five Top Common Tree Species in the

Non-disturbed and Disturbed Sites of Dinder Biosphere Reserve (2020).
Asterisks above the bars show significant differences across the sites for each
species according to Tukey’s Post-Hoc tests (** = p < 0.01; *** =p < 0.001)
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Figure 9: Mean Seedling Density (stem/ha) of the Five Top Common Tree Species in the
Non-disturbed and Disturbed Sites of Dinder Biosphere Reserve (2020).
Asterisks above the bars show significant differences across the sites for each
species according to Tukey’s Post-Hoc tests (* = p < 0.05; ** = p < 0.01)

(i) Low Dominance and Importance Value index (IVI) in Non-disturbed Site

Three tree species (Acacia seyal var seyal, B. aegyptiaca, and C. hartmannianum) are dominant
in the two studied sites with an IVl of > 28 (Tables 4 and 5); however, B. aegyptiaca appeared
as a top dominant tree species of the non-disturbed site (F143 = 139.6, p < 0.001). Moreover,
common tree species in the disturbed site exhibited significantly greater 1VVI values than non-
disturbed sites (Fg 406 = 89.4, p = 0.013).

Further, the study findings showed that A. senegal and A. seyal var seyal have high relative
frequency and significant relative abundance compared to all other tree species in the reserve as
they demonstrated an inverse pattern (Fy43 = 208.5, p < 0.001). The relative dominance of A.
seyal at the disturbed site was four times that in non-disturbed ones, while its relative abundance
is twice that of the non-disturbed site (F143 = 167.4, p < 0.011, Tables 4 and 5).
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Table 4:

Total Number, Relative Abundance, Dominance, Frequency and IV of the Tree

Species Counted and Measured in Disturbed Site in Dinder Biosphere Reserve

(2020)
No Species N Relative Relative Relative VI
Abundance (%) Dominance (%) Frequency (%)
1 Acacia leata 26 11 0.4 34 4.9
2 Acacia mellifera 56 2.2 1.2 3.7 7.1
3 Acacia polyacantha 35 1.3 0.9 2.0 4.1
4 Acacia senegal 146 7.6 6.6 7.6 21.8
5 Acacia seyal var fistula 65 2.4 1.9 3.9 8.2
6 Acacia seyal var seyal 517 27.9 37.2 14.3 79.4
7 Adansonia digitata 10 0.4 1.0 2.1 3.4
8 Anogeissus leiocarpus 98 3.9 3.9 2.8 10.7
9 Balanites aegyptiaca 189 10.2 134 12.8 36.4
10 Combretum hartmannianum 227 12.0 14.5 11.6 38.1
11 Dichrostachys cinerea 41 1.7 0.5 3.5 5.8
12 Lannea fruticosa 52 2.2 0.9 2.3 5.4
13 Lonchocarpus laxiflorus 171 9.4 3.6 6.7 194
14  Sterculia setigera 40 14 1.8 2.1 5.2
15 Tamarindus indica 12 0.7 0.6 2.1 3.4
16  Terminalia brownii 25 11 0.8 1.3 3.2
17  Ziziphus spina-christi 142 7.8 6.5 10.6 24.9

N = Total number of trees per site; IVl = Importance value index for each tree species per site.
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Table 5: Total Number, Relative Abundance, Dominance, Frequency and IV of the Tree
Species Counted and Measured in Non-disturbed Site in Dinder Biosphere
Reserve (2020)

Relative Relative Relative

No Species N Abundance (%) Dominance (%) Frequency (%) VI
1 Acacia polyacantha 54 2.2 0.8 2.0 5.0
2 Acacia senegal 161 55 4.1 3.3 12.9
3 Acacia seyal var fistula 27 1.1 0.4 1.1 2.6
4 Acacia seyal var seyal 319 10.9 9.1 8.4 28.4
5 Anogeissus leiocarpus 182 7.4 8.8 51 21.3
6 Balanites aegyptiaca 358 16.7 17.8 135 48.0
7 Boscia senegalensis 31 1.3 0.5 3.6 5.3
8 Boswellia papyrifera 96 25 35 3.0 9.0
9 Combretum aculeatum 30 1.2 0.5 3.6 5.2
10 Combretum ghasalense 67 2.7 2.7 2.6 7.9
11 Combretum glutinosum 87 35 35 4.0 11.0
12 Combretum hartmannianum 321 11.0 14.8 6.4 36.2
13 Commiphora africana 32 13 1.9 2.3 55
14 Dalbergia melanoxylon 45 18 1.2 2.6 55
15 Dichrostachys cinerea 31 1.3 0.5 4.0 5.8
16  Diospyros mespiliformis 44 18 1.6 2.0 54
17  Gardenia lutea 36 15 0.6 3.6 5.7
18 Hyphaena thebiaca 49 2.0 2.9 2.6 74
19 Lannea fruticosa 184 45 4.4 5.6 145
20 Lannea nigritana 91 3.7 34 3.7 10.8
21  Lannea schimperi 36 15 1.9 1.7 5.1
22  Maerua angolensis 30 15 0.6 2.8 5.3
23  Piliostigma reticulatum 20 0.8 0.6 1.1 2.6
24 Pseudocedreca kotschyi 58 2.4 2.7 3.4 8.5
25  Pterocarpus lucens 50 2.0 3.1 2.0 7.1
26  Sclerocarya birrea 48 2.0 2.6 2.3 6.8
27  Sterculia setigera 84 3.4 5.0 4.0 12.3
28  Stereospermum kunthianum 16 0.7 0.9 1.1 2.6
29  Strychnos innocua 28 1.1 0.7 3.6 54
30 Tamarindus indica 19 0.8 1.0 0.9 2.6
31 Terminalia brownii 14 0.6 0.7 0.6 19
32 Terminalia macroptera 52 2.1 3.1 2.3 7.5
33 Xeromphis nilotica 29 15 04 3.7 5.6
34  Ximenia americana 41 1.7 0.9 2.8 5.3
35  Ziziphus spina-christi 154 5.3 3.0 5.1 134

N = Total number of trees per site; IVl = Importance value index for each tree species per site
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The outcomes of the principal component analysis for the importance value index (IV1) values
surprisingly illustrated that the disturbed site host both the utmost and lowermost values of IVI.
Based on the performed hierarchical cluster analysis (HCA) and the principal component
analysis (PCA) of the IVI values, three groups have been clustered as; (High) tree species with
highest IV values, (Medium) tree species with medium values, while (Low) have low IV values
(Fig. 10). The common tree species in group (High) include A. senegal, A. seyal, B. aegyptiaca,
C. hartmannianum, and Ziziphus spina-christi (Fig. 10). However, (Medium) and (Low) were
dominated by Anogeissus leiocarpus, A. polyacantha, Terminalia brownii, L. fruticosa,
Dichrostachy cinerea, Sclerocarya birrea, Sterculia setigera, Tamarindus indica, and Adansonia
digitata (Fig. 10). The PCA had significantly explained the differences between the two sites by
expressing 78% of their 1\VI variation.
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Figure 10: Dendrogram of the Clustered Common Tree Species at the Disturbed and Non-
disturbed Sites in the Dinder Biosphere Reserve, Sudan which was ran in the
hierarchical cluster analysis (HCA) based on the importance value index (I1VI)
values. (High) Tree species with highest IVI, i.e., A. S = Acacia seyal var seyal, C.
H = Combretum hartmannianum, Z. S = Ziziphus spina-christi, B. A = Balanites
aegyptiaca, A. Sg = Acacia senegal. (Medium) Tree species with intermediate
IVI, i.e., An. L = Anogeissus leiocarpus, A. P = Acacia polyacantha, L. F =
Lannea fruticosa, T. B = Terminalia brownii. (Low) Tree species with low VI,
i.e., D. C = Dichrostachys cinerea, T. | = Tamarindus indica, S.B = Sclerocarya
birrea, and S. S = Sterculia setigera

(ili)  Better Growth, Distribution, and Dendrometric Parameters in Non-disturbed Site

Non-disturbed site of DBR illustrated better growth and a strong natural regeneration with a

juvenile population (seedlings and saplings) > 70 % of the total tree population in the site (Fig.
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11). However, the disturbed site demonstrated an inverse trend with a higher percentage of adult
trees (> 85%) to seedlings and saplings (< 15%) (Fig. 11). Moreover, the adult trees, saplings,
and seedlings as growth forms and tree developmetal stages exhibited significant differences
within the sites and across the study area in both disturbed and non-disturbed sites (F,4s = 118.6,
p =0.033 and F, 45 = 164.4, p = 0.023, respectively; Fig. 11).
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Figure 11: Mean Number of Stems of Adult Trees, Saplings, and Seedlings per ha Across
all Tree Species Plotted along the Disturbed and Non-disturbed Sites. Asterisks
above bars illustrate significant differences within the growth stages across the
disturbed and non-disturbed sites according to Tukey’s Post-Hoc tests (* = p <
0.05; ** =p <0.01; *** =p < 0.001)
All dendrometric parameters of B. aegyptiaca tree species in the DBR shown significant
differences between the disturbed and non-disturbed sites. The species density and tree crown
widths in the non-disturbed site were double that of the disturbed site (Table 6). Moreover, the
percent of B. aegyptiaca basal area contribution and distribution was intensively aggregated and
regularly spreaded-out in the disturbed and non-disturbed sites, respectively (Blackman index,

Table 6).
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Table 6: Average (£ SE) of the Dendrometric Parameters and Blackman Index of B.
aegyptiaca Trees in Non-disturbed and Disturbed Sites at Dinder Biosphere
Reserve collected (2020). DBH = Diameter at breast height (measured at 1.3 m
above ground level)

Non-disturbed site Disturbed site

Parameter T P
Mean (x SE) Mean (+ SE)

Tree DBH (cm) 33.8+0.7 27.3x04 2.3 0.036
Tree height (m) 12.7+0.3 95%£0.2 3.7 0.001
Tree crown width (m) 79+£0.2 34x0.1 3.4 0.002
Tree basal area (m* ha™) 0.08 +0.03 0.06+£0.02 2.3 0.032
Tree volume (m°) 0.39+0.04 0.25+0.1 2.9 0.004
Tree density (tree ha) 189+0.4 89+1.4 2.5 0.015
Basal area contribution (%) 9505 23.3+£1.2 30.7 0.001
Blackman index 0.51+0.3 403+04 39.4 0.001

4.1.2 ldentifying the Sensitive Stage at which B. aegyptiaca is Most Affected by Livestock
Browsing in Dinder Biosphere Reserve

Q) Seedling Survival, Mortality, Diameter, and Height

The study findings showed that the largest diameter, highest height and survival of B. aegyptiaca
seedlings in the DBR, were found in the control site (CON) and under camel browsing (CAM)
(Fig. 12, Tables 7 and 8). Seedling survivals have significantly differed across various browsed
sites (F3106 = 46.36, p < 0.001; Fig. 12), the CON survivals were triple times greater than GOA
survivals. Additionally, the seedlings mortality under goat browsing was twice that of CAT and
four times that of CAM and CON, with significant differences between the four browsed sites
(F3106 = 100.19, p = 0.022; Fig. 12).

Furthermore, the seedling height illustrated a significant difference within the studied sites
between the browsed (affected) and unbrowsed (healthy) seedlings, especially in the GOA site (T
= 115.3, p = 0.001; Table 8). The similar pattern was observed for the seedling diameter (T =
152.9, p = 0.001; Table 7). Besides that, the correlation between the seedling density and its
height in all studied sites displayed a concrete negative relationship, with the greatest coefficient
of determination value (R?) in the control site (R* = 0.81, 8 = - 6.3, p = 0.032, Fig. 13).
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Table 7:  Mean Stem Diameter (cm) of Browsed (affected) and Unbrowsed (healthy) B.
aegyptiaca Seedlings Across Different Browsing Sites in Dinder Biosphere
Reserve (2020). N = total number of seedlings/site, T = paired sample T test, p =
probability value. GOA = Site browsed predominantly by goats, CAT = Site
browsed predominantly by cattle, CAM = Site browsed predominantly by
camel, and CON = control without livestock browsers
Healthy Affected
Sites T P
N Mean (+SE) N Mean (xSE)
GOA 46 2.0+£0.03 114 1.2 +£0.02 152.9 0.001
CAT 208 2.2+0.04 97 1.6 £0.03 90.5 0.003
CAM 292 2.6 £0.02 59 2.1+£0.03 132.2 0.026
CON 423 2.7+0.01 26 2.3+£0.08 94.4 0.044

Table 8: Mean Total Height (m) of Browsed (affected) and Unbrowsed (healthy) B.

aegyptiaca Seedlings Across Different Browsing Sites in Dinder Biosphere
Reserve (2020). N = total number of seedlings/site, T = paired sample T test, p =
probability value. GOA = Site browsed predominantly by goats, CAT = Site
browsed predominantly by cattle, CAM = Site browsed predominantly by
camel, and CON = control without livestock browsers

Healthy Affected
Sites T P
N Mean (+SE) N Mean (xSE)
GOA 46 1.02 +0.09 114 0.32 +0.07 112.3 0.001
CAT 208 1.15+0.01 97 0.41 +0.06 64.7 0.001
CAM 292 1.24 +0.04 59 0.63+0.08 77.2 0.023
CON 423 1.41 +£0.03 26 0.78 +0.02 76.9 0.034
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Figure 13: Correlation Between the Height of B. aegyptiaca Seedlings and the Sample plot
Seedling Density in the Differently Browsed Sites of the Dinder Biosphere
Reserve (2020). (A) = GOA (Site browsed predominantly by goat), (B) = CAM

(Site browsed predominantly by camel), (C) = CAT (Site browsed
predominantly by cattle), and (D) = CON (control without livestock browsers)
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(i) Sapling Survival, Mortality, Diameter, and Height

The sapling survival was slightly different among the sites (Fs196 = 12.42, p = 0.055), with few
survivals under camel and goat browsing compared to the cattle browsing and control site (Fig.
14). In contrast, sapling mortality exhibited significant variation between the sites (F3 196 = 76.4,
p < 0.001), where mortality in GOA was three times higher than that of CAT and CON (Fig. 14).

The highest sapling height was found in the GOA and the largest diameter in the CON (Tables 9
and 10). Healthy saplings in GOA have a height four times higher than affected ones (T =84.3, p
< 0.001, Table 9), and their diameter is also double that of affected saplings (T = 144.2, p <
0.001, Table 10). Besides that, the regression correlation between the sapling density and its
height demonstrated a strong negative correlation throughout the studied sites with high
coefficient of determination values under camel browsing and control site (R* = 0.86, g = - 25.8,
p <0.001; R*=0.86, 8 = - 27.6, p < 0.001, Fig. 15).
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Figure 14: Mean Number of B. aegyptiaca Sapling Survival and Mortality Plotted along the
Four Studied Sites with Different Browsing Species: CAT = Site browsed
predominantly by cattle, GOA = Site browsed predominantly by goat, CAM =
Site browsed predominantly by camel and CON = Control without livestock
browsers. Different letters above bars indicate significant differences across the
sites according to Tukey’s Post-Hoc test (p < 0.05). Capital letters testing for
survival, and small letters show the test for mortality
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Table 9: Mean Total Height (m) of Browsed (affected) and Unbrowsed (healthy) B.

aegyptiaca Saplings Across Different Browsing Sites in DBR (2020). N = total
number of saplings per site, T = paired sample T test, p = probability value.
GOA = Site browsed predominantly by goats, CAT = Site browsed
predominantly by cattle, CAM = Site browsed predominantly by camel, and
CON = control without livestock browsers

Healthy Affected
Sites T P
N Mean (xSE) N Mean (+SE)
GOA 29 2.32 +0.06 72 0.56 + 0.03 82.3 <0.001
CAT 146 1.91 £0.02 54 0.84+0.04 67.6 <0.001
CAM 35 2.45+0.02 66 1.21 +£0.07 879 <0.001
CON 181 1.86 +0.01 19 0.92 +0.03 85.7 <0.001

Table 10: Mean Stem Diameter (cm) of Browsed (affected) and Unbrowsed (healthy) B.

aegyptiaca Saplings Across Different Browsing Sites in Dinder Biosphere
Reserve (2020). N = total number of saplings per site, T = paired sample T test, p
= probability value. GOA = Site browsed predominantly by goats, CAT = Site
browsed predominantly by cattle, CAM = Site browsed predominantly by
camel, and CON = control without livestock browsers

Healthy Affected
Sites T P
N Mean (xSE) N Mean (+SE)
GOA 29 6.3+ 0.06 72 3.1+£0.03 146.2 <0.001
CAT 146 6.4 +0.02 54 3.8+0.04 2355 0.001
CAM 35 6.6 + 0.02 66 4.3+0.07 115.7  0.021
CON 181 6.7 +0.01 19 5.8+0.03 109.6  0.032
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Figure 15: Correlation Between the Height of B. aegyptiaca Saplings and the Sample plot
Saplings Density in the Different Browsed Sites of the Dinder Biosphere Reserve
(2020). (A) = GOA (Site browsed predominantly by goat), (B) = CAM (Site
browsed predominantly by camel), (C) = CAT (Site browsed predominantly by
cattle), and (D) = CON (control without livestock browsers)

(i) Saplings Recovered Less than Seedlings Under Cattle and Camel Browsing

Although the mean recovered seedlings and saplings of B. aegyptiaca differed significantly
across the four browsed sites, recovered seedlings in CAT and CAM were double the recovered
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saplings in the same sites (F3 196 = 17.27, p < 0.001 and F3 196 = 6.76, p < 0.001, respectively, Fig.
16). Moreover, the study observed a limited number of recovered seedlings and saplings under
goat and camel browsing compared to the considerable numbers of recovered ones under cattle

browsing (Fig. 16).
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Largest Crown Width, Height, and Most Fruiting Branches in Non-disturbed Site

Fruit Production, and Seedling Recruitment in Dinder Biosphere Reserve
The average number of fruiting branches of B. aegyptiaca and other tree species were three and

4.1.3 Assessing the Effect of Illegal Cutting of B. aegyptiaca Branches on Tree Survival,
two times higher in the non-disturbed site than that in the disturbed site, respectively, with

significant differences within the site across tree species (Fi s

Figure 16:

(i)



sites (F10s = 139, p < 0.001, Fig. 17). The number of B. aegyptiaca fruiting branches was by
about 30% higher in non-disturbed sites but significantly lower in disturbed sites compared to the
other tree species (Fig. 17). The correlation between the fruiting branches and crown width of B.
aegyptiaca and other tree species in both sites illustrated strong positive relationships (5 =17.1, p
=0.01; p=28.2, p =0.02, respectively, Fig. 18).
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Figure 17:  Average (£ SE) Number of Fruiting Branches of B. aegyptiaca and Other
Tree Species Sampled in the Disturbed and Non-disturbed Sites of the Dinder
Biosphere Reserve (2020 — 2021). Various letters above bars show significant
differences within the sites (small letters) and between the sites (capital
letters) according to Tukey’s Post-Hoc test with p < 0.05
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Figure 18:  Correlation Between Crown Width and Fruiting Branches for (A) B.
aegyptiaca and (B) Other Tree Species in the Non-disturbed and Disturbed
Sites at Dinder Biosphere Reserve (2020 — 2021)

The non-disturbed site showed the highest values of diameter at breast height (DBH), total tree
height (H), and crown width (CW), with significant differences within the site between the tree
species, and across the sites (F1196 = 29.8, p = 0.002; F1196 = 80, p < 0.001; F1196 = 94.8, p <
0.001, Fig. 19). The values of H and CW of B. aegyptiaca in the non-disturbed site were double
that of the disturbed site (T =52.3, p <0.001; T = 37.4, p = 0.001, Fig. 19).
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Width of B. aegyptiaca and Other Tree Species in Non-disturbed and
Disturbed Sites of the Dinder Biosphere Reserve Measured (2020 — 2021).
Various letters above bars signpost significant differences within the sites
(small letters) and between the sites (capital letters) according to Tukey’s
Post-Hoc test (p < 0.05)
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(i) Lowest Seedling, Sapling, and Tree Density in the Disturbed Site

The density of the mature trees, saplings, and seedlings of B. aegyptiaca and other tree species
varied significantly across sites, with saplings and mature trees of B. aegyptiaca at the non-
disturbed site being three times and double that of the disturbed site (F1196 = 94.5, p < 0.001;
F1106 = 23.7, p < 0.001, respectively). Other tree species saplings were twice as many in the non-
disturbed as in the disturbed site (F1106 = 63.7, p = 0.001, Fig. 20). Seedlings showed similar
significant differences between sites (F1 196 = 100.8, p < 0.001, Fig. 20).

Further, the correlation between the tree density and the average number of fruiting branches
showed a strong negative relationship for both B. aegyptiaca (f = - 0.36, p = 0.002; 5 =-0.58, p
= 0.001) and other tree species (# = - 0.42, p < 0.001; g = - 0.65, p = < 0.001) in the non-
disturbed and disturbed sites, respectively (Fig. 21). While, the density of saplings (5 = 0.45, p <
0.001; p = 0.33, p < 0.001) and seedlings (5 = 0.83, p < 0.001; g = 0.78, p < 0.001) were
positively related with the average number of fruiting branches in the non-disturbed and

disturbed sites, respectively (Fig. 21).
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Figure 20:  Average (£SE) Density of B. aegyptiaca and Other Tree Species in the Non-
disturbed and Disturbed Sites of the Dinder Biosphere Reserve (2020 — 2021).
(A) = Mature trees, (B) = Saplings, and (C) = Seedlings. Various letters above
bars signpost significant differences within the sites (small letters) and
between the sites (capital letters) according to Tukey’s Post-Hoc test (p <
0.05)
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Figure 21:  Correlation Between the Density of Adult Trees, Saplings, and Seedlings, and
Fruiting Branches for B. aegyptiaca and Other Tree Species in (A) the Non-
disturbed and (B) Disturbed sites at Dinder Biosphere Reserve (2020 — 2021)

4.1.4 Quantifying the Differences in the Soil Chemical Properties Beneath the Affected

and Healthy Trees in Dinder Biosphere Reserve

The N and P beneath tree canopies in the non-disturbed site were almost double that of the
disturbed site, with higher contents under other tree species compared to B. aegyptiaca (Fy, 196 =
68.1, p < 0.001; Fy, 196 = 97.9, p < 0.001, Fig. 22, A and E). Moreover, SOC and the C/N ratio
exhibited a similar trend with significant differences within and between the sites, with lower
quantities under other tree species than B. aegyptiaca (F1, 196 = 49.2, p < 0.001; F1 196=75.5,p =

0.012, respectively, Fig. 22, B and F).
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The soil underneath trees in disturbed site showed twice as high Na and ECe compared to the
non-disturbed sites (F1, 196 = 535.8, p < 0.001; F; 196 = 16.1, p < 0.001, respectively, Fig. 22, D
and H), while soil K showed no significant differences within the sites between B. aegyptiaca
trees and other tree species, but was significant between sites (F1 106 = 5.4, p = 0.464; F1 196 =
43.5, p < 0.001, respectively, Fig. 22, C). Soil pH displayed the same pattern as K (Fy, 196 = 59.3
and p = 0.041, Fig. 22, G).

Furthermore, there was a strongly positive correlation between the N, SOC, K, P, and the crown
width of adult B. aegyptiaca trees (R> = 0.76, p < 0.001; R®> = 0.74, p < 0.001; R? = 0.75, p <
0.001; R* = 0.85, p < 0.001, respectively), while for Na and the C/N ratio was negative (R® =
0.71, p=0.011; R*= 0.73, p = 0.001, respectively), (Fig. 23).
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Figure 22:  Average (xSE) (A) Nitrogen, (B) Organic Carbon, (C) Potassium, (D)

Sodium, (E) Phosphorus, (F) Carbon to Nitrogen Ratio, (G) pH, and (H)
Electrical Conductivity of B. aegyptiaca and Other Tree Species in the Non-
disturbed and Disturbed Sites of Dinder Biosphere Reserve (2020 — 2021).
Various letters above bars signpost significant differences within the sites
(small letters) and between the sites (capital letters) according to Tukey’s

Post-Hoc test (p < 0.05)
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4.1.5 Evaluating the Influence of B. aegyptiaca Population Decline on the Income of Local

(i)

People within and Around Dinder Biosphere Reserve

Socio-Demographic Characteristics of the Study Participants

The socio-demographic findings of the study indicated that 54% and 46% of the study

participants were female and male, respectively, and 40% of them were in the age group (21 —

30) (Fig. 24 A and C). The majority of the participants were Non-timber forest products (NTFPs)

collectors (30%) and Agro-pastoralists (22%), with their highest education as secondary (35%)

and primary school (30%) (Fig. 24 B and D).
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Figure 24:  The Socio-demographic Characteristics of the Study Participants. (A)
Gender, (B) Level of Education, (C) Age Group, and (D) Occupation of the
Participant. Khalwa is an Islamic School where Students are learning Quran
and the Islamic Sciences

(i)  The Ten Top most Utilized Tree Species for Food, Medicine, Fodder, and Building

Food, feed, medicine, building materials, and fuelwood are among the vital needs of forest-based
communities. The study found that B. aegyptiaca was the most frequently used tree species for
medicine (32%), food (27%), and feed (26%), while Anogeissus leiocarpus (26%), Ziziphus
spina-christi (17%), and Combretum hartmannianum (15%) were species preferred by the locals
for building purposes (Fig. 25).
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Figure 25:  The Ten Most Commonly Utilized Tree Species by the Locals for (A) Food,
(B) Medicine, (C) Fodder, and (D) Building Materials According to the
Current Study Survey Conducted at Dinder Biosphere Reserve in the Year
2021, N =270

Furthermore, among the collectors, sellers, and users of B. aegyptiaca tree products, 52% of the
respondents confirmed that they collected the fruits, and 20% and 14% as leaves and roots,
respectively (Fig. 26). While 41% of the collected products usually gathered by children, most of
the selling activities (52%) and the revenue management (54%) are performed by women.
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Figure 26:  The Common Parts of B. aegyptiaca Tree Species that have been Collected,
Sold, or Used by the Study Participants, According to the Current Study
Survey Conducted at Dinder Biosphere Reserve in the Year 2021, N = 270

(iii) Better Revenue and Markets in Town

The study found that the town markets (> 40%) were more attractive to the NTFPs collectors and
traders than a village (30%), locality (20%), and district (9%) (Fig. 27). Moreover, the collected
amounts of B. aegyptiaca fruits (kg ™ month) were significantly different between the seasons
across the surveyed villages (Fig. 28). This variation is unambiguous for Elkhairat (F1 263 = 92, p
= 0.013), Gari (F1268 = 78.5, p = 0.021), Gadaf (F1 65 = 137.8, p = 0.001), and Mokla (F1 268 =
102.4, p = 0.015) (Fig. 28).
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Figure 27:  Available Places for the Local Community to Sell their Products, with their
Frequencies Based on the Responses of the Interviewed Participants,
According to the Current Study Survey Conducted at Dinder Biosphere
Reserve in the Year 2021, N = 270
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Figure 28:  Average (xSE) Collected Amount of B. aegyptiaca Fruits (Kg/month) During
the Current and Previous Collecting Seasons for the Respondents from the
Nine Selected Villages, According to the Current Study Survey Conducted at
DBR in the Year 2021, N = 270
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(iv) The Rare and Disappeared Tree Species and their Limiting Factors

The survey findings showed that a total of twenty tree species had been listed by the participants
as rare species (Table 11), and nine as disappeared (Table 12). A rare tree species is a species
that is infrequently encountered in the field and not observed for three to five years, while
disappeared ones are species that have not been seen for more than five years (FAO, 2015;
Hassan & Tag, 2017). Although 60% of the rare tree species are still commonly used for food,
feed, and medicine (Table 11), 66% of the disappeared ones were used as a fodder (Table 12).
Moreover, most of the interviewed participants mentioned that overgrazing and illegal felling are
the main reasons behind the decline of B. aegyptiaca tree species in the study area (35% and

31%, respectively, Fig. 29).
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Table 11: Rare Tree Species within and Around the Dinder Biosphere Reserve as listed by
270 Respondents Interviewed Over Two Months, January to February 2021

No Species Uses

1 Acacia drepanolobium Food, Fire wood & Medicine

2 Acacia sieberiana Fodder & Fire wood

3 Adansonia digitata Food, Fodder & Medicine

4 Boscia senegalensis Fodder & fire wood

5 Combretum molle Fodder, Building & Fire wood

6 Commiphora africana Medicine & Fodder

7 Cordia rothii Food, Fodder & Furniture

8 Dalbergia melanoxylon Furniture & Building

9 Gardenia lutea Fodder & Fire wood

10  Grewia mollis Food & Fodder

11  Grewia tenax Food & Fodder

12 Lannea fruticosa Fodder & Fire wood

13 Maerua crassifolia Medicine & Fodder

14 Piliostigma reticulatum Fodder, Medicine, Furniture & fire wood
15  Sterculia setigera Medicine

16  Stereospermum kunthianum Fodder, Building & fire wood
17 Terminalia brownii Building & Fire wood

18  Terminalia laxiflora Building & Fire wood

19  Terminalia macroptera Fire wood, Furniture & Building
20  Ziziphus abyssinica Fodder & fire wood
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Table 12: Disappeared Tree Species within and Around the Dinder Biosphere Reserve as
Listed by 270 Respondents Interviewed Over Two Months, January to February

2021
No Species Uses
1 Annona senegalensis Food, Fodder & Fire wood
2  Capparis decidua Fodder & fire wood
3  Diospyros mespiliformis Food, Fodder, Furniture & Fire wood
4 Entada africana Fodder, Building & fire wood
5  Lannea nigritana Fodder, Building & Fire wood
6  Lannea schimperi Fodder, Building & Fire wood
7 Sterculia africana Medicine
8  Xeromphis nilotica Medicine & fire wood
9  Ximenia americana Medicine & fire wood
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Figure 29:  The Seven Most Commonly Mentioned Factors Contributing to the Decline of B. aegyptiaca within and Around
the Dinder Biosphere Reserve According to Interviewees in Our Survey (2020 — 2021) at Dinder Biosphere
Resereve; N = 270
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4.2 Discussion

4.2.1 Exploring the Effects of Livestock Browsing and lllegal Felling on the Tree Species
Diversity, Composition, and Growth of B. aegyptiaca in Dinder Biosphere Reserve

Q) High Diversity and Tree Density in Non-disturbed Site

The study demonstrated that the non-disturbed site has high species richness, tree diversity, and
stand evenness compared to the disturbed site, which is in agreement with other scholars
(Assogbadjo et al., 2010; Idrissa et al., 2018), who concluded similar results in Beinin and Niger,
respectively. Moreover, limited number of tree species was abundant and dominant in the
disturbed site. As diversified and heterogeneous tree communities are more healthy and tolerant
to various biotic and abiotic disturbances (Bohn & Huth, 2017; Hofhansl et al., 2020; Kutnar et
al., 2019; Lacerda & Kellermann, 2019; Simons et al., 2021), this finding already highlights the
severity of anthropogenic activities in the disturbed site. A study conducted by Fakhry et al.
(2020) reported that 75% of the woody plants in Jeddah, in Saudi Arabia, disappeared because of
human pressure and climate variability, while Kutnar et al. (2019) and Tsegu (2019) mentioned
that the tree diversity of Slovenian forests and agroforestry parklands in Ethiopia declined to a
critical level due to deer browsing and livestock grazing, respectively. In contrast, other studies
discussed the positive effects of low-intensity livestock grazing in enhancing the rangelands
diversity and promoting forest heterogeneity and population dynamics (Hawkins, 2017; Lopez-
Sanchez et al., 2014; Solar et al., 2016). Therefore, the low tree species richness in the disturbed
sites of the Dinder Biosphere reserve is due to overgrazing, intensive browsing, and severe illegal
harvesting in the sites that interrupted the normal tree growth and development. Therefore, to
accelerate the natural recovery of trees in the reserve and auto-restoration of the disturbed sites,

controlling the grazing by livestock and illegal harvesting is essential.

Anogeissus leiocarpus demonstrated an inverse trend with a considerable juvenile population in
the disturbed sites compared to the non-disturbed sites. This is mainly because of the high illegal
felling of mature trees in the disturbed sites for timber and medicinal uses. Researchers reported
that A. leiocarpus was characterized by its highly durable wood at maturity and tannin contents at
an earlier stage of development (Assogbadjo et al., 2010; Ball & Tzanopoulos, 2020; Ibrahim &
Osman, 2014; Nyong et al., 2019; Salih et al., 2017). Therefore, the low palatability of its
seedlings and saplings to livestock in the disturbed sites may have resulted from their tannin

contents.
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(i) Low Dominance and Importance Value Index (IVI) in Non-disturbed Site

The current study found that fast-growing tree species such as Acacia oerfota, Acacia
polyacantha, Acacia senegal, Acacia seyal var fistula, Acacia sieberiana, and Acacia tortilis
were common in the disturbed site. However, as these tree species are rangeland-encroaching
species (Ahmed & Desougi, 2014; Deng et al., 2016; Endale et al., 2017; Neelo et al., 2015), the
degraded areas in the disturbed sites might be under bush encroachment. The current
anthropogenic activities in the disturbed sites, together with this high population of Acacia
species, led to the reduction of the B. aegyptiaca trees and disturbs its population dynamic.
Researchers concluded the same result for Anogeissus leiocarpus, nut tree species, and medicinal
tree species in Benin, Kyrgyzstan, Niger, and Sudan, respectively (Assogbadjo et al., 2010;
Cantarello et al., 2014; Idrissa et al., 2018; Osman & Idris, 2012). Moreover, studies carried out
by Gebru et al. (2019), Joel (2018), and Okia (2013) highlighted the sensitivity of B. aegyptiaca
seedlings and saplings to the intensive bush encroachment and space competition. Others
illustrated that the frequent browsing, overgrazing, Acacia drepanolobium encroachments, and
the unmanaged exploitation of the forest and rangeland trees led to the elimination of valuable
tree species in the natural forests and rangelands in Ethiopia, Tanzania, Botswana, and Uganda
(Kochare et al., 2018; Ligate et al., 2019; Neelo et al., 2015; Weldemariam et al., 2017).

Furthermore, the highest IVI in the disturbed sites was for Acacia seyal var seyal, with
significant differences to the closed species as an unambiguous sign of the unstable ecosystem
and unbalanced habitat. The ecosystem instability may result from natural or anthropogenic
disturbance which usually affects individual species as well as the entire community (Acéacio &
Holmgren, 2014; Gebeyehu et al., 2019; Ghanbari et al., 2021; Mwakosya & Mligo, 2014; Wang
et al., 2019). For the disturbed sites in DBR, both types were observed where the aggregated
distribution patterns of B. aegyptiaca illustrated that seedlings and saplings were located in
patches probably due to repeated human disturbances, while across species trend was shown by
its low species richness compared to non-disturbed sites. Moreover, this finding proved that B.
aegyptiaca was overutilized in this area, and urgent conservation measures are needed. This
conclusion is consistent with findings of other researchers in similar habitats (Chapagain et al.,
2009; Elfeel & Warrag, 2011; Hassan & Tag, 2017; Idrissa et al., 2018).

(i) Better Growth, Distribution, and Dendrometric Parameters in Non-disturbed Site

This study findings showed that 86% of the current tree and shrub species in the disturbed sites

have a limited young generation and very low regeneration state. Species like Sterculia setigera,
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Commiphora africana, Stereospermum kunthianum, and Tamarindus indica are only present at
the adult stage. In contrast, 75% of the forest tree and shrub population in the non-disturbed sites
were represented by the juveniles (seedlings and saplings), particularly A. seyal var seyal, A.
leiocarpus, B. aegyptiaca, and C. hartmannianum. However, as all these species are native and
growing naturally in the DBR and other rangelands and forests throughout the country
(Elmoghraby & Abdu, 1985; Hassaballah et al., 2016; Ibrahim et al., 2018; Mohammed et al.,
2021), climatic variability is equally affecting them; hence, the current decline is mainly
attributed to biotic factors. Activities like the intensive collection of B. aegyptiaca fruits and
harvesting of its crown branches for livestock feeding can minimize the species natural
regeneration and hinder the recruitment of its seedlings and saplings. These results are consistent
with the conclusions of other researchers (Aleza et al., 2018; Dunne et al., 2011; Gebrehiwot &
Hundera, 2014; Ibrahim & Hassan, 2015; Kacholi, 2014; Mwakosya & Mligo, 2014;
Nndwammbi et al., 2018), where severe extraction of non-timber forest products (NTFPs) and
overgrazing reduced the tree stocking density, saplings growth, seedlings recruitment, and
seedlings distribution in the open woodlands in Benin, Kenya, Ethiopia, Sudan, Tanzania, and

South Africa, respectively.

The current study also found that the basal area contribution of B. aegyptiaca was low in the non-
disturbed sites compared to disturbed ones, while other dendrometric parameters show better
performance. Basal area contribution is proportionally correlated with the stand density, average
tree height, and mean DBH (Bohn & Huth, 2017; lbrahim et al., 2014; Storch et al., 2018;
Vayreda et al., 2013). The lower basal area contribution in the non-disturbed sites of DBR could
be attributed to the stocking density in these sites and their species heterogeneity. However, the
low crown width in the disturbed sites is directly related to the tree debranching activities that are
usually conducted by the locals. Tree species like Quercus ithaburensis, Prosopis africana, and
Quercus agrifolia demonstrated a similar trend in Israel (Dufour-Dror, 2007), Niger (Abdou et
al., 2016), and North California (Lopez-Sanchez et al., 2014), respectively. Therefore, the study
highlighted that a monitoring program for the low-density areas should be introduced as a

conservation approach to sustain this vulnerable tree species.

4.2.2 ldentifying the Sensitive Stage at which B. aegyptiaca is most Affected by Livestock

Browsing in Dinder Biosphere Reserve

Q) Seedling Survival, Mortality, Diameter, and Height
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This study found that B. aegyptiaca seedlings had severely been affected by goat browsing in
DBR. Similar results have been reported by other studies as well (Ball & Tzanopoulos, 2020; Li
et al., 2013; Sanon et al., 2007; Tsegu, 2019). Ball and Tzanopoulos (2020), and Li et al. (2013)
mentioned that goat browsing had extremely affected the growth of Anogeissus dhofarica and
Caragana intermedia in Oman and Mongolia, respectively. While Sanon et al. (2007), and
Tsegu, (2019) reported that seedlings of Acacia senegal and Faidherbia albida in Burkina Faso
and Ethiopia, respectively, were dramatically disturbed by livestock browsing, and their

population reduced to less than 50% of the total tree population.

Further, this study results illustrated that seedlings browsed by goats have stem diameter smaller
in size by > 40% to the unbrowsed seedlings in the GOA, CAM, and CON. This highlights the
severity of goat browsing compared to cattle and camel and the necessity of controlling such
browsing to sustain vulnerable species like B. aegyptiaca. These results are in line with that of
Maua et al. (2020), who reported that overgrazing and livestock browsing have suspended the

growth of 25 native and useful tree species in Kenya and limited their natural regeneration.

While the height-density relationship of the B. aegyptiaca seedlings exhibited the same pattern
throughout the study area, their slopes vary from one regression to another. This variation can be
attributed to the differences in the grazing and browsing forms conducted by the various
livestock species in the area where some are grazers, others are browsers, and others are multi-
regimes. A study carried out in Greece by Lempesi et al. (2017) on the woody plants by using
different browsing intensities (light, moderate, and severe) showed that the unbrowsed seedlings
of Quercus frainetto gain more height, diameter, and density under light and moderate browsing
compared to the limited one under severe browsing. Similar trends were observed in Ghana,
Malawi, and Uganda for Lannea schimperi, Blighia sapida, and Pinus kesiya, respectively
(Hammond et al., 2021; Missanjo et al., 2015; Ssegawa & Kasenene, 2007). Therefore, light
browsing can be recommended as a good control measure for overstocked sites and not

understocked ones.
(i) Sapling Survival, Mortality, Diameter, and Height

The study results revealed that B. aegyptiaca saplings in the DBR have frequently been subjected
to livestock browsing that reduced their survivals and interrupted their population dynamics.
Such browsing over time can result in a tree population with only adult generation without
seedlings and saplings (Carmona et al., 2013; Chaturvedi et al., 2012; Lopez-Sanchez et al.,

2014; Mohammed et al., 2021), which will end up in the species extinction. Findings from
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Mount Kilimanjaro and Parkland in Tanzania (Kikoti et al., 2015) and Niger (Bello & Jimoh,
2018; Idrissa et al., 2018) displayed similar conclusions.

A study performed by Dufour-Dror (2007) on the Quercus ithaburensis tree species in Tabor
concluded that 50% of their saplings had been lost as a result of unmanaged livestock browsing
and trampling. Moreover, Marone et al. (2017), Neya et al., (2019), Sagna et al. (2014), and
Weber and Montes (2010) raised the same concerns in the Sahelian region of Africa for various
native tree species that been grazed and browsed for a long period of time. Additionally,
Hernandez and Silva-Pando (1996) stated that Oak tree species in Spain deteriorated from 17 to
8 species under the combined deer and livestock browsing in the Galician Oak forest in the
North-western part of the country. Such condition is very hazardous to B. aegyptiaca,
particularly its saplings. Thus, the saplings of B. aegyptiaca in the DBR must be given more
attention, especially those in the transition zone, where there are high anthropogenic activities

and low natural regeneration.
(i) Saplings Recovered Less than Seedlings under Cattle and Camel Browsing

The current study found that the number of healthy seedlings and the recovered ones after been
browsed in CAT and CAM were higher than that of GOA. This can be justified based on the
feeding habit of various livestock species found in the area. Goats usually browse young saplings
and seedlings under 2 m in height (Kochare et al., 2018; Sanon et al., 2007), while camels, in
contrast, browse the adult tree crowns (Ball & Tzanopoulos, 2020; Mohammed et al., 2021).
However, cattle are by nature grazers which prefer herbaceous plants that constitute 95% of their
daily forage (Dunne et al., 2011; Esquivel et al., 2008; Larson et al., 2015). Thus, the seedlings
of B. aegyptiaca can be more palatable the cattle than saplings as the first ones are less hard and
softer (Hanief et al., 2016; Larson et al., 2015; Maua et al., 2020; Osem et al., 2017; Tripathi et
al., 2010).

The limited number of B. aegyptiaca saplings can directly be correlated to the extreme and
repeated browsing, particularly goats which can browse, graze, and debark the main stem
(Kochare et al., 2018; Lempesi et al., 2017; Luginbuhl et al., 2010; Poudel et al., 2019).
Research conducted by Zamora et al. (2001) reported that 86% of Pinus sylvestris saplings in
the natural forests at the Mediterranean mountains had been browsed several times by goats
within the same season, and their growing shoots are continuously browsed, particularly during
the dry season where herbaceous plants are scare. Besides that, Sher et al. (2010) and Uddin et

al. (2011) have mentioned that nomadic grazing in Pakistan and India had suspended the species
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diversity to less than 10%, and many medicinal and fodder tree species had disappeared. The
lower recovery of B. aegyptiaca saplings in the DBR shows their sensitivity to livestock

browsing, especially intensive ones.

Furthermore, this study reported limited mortalities in CON where there is no livestock. This site
hosts various wild animals including, both grazers and browsers (Ahmed, 2005; Elmekki, 2008;
Mahgoub, 2014; Mohammed et al., 2021). Species like African buffalo (Syncerus caffer),
reedbuck (Redunca redunca), and bushbuck (Tragelaphus sylvaticus) can significantly contribute
to this mortality of B. aegyptiaca seedlings and saplings. Studies have documented that buffalo
usually damages juvenile seedlings and saplings through trampling and rarely browses them
(Aremu & Onadeko, 2008; Megaze et al., 2012). On the other hand, reedbuck can browse woody
plants, which form more than 10% of their daily diet (Ahmed, 2005; Derebe & Girma, 2020).
However, literature highlighted that their feeding regimes depend on the season (Ahmed, 2005;
Derebe & Girma, 2020; Gill, 2000), food accessibility (Mahgoub, 2014; Treydte et al., 2006;
Wassie, 2011), and the density of these wild animals themselves (EImoghraby & Abdu, 1985;
Fahmi, 2017; HCENR, 2004; Pfeifer et al., 2012). Therefore, the presence of buffalo and
reedbuck can slightly influence the seedlings and saplings of B. aegyptiaca as their browsing
activities are limited. Accordingly, as bushbucks prefer browsing woody plant than grazing
herbaceous ones (Bayih & Yihune, 2018), the study claim that seedlings and saplings mortalities

in the control site is commonly due to bushbuck browsing and not buffalo or reedbuck.

4.2.3 Assessing the Effect of Illegal cutting of B. aegyptiaca Branches on Tree Survival,

Fruit Production, and Seedling Recruitment in Dinder Biosphere Reserve
Q) Largest Crown Width, Height, and most Fruiting Branches in Non-disturbed Site

The study findings of smaller tree crown width and height in the disturbed site agree with those
studies which concluded that anthropogenic disturbances, particularly illegal harvesting, affected
the population structure and reduced tree dendrometric parameters such as diameter, height, and
crown width, in Niger, Benin, Sudan, and Botswana, respectively (Abdou et al., 2016;
Assogbadjo et al., 2010; Mohammed et al., 2021; Neelo et al., 2015). Moreover, Fakhry et al.
(2020), Idrissa et al. (2018), and Maua et al. (2020) found that intensive pruning, illegal logging,
and overexploitation damaged the growth and development of Cyperus conglomeratus, B.
aegyptiaca, and Kigelia africana in Saudi Arabia, Niger, and Kenya, respectively. This study
also observed frequent illegal harvesting of twigs, leaves, bark and young branches for livestock

feeding and medicinal uses in addition to cutting of trees for timber and firewood in the area.
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Further, the strong positive correlation between the crown width and the number of fruiting
branches document that fruit production is directly related to the tree dendrometric parameters,
and any form of damage to tree diameter, crown, or height will affect this production process.
Various studies on different fruiting forest trees showed similar results (Abdou et al., 2015;
Bondé et al., 2019; Djekota et al., 2014; Haarmeyer et al., 2013; Lompo et al., 2018; Shackleton,
2002). Severe stem debarking and foliage harvesting eliminated the fruit production of Afzelia
africana trees in Burkina Faso to > 95% (Nacoulma et al., 2016), while climate, land use, and
unmanaged logging activities were the main factors that reduced the fruits of Ximenia
americana, B. aegyptiaca, and Swietenia macrophylla trees to critical levels in the tropical
forests in Burkina Faso and Mexico, respectively (Lompo et al., 2018; Ouédraogo et al., 2019;
Snook et al., 2005). The limited fruit production of B. aegyptiaca in the disturbed site of the
Dinder Biosphere Reserve can be attributed to the overutilization and rigorous pollarding
activities by the local community in and around the reserve. Therefore, the study recommend that
awareness-raising programs are urgently needed as well as an integrated management system that

will consider the participation of local communities in the administration.
(i) Lowest Seedling, Sapling, and Tree Density in the Disturbed Site

Results illuminate that the density of adult trees in the undisturbed sites was three times that in
the disturbed sites, and the number was negatively correlated with the average number of fruiting
branches. These findings are consistent with studies which reported that overgrazing, intensive
browsing, and selective harvesting reduced more than 47% of mature trees and 40% of juvenile
trees in mountainous forests of Oman, tropical dry forests of India, and the natural forests of
Sudan, respectively (Ball and Tzanopoulos 2020; Chaturvedi et al., 2012; lbrahim and Hassan
2015; Osman and Idris 2012). Other researchers stated that the frequent abiotic and biotic
disturbances including anthropogenic pressure reduced the tree species density and excluded
some valuable tree species from the natural forests and rangelands in Sudan, Tanzania, Slovenia,
and Saudi Arabia (Fakhry et al., 2020; Kikoti & Mligo, 2015; Kutnar et al., 2019; Mohammed et
al., 2021). Besides that, Ranaivoson et al. (2015) documented that up to 90% of Tamarindus
indica tree loss in the south-western Madagascar forests was due to the charcoal production as

well as slash and burn agriculture.

As hypothesized, the study results revealed that the density of seedlings and saplings in the
disturbed sites represented only 50% of the ones in the undisturbed sites and were positively
related to the average number of fruiting branches. The study conducted by Ouédraogo et al.
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(2019) in the tropical areas of Burkina Faso concluded that there is a strong positive relationship
between fruit production, crown cover, and the recruitments of B. aegyptiaca seedlings and
saplings. Tree species diversity, seedling and sapling density, recruitment and stand composition
were strongly associated with mature tree basal area and the severity of human intervention, as
well as abiotic factors in the area (Gebeyehu et al., 2019; Ghanbari et al., 2021; Hammond et al.,
2021; Hasoba et al., 2020; Uddin et al., 2011). However, the currently observed lower density of
B. aegyptiaca seedlings and saplings in the disturbed sites of Dinder Biosphere Reserve could be
attributed to the over-collection of the species fruits by the local community for food, feed, and
medicinal uses. During the fieldwork activities this study documented the presence of
considerable herds of livestock, particularly goats and cattle, in the western and southern parts of
the reserve, which might be the main reason behind the degradation of new regeneration in that
area, which was also supported by Mohammed et al. (2021) who quantified goat browsing

effects on seedlings and saplings of B. aegyptiaca.

4.2.4 Quantifying the Differences in the Soil Chemical Properties Beneath the Affected
and Healthy Trees in Dinder Biosphere Reserve

Soil nitrogen, organic carbon, potassium, and phosphorus were all higher beneath trees growing
in our undisturbed sites compared with the disturbed sites. However, generally, within the site,
the contents of nitrogen and phosphorus under other tree species were higher than those under B.
aegyptiaca tree species. A high N content under other tree species may result from the
contribution of nitrogen-fixing species (Acacia seyal, Acacia senegal, Acacia polyacantha, and
Acacia mellifera) which were the second-most dominant species at the undisturbed sites. Acacia
senegal and A. seyal can strongly enhance soil N and nutrient cycling (Abaker et al., 2018; Deng
et al., 2016; Githae et al., 2011; Isaac et al., 2011; Omar & Muhammad 2016; Raddad et al.,
2006). The current study findings show that the contribution of mature trees to soil fertility,
through leaf litter and nutrient cycling, might be of high importance for DBR. This is consistent
with Treydte et al. (2009) who reported that trees with large crown-size added 40% more N and
P to the soil than smaller trees in South African savannas. Globally, logging activities, logging
traffic, and illegal harvesting accelerated the soil degradation and reduced the soil nitrogen,
organic carbon, and phosphorus in the tropical rain forests in Nigeria, natural forests in
Washington and Oregon in the USA, humid tropical forests in Rondonia in Brazil, and the
tropical savannah forests in Malawi, respectively (Adekunle & Olagoke, 2011; Jurgensen et al.,
1997; Martinelli et al., 2000; Missanjo & Kamanga-thole, 2014).
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Many studies have mentioned the importance of B. aegyptiaca as an agroforestry tree species
characterized by its ability to improve the eroded soils and increase its productivity (Chapagain
et al., 2009; Elfeel et al., 2007; Idrissa et al., 2018; Mohammed et al., 2021; Okia 2013).
Moreover, as the species have widely been used in Sudan for food, feed, and medicinal purposes
(Adam et al., 2013; Fadl 2015; Mohammed et al., 2021), the current study claim that the current
declines in the soil chemical properties in the disturbed sites can directly be related to the
overexploitation of the species and its products in the area. Therefore, intensive patrolling and
monitoring is needed particularly in the western parts of the biosphere. In addition, the
introduction of community forestry in the expanded area of the transition zone can reduce the

current anthropogenic pressure and facilitate the restoration of the degraded areas.

4.25 Evaluating the Influence of the Possible B. aegyptiaca Population Decline on the

income of Local People within and around Dinder Biosphere Reserve
Q) Socio-Demographic Characteristics of the Study Participants

The demographic and social characteristics of the surveyed participants show that women are
more involved in non-timber forest products (NTFPs) business than men, while the majority of
engaged people are young at age range between 21 to 30 years old. This illustrates that females
are more familiars with the importance of NTFPs as well as their various uses, general status, and
distribution in the reserve. Therefore, for any monitoring, conservation or management program,
women must be at its core. Researchers stated that women are the main pillar of NTFPs in Sudan
as they represented 75%, 80%, 77%, and 92% of this business in the Blue Nile, Kordofan, and
Darfur, respectively (Abdelrahim, 2015; Adam et al., 2013; Khamis & Abdalla, 2017; Younis et
al., 2018).

The study also found, most of the locals in and around the Biosphere are NTFPs collectors and
agro-pastoralists with primary (35%) and secondary education (30%), this elucidates why the
transition zone of the DBR is under high anthropogenic pressure due to the NTFPs collection
processes and livestock rearing. Although agro-pastoralist usually combines farming and
livestock rearing as their income generation activities (Ali et al., 2009; Endale et al., 2017,
Weber & Montes, 2010), pastoralists are just keeping livestock with limited NTFPs trade
(Gamoun et al., 2015; Ligate et al., 2019; Riginos et al., 2009). Thus, consideration of the local
community gender, age groups, education, and occupations are the key points to set a proper

sustainable management plan for B. aegyptiaca in the disturbed sites of the DBR.
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(i)  The Ten Top most Utilized Tree Species for Food, Medicine, Fodder, and Building

The study findings have illuminated how B. aegyptiaca has intensively been utilized for food,
feed, and medicine. More than 30% of the study respondents declared that they used this
multipurpose tree species as a medicine to cure various diseases, including malaria, stomach
illness, diarrhea, skin diseases, and yellow fever. Literature proved the significance of B.
aegyptiaca as a medicinal plant, where other researchers proved the potential of the species
extracts as antibacterial, antimicrobial, and anticancer drugs, respectively (Manandhar et al.,
2019; Tula et al., 2014; Khamis et al., 2020; Murthy et al., 2021; Singh et al., 2017; Hassanin et
al., 2018; Khatoon et al., 2013; Murthy et al., 2021). Other studies revealed the importance of B.
aegyptiaca as a fodder tree, especially in the Sahel during the dry seasons (Abdelaziz et al.,
2020; Marone et al., 2017; Mohammed et al., 2021; Ouédraogo et al., 2019; Sagna et al., 2014).
The current high utilization of the species in the study area necessitates the urgent need for
introducing a sustainable management policy that will fulfill the needs of the local community as
well as conserve the species. This is very important as the present management plan gives more

consideration to wild animals than trees.

This study also found that Anogeissus leiocarpus, Ziziphus spina-christi, and Combretum
hartmannianum were the top preferable tree species by the participants for building purposes.
Similarly, other studies mentioned the durability of Anogeissus leiocarpus wood that made it
among the top building materials for the most forest-based communities in Africa, particularly in
the sub-Saharan countries (Assogbadjo et al., 2010; Ball & Tzanopoulos, 2020; Barku et al.,
2013; Bello & Jimoh, 2018; Mukhtar et al., 2017). Moreover, other studies as well documented
that Ziziphus spina-christi and Combretum hartmannianum have been used as a building material
because the first ones have a flexible timber and can easily be shaped while it is green, while the
second ones have straight wood which is commonly used for roofing purposes (Adam et al.,
2013; Beche et al., 2016; Gebru et al., 2019; Ibrahim & Osman, 2014; Neelo et al., 2015; Niass
et al., 2016). However, selective cutting of these species can negatively influence their
population and hinder their sustainability. Therefore, the management of DBR needs to conduct
an awareness-raising program to reduce the impacts of such activities, including the intensive

collection of B. aegyptiaca fruits, and protect these species.
(ii)  Better Revenue and Markets in Town

The study found that 40% of the collected B. aegyptiaca fruits and their products were sold at the

town markets. This fact highlights that utilization of this species is not only limited to the reserve
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rather reaches various NTFPs markets across the country. The findings of this study are
consistent with other studies which stated that NTFPs trade is widely spread in the Sudan.
Although the collected amounts significantly vary from one area to another and from season to
season, their contribution as a poverty alleviation means is relative (Adam et al., 2013; Fadl,
2015; Hasoba et al., 2020; Idrissa et al., 2018; Younis et al., 2018). Different forest-based
communities satisfy their daily demands from forests and forest products, as well as income
raising (Ahenkan & Boon, 2011; Maruod et al., 2014; Suleiman et al., 2017). In contrast, other
studies showed that small dealers and mediators are more at the village and locality levels than in
town (Joel, 2018; Manji et al., 2013; Okia, 2013). As Dinder is surrounded by three states
(Gedaref, Sinnar, and Blue Nile) and more than 24 villages with different ethnic groups,
interests, and cultures, marketing of their NTFPs is very easy; however, concerns on the
regulated yield must be expressed, to ensure the continuity of these resources from generation to
another. Besides that, the study recommended that value chain analysis for Adansonia digitata,
Balanites aegyptiaca, Grewia mollis, Grewia tenax, Tamarindus indica, and Ziziphus spina-
christi must be conducted as a prerequisite towards the formulation of future NTFPs policy for

the reserve.
(iv) The Rare and Disappeared Tree Species and their Limiting Factors

The respondents of this study survey identified 20 tree species as rare species in the biosphere
with limited distribution to the core zone. 60% of these species are used for medicine, food, and
feed. There is a clear correlation between the species population decline, anthropogenic pressure,
and the stage of development for these species. This finding is directly associated with objectives
2 and 3 results, and they are in line with other studies as well (Aubad et al., 2008; Ravenel, 2004;
Reboredo, 2013; Reuter et al., 2018). Moreover, result suggests that, more than 30% of the
interviewed respondents pointed-out that the main factors behind the degradation of the natural
woodlands in DBR and dramatic decline of B. aegyptiaca population are livestock grazing and
illegal harvesting. This result confirm the hypothesis that study on the severity of intensive
livestock browsing, overgrazing, and illegal cutting in interrupting the species growth,
development, and their ability to recruits the new generations. Similarly, other scholars exhibited
the same trends for others woody, medicinal, and foraging forest tree species (Cantarello et al.,
2014; Chaturvedi et al., 2012; Derebe & Girma, 2020; Ibrahim & Hassan, 2015; Mohammed et
al., 2021; Osman & Idris, 2012).
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The study found that 9 tree species have become extinct from the study area (Annona
senegalensis, Capparis decidua, Diospyros mespiliformis, Entada africana, Lannea nigritana,
Lannea schimperi, Sterculia africana, Xeromphis nilotica, and Ximenia americana), mainly due
to the livestock feeding (66%). This considerable number of disappeared species raises an alert
for the reserve management to set a conservation plan that will protect these vulnerable tree
species and maintain their remaining populations. Researchers reported that combined activities
of grazing and illegal felling can eliminate the mother fruit-producing trees, reduce the
establishment of new juvenile stands, and minimize their species richness (Kikoti et al., 2015;
Riba, 1998; Vayreda et al., 2013; Zeng et al., 2017). While the interviewed respondents
highlighted the severity of browsing and illegal harvesting on the species composition, diversity,
survival, and sustainability, other factors like agriculture expansion and urbanization, must also
be considered if we want to tackle the dramatic increase of human population size in the area.
Ecologists linked the deteriorations of forest biodiversity, species richness declines, and gene
drift in the natural habitats, to the increases of human populations in and around the forest lands,
and their high urbanization rate (Asigbaase et al., 2019; Chen & Tang, 2016; Ghanbari et al.,
2021; Hawkins, 2017). Thus, to reduce current declines of the tree species in DBR and to ensure
that disturbed sites will recover, a new working plan must be formulated based on these findings

and their socio-demographic component.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
51 Conclusion

The study found that disturbed sites in DBR encompass low tree diversity, richness, and young
generations (seedlings and saplings) compared to that of non-disturbed sites. The natural
regeneration of B. aegyptiaca in the disturbed sites of DBR has been extremely affected by the
intensive livestock browsing, overgrazing, and illegal felling, and many spaced areas have been
occupied by the bush-encroaching species such as Acacia mellifera, Acacia polyacantha and
Acacia seyal. The study also confirmed that Adansonia digitata, Lonchocarpus laxiflorus,
Sterculia setigera, and Tamarindus indica have the lowest importance value index, and among

them, some are found only as adults without regeneration.

Current findings conclude that seedlings of B. aegyptiaca recover better than their saplings under
cattle and camel browsing. However, goats proved to be the most destructive livestock browser
in the area as they eliminated more than 60% of the species seedlings in the study site. The study
claim that B. aegyptiaca saplings are not palatable to the cattle, and therefore, they can be

permitted to graze in such area.

The study further conclude that tall trees with large crown widths produce the largest number of
fruiting branches and contribute strongly to the soil nutrient contents, tree proliferation, and
species resilience in the reserve. Additionally, the study concludes that the current degradation of
soil fertility in DBR will consequently affect the fruit production and seedling recruitment

processes in the reserve in the coming times.

This study also illustrated that women were more involved in the NTFPs business than men, with
primary to secondary education and at an age group in range of 21 to 30 years old. However,
twenty, nine tree species have been reported as rare and disappeared species, respectively.
Moreover, B. aegyptiaca appears to be the first top species for food, feed, and medicinal

purposes in the area with lower building applications.

78



5.2

Recommendations

Following recommendations must be considered towards the effective utilization of the study

findings and their potentials:

(i)

(i)

(iii)

(iv)

v)

(vi)

(vii)

(viii)

The study recommended that goat grazing and browsing must be controlled and reduced
to allow the seedlings and saplings to grow and evolve to the next stage of tree

development.

Stem debarking, uprooting, leaf defoliation, pollarding, and illegal logging should be
prohibited and regulated through strict policies.

Awareness-raising programmes are urgently needed to minimize the observed over-

exploitation of B. aegyptiaca fruits and increase the reserve soil seed bank.

Introduction of monitoring programmes in the disturbed sites of DBR are also required,
particularly in the western and southern parts of the transition zone, where seedlings and

saplings were dramatically declining.

B. aegyptiaca tree populations decline was unambiguously influenced by the
anthropogenic disturbances, this highlighten the needs for quick response to protect the
tree species, particularly the rare ones like Adansonia digitata, Sterculia setigera, and

Tamarindus indica.

Community forests can be established in the degraded farms outside the biosphere in

order to reduce the pressure on the reserve resources.

More researches are demanded regarding the influences of wild animals browsing on the

seedlings and saplings of B. aegyptiaca and how that can affect the species sustainability.

To reduce the effects of B. aegyptiaca removal in the agro-pastoral areas for agricultural
purposes, the introduction of agroforestry and the intercropping system is highly

recommended.
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Appendix 1: Questionnaire

APPENDICES

Contribution of Balanites aegyptiaca to the forest-based livelihoods and households’ income

in and around Dinder Biosphere Reserve

1. General information:

Interview information:

Respondent No:

Place information:

Village:

Gender: Male:-- D Female: [:]

Social Status: Single:-- D Married:-- D No of family members:-- D

Age:

11-20 21 -30 31-40 41 -50 51-60 > 60
Years lived in the village:
<5 6-10 11-15 16 - 20 21-25 > 25
Occupation:
Farmer | Pastoralist | Agro- Firewood | NTFP Gov. Other
pastoralist | producer | collector | worker
Education:
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Iliterate Khalwa | Primary | Secondary | University | Post graduate

2. Most utilized tree species in the reserve: Please list the five top most utilized tree

species for the following uses:

Food utilization:

1) -mmmmmmememeeee- 2) -m-mmmmmeeee 3) -mmmmmm e 4) —mmmmmmmeeees 5) ---mmmmmm e
Medicinal purposes:

1) - 2) -m-mmmmm e 3) - 4) —mmmmmmeeee- )
Building materials:

1) -mmmmmmmeeeeee 2) -- = 3) - 4) —mmmmmmmeeeae 5) ---mmmmmm e
Fire wood and charcoal:

1) ----mmmmeeee 2) - 3) - 4) —mmmmmmmmeees )
Fodder for animals:

1) -mmmmmmmeeeeee 2) = 3) - 4) —mmmmmmmeeeae 5) ---mmmmmm e

3. How far do you go to get these resources?

<1lkm 1-3 4-6 7-9 12 -15 > 15

4. How often do you go (per month)?

5. Which material would you take, and how much?

Fruits Bark Leaves Wood Roots
Materials
<3kg <3kg <3kg <1im’ <3kg
Quantity
3-5kg 3-5kg 3-5kg 1-3m?® 3-5 kg
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6-8 kg 6-8 kg 6-8 kg 4-6 m® 6-8 kg
9-11kg 9-11kg 9-11kg 7-9m® 9-11 kg
12-14kg 12-14kg 12-14kg 10-12m° 12-14kg
> 15kg > 15kg > 15kg >7m’ >8 kg

6. Please, if Balanites aegyptiaca is among the most utilized tree species, list the five

common uses of its fruits:

7. Please, if Balanites aegyptiaca is among the most utilized tree species, list the five

common uses of its leaves:

8. Please, if Balanites aegyptiaca is among the most utilized tree species, list the five

common uses of its bark:

9. Please, if Balanites aegyptiaca is among the most utilized tree species, list the five

common uses of its wood:




10.

11.

12.

Please, if Balanites aegyptiaca is among the most utilized tree species, list the five

common uses of its roots:

Among the family members, who is responsible for collecting and selling these
product (s)?

Father Mother Kids All

Experience, selling markets, collected quantities and the revenue history for people
working with and consuming Balanites aegyptiaca:

How many years you have in selling B. aegyptiaca products?

<lyear | 1-3year | 4—6years | 7—9years | 12— 15years | > 15 years

How many years you have in using B. aegyptiaca products?

<lyear | 1-3year | 4—6years | 7—9years | 12— 15 years | > 15 years

If you are collecting these products for income generation, at which market you usually sell your

products?
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Village Locality District Town

Please, estimate the quantity that you collected last year (in bags): -------------=--=--=-==m-omomemm-

Please, estimate the income that you generated last year (SDG): ----------=-==-==-=-mm-mmmmmmmmm e

Please, estimate the income that you generated during the previous season (SDG): -----------------

Please, seasons): mmmmmmmmmmmm oo e

13. Information regarding the collected Balanites aegyptiaca products:

Has your collected amount been stable over the last years? Yes:-- D No: [:] if No:
Declining:-- D Increasing: [:]

Has there been a very good year for B. aegyptiaca products? If so, which one? ----------------

What is the trend of B aegyptiaca? Decreasing:-- D Stable: [:] Increasing:-- D

How many fruits do you usually collect per tree? ----------------m-moeeeeeeemn mememmmmmemmemeeeeeaes

Are you plugging them or just collect from the SOIl? --------=-=m-mmsmmm e
Are you picking and collecting fruits from and under tall / old trees? Yes:-- D No: [:]

If No: Young trees:-- D Mature trees: [:] Over mature:-- D All types: [:]

How long it takes until these fruits SProut? -----------m-mmm oo e

Are you keeping some back some fruits for planting? Yes:-- D No: [:]

If yes, NOW MUCN? - m e m e oo

Sprouts of young B. aegyptiaca trees are: In batches:-[:] Infrequent: [:] Across the year: D

You think why? ------ e




14. List the reasons behind the degradation of Balanites aegyptiaca stock in the reserve:

) -remememeemeeme e en b) meemem e
P S L e L
) -emnmsnmemnme e e e
Q) e ) e

15. State the alternative species that can be used at absence of Balanites aegyptiaca:

) ~-emeemem e ee b) e
) -romeemem e B S
P I e ) e

16. Rare and disappeared tree species in the area:

a) Rare tree species:

1) -mmmmmmme e 2) -mmmmmmmneee K 4) —mmmmmmmnmeeee- ) I
b) Disappeared tree species:
1) ----mmmmeeee 2) -m-mmmm - 3) - 4) —memmmmmemee- )

18. Information regarding livestock and their browsing activities:

How frequently do you see livestock eating B. aegyptiaca? ------------=--====-mmmmmmmmmm oo

Which is the main browsing SPeCies? ---------=-mm oo

Do your cattle eat B. aegyptiaca? Old trees ? seedlings ? saplings? -----------=-==-=--=-mmmmmmmmeumem-

Does livestock eat fruits? Bark? ---------------------- e mmm s

Any particular season when B. aegyptiaca is preferred by livestock? e

Have livestock numbers increased in the area? ---------=-=-=-==m-mmommom oo

How many livestock does you have and of which species? e

19. Status of wild animal in the area:

Frequently observed animal/(s) in the past (last 5 years):



Frequent observed animal/(s) now (current year):

1) - 2) —-=-mmmmememe e 3) —-m-mmmmmmmeees 4) —-m-mmmmemeeeees ) I
20. Have you seen wild animals feeding on B. aegyptiaca? Yes: ----- [:] No :------ D
21. If yes, how many times? And where? e

22. Climate change issue:

Rainfall (Last 10 years): Increased:----- D Decreased: ----- [:] Constant :------ D
Flooding (Last 10 years): Increased:----- D Decreased: ----- [:] Constant :------ D
Soil erosion (Last 10 years): Increased:----- D Decreased: ----- [:] Constant :------ D

23. Do you think B. aegyptiaca helps improving the soil? If so, how? ...
24. Your advice to improve the current status of the reserve: you mean the transition

zone of the reserve?

Thank you so much for your assistance and support

115



RESEARCH OUTPUTS

Q) Published Research Articles

Mohammed, E. M. I, Elhag, H. A. M., Ndakidemi, P. A., Treydte, A. C. (2021).
Anthropogenic Pressure on Tree Species Diversity, Composition, and Growth of
Balanites aegyptiaca in Dinder Biosphere Reserve, Sudan. Plants, 10, 1-18. https://
doi. org/ 10.3390/ plants10030483

Mohammed, E. M. I, Elhag, H. A. M, Minnick, T. J., Ndakidemi, P. A., Treydte, A. C. (2021).
Livestock Browsing Threatens the Survival of Balanites aegyptiaca Seedlings and
Saplings in Dinder Biosphere Reserve, Sudan. Journal of Sustainable Forestry,
2021, 1-9, DOI: 10.1080/10549811.2021.1935279

Mohammed, E. M. 1., Elhag, H. A. M., Ndakidemi, P. A., Treydte, A. C. (2021). lllegal
harvesting threatens fruit production and seedling recruitment of Balanites
aegyptiaca in Dinder Biosphere Reserve, Sudan. Global Ecology and Conservation,

29 (2021), 1-9.

(i) Poster Presentation

116



