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Abstract: Dryland forests dominated by Dom palm (Hyphaene thebaica) in northern Sudan are
increasingly threatened by human activities, climate variability, and invasive species. This study aimed to
evaluate long-term forest dynamics, identify degradation drivers, and assess community-based management
approaches in Umbashim, Helgi, and Gaili forest reserves. Multi-temporal satellite imagery from 1988 to
2025, combined with field observations and household surveys, was used to analyze land cover changes,
species composition, and local perceptions. Results revealed clear differences in forests conditions among
sites: Umbashim maintained high ecological stability, with over 68% of Dom palm cover retained through
natural regeneration and community protection; In contrary, Gaili showed severe degradation, with
Mesquite (Prosopis spp.) replacing more than 40% of Dom palm cover due to weak governance and
overharvesting; Helgi exhibited a transitional state, with native and invasive species coexisting under
moderate recovery. Climate analysis indicated substantial interannual rainfall variability and sustained
increases in minimum and maximum temperatures, intensifying stress on native vegetation and limiting
regeneration. Communities highlighted livelihood-oriented strategies, including handicraft development,
local associations, and participatory forest management, as essential for sustainable recovery. The study
underscores the need for integrated ecological and socio-economic interventions to enhance resilience,
control invasives, and ensure the long-term sustainability of Dom palm forests in Sudan’s dryland
ecosystems.

Keyword: Dom palm (Hyphaene thebaica), Dryland Forest dynamics, Land cover change, Invasive species
(Prosopis spp.), Climate variability, Community-based forest management, Forest restoration and
resilience, Google Earth Engine (GEE).

Forest ecosystems in drylands, particularly in Sudan, play a critical role in supporting the livelihoods of
millions by providing a wide range of products and services [1—3]. However, these ecosystems are
increasingly under threat from various anthropogenic pressures, including deforestation, overgrazing, and
unsustainable land-use practices, urbanization and agricultural expansion |3]. Furthermore, the impacts of
climate change, such as rapid warming and drying, are expected to exacerbate these challenges, posing
significant risks to Sudan’s forests and savanna woodlands [2, 4, 5].

Remote sensing has become an indispensable tool for monitoring land use and land cover (LULC) changes
and assessing forest disturbances. This technology offers timely and accurate insights into the interactions
between human activities and natural ecosystems, enabling improved resource management [6-9].
Numerous studies have demonstrated the effectiveness of remote sensing in detecting changes in forest
cover and understanding the underlying drivers, including infrastructure expansion, agricultural
encroachment, and the spread of invasive species [2, 10—13]. When combined with ground-based
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observations, remote sensing enhances the precision of forest condition assessments, ultimately supporting
better-informed management decisions [2, 14-16].

The Dom palm (Hyphaene thebaica) is one of eleven species in its genus found in Africa and belongs to
the Arecaceae family. It is widely distributed across the Sahel region, extending from Senegal to Egypt and
Sudan [17]. This species is a deciduous tree that typically reaches heights of 10—17 meters, with a trunk
girth of up to 90 cm. It is easily recognizable by its Y-shaped trunk and dichotomous branching pattern,
which contribute to its resilience in harsh environments. The leaves are fan-shaped, measuring 120 x 180
cm, and are arranged in tufts at the ends of the branches, with blades divided into segments approximately
60 cm long. The Dom palm is dioecious, meaning male and female flowers grow on separate trees [ 18]. In
Sudan, Dom palm forests are primarily found along riverbanks, floodplains, and stream banks, often in
saline soils. They also occur in stony sites away from water sources [ 17]. Nearly pure stands of Dom palms
can be found in basins along the Atbara River, while other significant populations exist in the saline soils
near the Gash River south of Kassala and along the seasonal wadis of the Red Sea Hills. Along the Blue
Nile, Dom palms are relatively rare between Khartoum and Bunzoga [19].

Dom palm forests are well adapted to arid and semi-arid environments, thriving in regions where
groundwater remains accessible. They are highly drought-tolerant and play a crucial role in stabilizing soil,
preventing erosion, and supporting biodiversity. Their unique dichotomous branching pattern enhances light
capture efficiency, promoting resilience in extreme climatic conditions. Additionally, these forests provide
critical habitats and food sources for various wildlife species, including birds, mammals, and insects,
thereby maintaining ecosystem balance. Beyond their ecological significance, Dom palm forests have
substantial socio-economic importance for local communities. They provide essential resources such as
fruits, fiber, timber, and animal fodder, contributing to livelihoods, construction materials, and traditional
crafts. However, these forests are increasingly threatened by deforestation, overgrazing, and climate change,
leading to habitat degradation. Furthermore, the invasion of Mesquite (Prosopis spp.) and unsustainable
forest management practices further exacerbate the decline of Dom palm populations [20-23]. Despite their
ecological and economic importance, long-term research on Dom palm forests remains scarce. There is a
growing need for comprehensive studies on forest dynamics, conservation strategies, and sustainable
management approaches. Addressing these knowledge gaps will be essential to preserving the ecological
integrity and socio-economic benefits of Dom palm forests for future generations [24-27].

This study aims to fill this knowledge gap by assessed, mapping forest cover change, and analyze the
anthropogenic factors, invasive species, and climate variability causing it in Umbashim, Helgi, and Gaili
Forests reserves in Aldamar locality, River Nile State, Sudan, while providing recommendations for
sustainable management and long-term monitoring. Also, it seeks to quantify extent and rate of forest
degradation over time using spatial analysis techniques, and support evidence-based on making decisions
by generating reliable data for planning and policy development in the study area.

1. Material and Methods
2.1. Study Area and Settings

This study was conducted in three Dom palm forest reserves located in Aldamar locality, northern Sudan,
which represent typical Dom palm habitats in the semi-arid zones of Sudan. The gazetted areas of these
forests are 208.3 hectares for Umbashim, 674.8 hectares for Helgi, and 245.4 hectares for Gaili (Fig. 1).
The region's most notable climatic characteristic is its prolonged dry season, which lasts eight months, from
November to June. The average annual rainfall varies between 100—150 mm in the southern parts of the



state and decreases to 0—25 mm in the northern parts. The mean maximum temperature during summer
reaches 47°C, while the mean minimum temperature in winter drops to 8°C [28]. The elevation of the study
area ranges from 100 to 600 meters above sea level [29]. The total forested area in the region is
approximately 87,675 hectares, distributed across 107 riparian and dryland forests [23]. The River Nile
State is classified as an extremely arid region, encompassing true desert and semi-desert zones. The desert
landscape dominates the area, except along the Nile banks and watercourses, where temporary herbs and
grasses emerge following seasonal rainfall [19, 22, 23].
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Fig. 1 Map of the Study Area

2.2. Data Collection and Analysis

The study used remotely sensed data to identify changes in land use and land cover (LULC), selecting
satellite images from Landsat 5, ETM+ 7, OLI 8, and Sentinel-2. These images were collected cloud-free
using Google Earth Engine (GEE). We used four satellite images, each with a spatial resolution of 10 and
30 m. We specifically chose Landsat 5 imagery from 1990, ETM+ 7 imagery from 2002, OLI 8 imagery
from 2014, and Setinel-2 imagery from 2025 due to their extensive geographical coverage and temporal
availability (Table 1). The study employed an integrated approach for data collection and analysis,




combining remote sensing data with field-based information on land use activities observed during the
research period. A structured questionnaire was designed, incorporating both closed- and open-ended
questions, as well as multiple-choice options. All participants provided informed consent prior to
participation, and responses were collected anonymously. The questionnaire focused on socio-demographic
characteristics and respondents' perceptions regarding various aspects of Dom palm forests, particularly the
utilization of their products, such as leaves (Zaaf) and fruit. It also examined the choices made by local
communities. In addition, main problems and challenges facing these forests include overharvesting,
grazing pressure, land-use changes and drought (Appendix A).

Table 1 Landsat 5 TM, ETM+ 7, OLI 8, and Sentinel-2 Data Used for Forest Cover Analysis

Satellite/Sensor ~ Acquisition Date (01.01 —31.12) Spectral Bands Resolution (m)

Landsat 5 TM 1990 1,2,3,4,5,7 30
Landsat 7 ETM+ 2002 1,2,3,4,5,7 30
Landsat 8 OLI 2014 2,3,4,5,6,7 15/30
Sentinel-2 2025 2,3,4,5,8,11, 12 10/20

for data analysis, the study employed Google Earth Engine (GEE), a powerful cloud-based geospatial
platform, to access, preprocess, and analyze multi-temporal satellite imagery, ArcGIS Pro 3.5, and
Microsoft Excel 2019 for the analysis and processing of satellite images. We used tools to calculate the
areas of LULC changes, along with their percentages and transitions. Before processing the images, they
were adjusted, the geometry and atmosphere were fixed, the layers were stacked, and the composite bands
tool was used to merge spectral bands (1, 2, 3, 4, 5, and 7 for Landsat TM 5 and ETM+ 7, 2, 3,4, 5, and 6
for OLI 8, and 2, 3, 4, 5, 8, 11, 12 for Sentinel-2 ) into a single-layer file. We clipped sub-scenes to the three
forests for further analysis.

The study applied Random Forest classifier to classify forest cover from the acquired Landsat 5 1990,
Landsat 7 ETM+ 2002, OLI 8 2014, and Sentinel-2 2025 images. The accuracy of each classified image
was systematically evaluated using ground truth data, Google Earth imagery, and prior knowledge of the
study area. The assessment involved calculating user accuracy, producer accuracy, overall accuracy, and
Kappa coefficients, alongside the generation of an error matrix for the land cover classification (Fig. 2).
The results demonstrated that the overall accuracy and Kappa coefficients for all classified images exceeded
85%, indicating a high level of classification reliability. SPSS Version 24 was used to analyze socio-
demographic data, with emphasis on examining managerial and socio-economic factors influencing the
collection of Dom palm leaves (Zaaf), as well as anthropogenic factors and natural disturbances affecting
Dom palm forests.
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Fig. 2 Schematic workflow for data collection and analysis.

2. Results and Discussion

3.1.Forest Cover (FC) results in 2025

Gaili Forest is dominated by Mesquite trees (Prosopis spp.), occupying the largest area of 32.56% followed
by other species 31.03%. Dom palm, represent 26.25%, while water body occupies the smallest area
10.15%. In Helgi Forest, Mesquite (Prosopis spp.) leads with 31.28%, demonstrating its adaptability,
followed by Dom palm with 26.57%, indicating relative stability. Helgi forest, mixed trees contribute
23.23%, while the bareland accounts for 18.93%. In Umbashim Forest, Dom palm at low density dominates
with 38.70%, followed by Dom (HD) with 30.23%, while other species and Sedir (Ziziphus spina-christi)
accumulate contribute with 31.06% (Fig. 3 and Table 2).
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Fig. 3 Distribution of Forest Cover Classes in Umbashim, Helgi, and Gaili Forest Reserves for 1990-2025.

3.2. Change Detection in Forest Cover

The land cover dynamics of Helgi, Gali, and Umbashim forests from 1990 to 2025 reveal contrasting
patterns of native vegetation persistence, invasive expansion, and structural change in Sudanese dryland
ecosystems (Fig. 3 and Table 2). Multi-decadal satellite monitoring is widely recognized as essential for
detecting long-term ecological shifts, degradation pathways, and recovery processes in dryland forests [30,
31]. These temporal variations further emphasize the influence of disturbance regimes, invasive pressure,
and management effectiveness on forest stability [32, 33].

In Helgi Forest, Bare land remained relatively stable, decreasing slightly from 19.94% in 1990 to 18.93%
in 2025, consistent with evidence that abiotic surfaces often change slowly compared with vegetation
classes in drylands [34, 35]. Mixed tree cover increased markedly from 16.36% to 23.23%, suggesting
gradual regeneration and structural diversification, which aligns with studies highlighting the utility of
dense Sentinel-2 time series for detecting woodland expansion [36, 37]. Prosopis spp. remained dominant,
fluctuating from 38.82% in 1990 to 23.82% in 2002, then rising to 31.28% by 2025. This reflects the
opportunistic behavior of invasive woody species under disturbed conditions [38, 39]. Dom palm increased
to 34.02% in 2002 before declining to 26.57% in 2025, indicating resilience but vulnerability to invasive
competition [40, 41].

Gaili Forest experienced the strongest invasive expansion, with Prosopis increasing from 24.32% in 1990
to 45.23% in 2014, then declining to 32.56% in 2025. Such dominance is typical where disturbance reduces
native cover [30, 32]. Dom palm declined sharply to 16.62% in 2014, reflecting biodiversity loss and
compositional simplification in degraded dry ecosystems [33, 35]. Its recovery by 2025 suggests some
regeneration detectable through multi-temporal Sentinel imagery [42, 43].

Umbashim Forest showed the strongest native persistence. Low-density Dom palm remained dominant,
reaching 44.83% in 2002 and sustaining 38.70% in 2025, while high-density Dom palm peaked at 37.42%
in 2014. This stability supports findings that protected or community-managed forests maintain stronger




regeneration capacity [31, 37]. Ziziphus spina-christi increased to 19.07% in 2014, reflecting internal
turnover shaped by climatic and land-use pressures [44, 45].

Overall, Sudanese dryland forests follow divergent pathways, from native stability (Umbashim) to
transitional competition (Helgi) and invasive dominance (Gali). These results highlight the importance of
long-term satellite monitoring and machine learning classification frameworks for sustainable forest
management and biodiversity conservation [30, 31, 46].

Table 2 Forest Composition and Area Distribution in Helgi, Gaili, and Umbashim Forests during 1990 —
2025.

Helgi Class name 1990 2002 2014 2025

Forest Areatha) % Areatha) % Areatha) % Areatha) %
Bareland 143.69 19.94 150.76 20.92  140.68 19.52  136.38 18.93
Mixed trees 117.91 16.36  153.04 2124 1214 16.86 167.35 23.23
Prosopis spp 279.72 38.82 171.64 23.82 301.63 41.86 225.38 31.28
Hyphaene thebaica 179.21 24.87 245.09 34.02 156.77 21.76  191.42 26.57
Total 720.53 720.53 720.53 720.53

Gaili Water body 27.79 11.24 34.13 13.80 24.30 9.83  25.10 10.15

Forest Hyphaene thebaica 63.96 25.86 58.37 23.60 41.11 16.62 64.92 26.25
Prosopis spp 60.14 2432 87.90 3555 111.85 4523  80.53 32.56
Other species 95.40 38.58 66.89 27.05 70.03 28.32  76.74 31.03
Total 247.29 247.29 247.29 247.29

Umbashim Hyphaene thebaica (HD)  78.33 28.23  94.68 34.13 103.82 3742 83.88 30.23

Forest Zlziphus spina-chrisiti 33.36 12.03 3295 11.88 5291 19.07 41.21 14.85
Hyphaene thebaica (LD)  114.34 41.21 12439 4483 81.35 2932 107.38 38.70
Other species 51.42 18.53 2542 9.16 3937 14.19 4498 16.21
Total 277.45 277.45 277.45 277.45

3.3. Forest Cover trajectory matrix

The forest cover trajectory matrices for Umbashim, Gaili, and Helgi forests reveal distinct long-term
vegetation dynamics shaped by ecological resilience, disturbance regimes, and management effectiveness
over a 35-year period (Fig. 4 and Table 3). Umbashim consistently exhibited the highest stability and
internal regeneration of native vegetation. Between 1990 and 2002, high-density Dom palm retained
12.06% of its original cover, while low-density Dom palm persisted at 23.01%, with 10.97% transitioning
into high-density Dom stands, indicating natural densification. This trend continued through 2002-2014,
with high-density retention rising to 14.82% and low-density Dom maintaining 18.69%. By 2014-2025,
high-density Dom remained relatively stable at 16.22%, and low-density Dom retained 18.18%, resulting
in cumulative native Dom persistence of 68.72% over the entire period (Fig. 4 and Table 3a). These patterns
confirm that community protection and restricted forest access have effectively supported ecological
resilience and minimized vegetation loss [35, 47, 48].

In contrast, Gaili Forest experienced severe degradation and Mesquite (Prosopis spp.) dominance. During
1990-2002, Mesquite retained 15.16% of its cover while gaining 9.62% and 8.58% from Dom palm and
other species, respectively. Expansion accelerated in 2002-2014, with Mesquite retaining 17.31% and
acquiring an additional 12.56% from Dom palm. By 20142025, Mesquite became the dominant class at
24.75%, while Dom palm stability fell to 10.36% (Fig. 4 and Table 3b). These transitions reflect the



combined effects of weak governance, heavy extraction, and open-canopy conditions that facilitated
opportunistic invasive proliferation [30, 33, 38, 39].

Helgi Forest displayed an intermediate trajectory, with both persistent native vegetation and ongoing
invasive transitions. Between 1990-2002, Dom palm retained 20.29%, while Mesquite retained 16.47%
and gained from Dom and mixed tree classes. Unlike Gaili, Helgi also showed reverse transitions, with
5.80% of Mesquite converting to mixed vegetation and 14.84% to Dom palm by 2002-2014, indicating
partial recovery from targeted management. By 20142025, Mesquite reached 23.69% stable cover, but
native classes remained resilient at 15.77% (Fig. 4 and Table 3c), highlighting a transitional equilibrium
influenced by localized intervention and ecological resistance [44, 45, 49].

Overall, these matrices demonstrate the value of multi-temporal satellite analyses using Landsat and
Sentinel archives for assessing forest stability, degradation, and invasive dynamics. Umbashim illustrates
resilience under community management, Gaili shows the consequences of weak governance and invasive
dominance, and Helgi reflects intermediate, partially managed conditions. These findings reinforce the role
of trajectory-based monitoring for guiding sustainable dryland forest management in Sudan [31, 34, 36,
371
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Fig. 4 Forest Cover trajectory Matrix in Helgi, Gaili, Umbashim Forest Reserve 1990-2025.




Table 3a Forest Cover trajectory Matrix in Umbashim Forest Reserve 1990-2025

1990-2002
HT
Class name (HD) YA HT (LD) 0S Total
HT (HD) 12.06 4.34 12.76 4.86 34.02
ZS 4.17 3.33 3.94 0.57 12.01
HT (LD) 10.97 4.46 23.01 6.30 44.74
(ON 0.90 0.08 1.49 6.76 9.23
Total 28.10 12.22 41.19 18.49 100.00
2002-2014
HT (HD) 14.82 4.08 17.28 1.17 37.34
ZS 7.14 5.44 6.34 0.18 19.10
HT (LD) 6.87 2.08 18.69 1.78 29.42
(ON 5.21 0.35 2.52 6.06 14.13
Total 34.05 11.94 44.82 9.19 100.00
2014-2025
HT (HD) 16.22 3.81 6.71 3.22 29.97
ZS 4.05 9.12 1.72 0.13 15.02
HT (LD) 13.00 5.58 18.18 1.98 38.74
(ON 4.01 0.66 2.77 8.83 16.28
Total 37.28 19.18 29.39 14.15 100.00
1990-2025
HT (HD) 14.39 3.26 9.94 2.38 29.97
ZS 3.22 4.54 4.94 2.31 15.01
HT (LD) 8.86 4.13 22.19 3.58 38.75
OS 1.68 0.26 4.08 10.25 16.27
Total 28.15 12.18 41.16 18.52 100.00
Table 3b Forest Cover trajectory Matrix in Gaili Forest Reserve 1990-2025
1990-2002
Class name WB HT P spp oS Total
WB 7.97 2.09 0.16 3.64 13.86
HT 1.08 8.85 4.38 9.24 23.55
P spp 2.25 9.62 15.16 8.58 35.61
(ON 0.03 5.30 4.61 17.04 26.98
Total 11.33 25.86 24.31 38.50 100.00
2002-2014
WB 8.37 1.33 0.04 0.10 9.85
HT 2.81 7.92 2.44 3.53 16.70
P spp 0.08 12.56 17.31 15.30 45.24
OS 0.00 4.05 4.57 19.60 28.22
Total 11.26 25.86 24.35 38.53 100.00

2014-2025




WB 9.59 0.49 0.07 0.00 10.16

HT 0.24 11.60 12.11 2.25 26.20
P spp 0.11 3.25 24.75 445 32.57
0S 0.00 1.34 8.36 21.37 31.07
Total 9.94 16.69 45.29 28.08 100.00
1990-2025
WB 8.79 1.14 0.10 0.14 10.16
HT 2.08 10.36 6.20 7.58 26.22
P spp 0.47 8.98 12.45 10.71 32.61
0S 0.00 5.43 5.67 19.90 31.01
Total 11.34 25.90 24.43 38.33 100.00

Table 3¢ Forest Cover trajectory Matrix in Helgi Forest Reserve 1990-2025

1990-2002
Class name BL MT P spp HT Total
BL 18.71 0.03 1.74 0.45 20.93
MT 0 12.58 8.14 0.55 21.26
P spp 0.26 3.56 16.47 3.56 23.84
HT 0.96 0.25 12.46 20.29 33.97
Total 19.93 16.42 38.81 24.85 100.00
2002-2014
BL 19.15 0.00 0.00 0.38 19.54
MT 0 15.38 1.42 0.09 16.89
P spp 0.21 5.80 20.96 14.84 41.81
HT 1.59 0.08 1.40 18.70 21.77
Total 20.95 21.26 23.78 34.00 100.00
2014-2025
BL 18.15 0.00 0.11 0.58 18.83
MT 0.00 14.59 8.46 0.24 23.28
P spp 0.27 2.19 23.69 5.16 31.31
HT 1.08 0.11 9.61 15.77 26.57
Total 19.50 16.89 41.86 21.75 100.00
1990-2025
BL 17.05 0.04 1.60 0.12 18.82
MT 0.06 11.40 10.74 1.12 23.32
P spp 1.35 3.65 18.66 7.67 31.32
HT 1.47 1.32 7.83 15.92 26.54
Total 19.92 16.42 38.83 24.83 100.00

3.4.Climate Trends and Implications for Forests

Climate data from 1980/1981 to 2025 reveal strong interannual rainfall variability alongside a pronounced
warming trend in both minimum (Tmin) and maximum (Tmax) temperatures (Fig. 5). Annual precipitation
fluctuated markedly, with wet peaks in the late 1980s and early 2000s. Multi-period trend analyses (1981—
2025, 1991-2025, 2001-2025) indicate a moderate long-term increase, though variability dominates,



consistent with Sahelian patterns where shifts in extremes outweigh directional change [50, 51, 52].
Irregular rainfall reduces soil moisture, intensifies drought stress, and limits regeneration of native species
like Dom palm (Hyphaene thebaica) under growing land-use pressures [53-58].

Tmin increased steadily since 1980, accelerating after 2000, reflecting warmer nights that heighten plant
respiratory losses and physiological stress [59-65]. Tmax rose from ~43°C to 46°C, especially after the
mid-1990s, accelerating evapotranspiration, reducing seedling survival, and favoring drought-tolerant
invasives like Prosopis spp. [52, 59, 66, 67].

Together, rising temperatures and rainfall variability threaten forest productivity, interacting with land
degradation to increase vulnerability in unmanaged areas like Gaili, while community-managed forests like
Umbashim show greater resilience [53, 54, 56]. Integrating climate-resilient strategies is essential to ensure
long-term Dom palm persistence.
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and Multi-Period Trend Estimates.

3.5.Impact of Invasive Species
The spread of Mesquite (Prosopis spp.) is a major ecological threat to Dom palm (Hyphaene thebaica)
forests. Land cover transition analysis revealed extensive displacement of native vegetation, particularly in



Gaili and Helgi Forests. Approximately 41.8% of Dom palm in Gaili and 35.1% in Helgi were replaced by
Mesquite (Tables 4B and 4C). This aligns with broader evidence that Prosopis is one of the most aggressive
woody invaders in arid and semi-arid ecosystems, owing to rapid growth, high drought tolerance, and deep
rooting [68—70]. Fig. 3 highlights spatial dominance in disturbed areas, consistent with studies showing that
invasive expansion accelerates under heavy land-use pressure and forest degradation [56, 71, 72].

In Gaili and Helgi, Dom palm loss corresponded with increased human activity, harvesting, and weak
enforcement. Mesquite rapidly colonizes exposed soils, suppresses native regeneration through shading,
and competes for groundwater [67, 70, 73]. Similar patterns across the Sahel and East Africa show Prosopis
reduces biodiversity, simplifies forest structure, and weakens resilience under climatic stress [69, 71, 74].
These transitions indicate that unmanaged drylands are highly vulnerable to invasive dominance when
native species’ competitive capacity is reduced [56, 58, 68].

In contrast, Umbashim Forest experienced minimal Mesquite intrusion due to stronger community
governance, restricted access, and awareness of Dom palm’s value. This supports findings that community-
managed dryland forests exhibit higher ecological stability and reduced invasion risk [70, 71, 74]. Local
interventions in Helgi also demonstrate that mechanical removal can partially restore Dom palm, though
long-term suppression requires sustained management to prevent reinvasion [68, 69, 72].

Overall, unchecked Mesquite expansion threatens the sustainability of Sudan’s Dom palm forests. Open-
access forests with weak governance are particularly vulnerable, whereas community management
enhances native persistence. Integrated strategies combining community participation, systematic Prosopis
removal, and Dom palm restoration are essential to prevent further degradation and support ecosystem
resilience under climate stress [56, 58, 67].

3.6. Anthropogenic Pressures and Community Drivers

Human activities are primary drivers of Dom palm (Hyphaene thebaica) forest degradation across the study
area, consistent with evidence that anthropogenic pressures dominate dryland vegetation loss globally.
Socioeconomic surveys indicate that 91% of households rely on forest biomass for traditional house
construction, maintaining continuous extraction pressure on Dom palm and associated native species. Fig.
6 shows that dwellings built from palm and wood remain predominant, while alternative materials are rarely
used. Similar patterns of dependence on woody biomass for housing and fuel have been documented in
Sudan and East Africa, where forest products fulfill essential livelihood needs [75-77]. Such extraction
depletes standing trees and limits regeneration, particularly when harvest rates exceed natural recruitment.
Extensive livestock grazing further contributes to forest decline, as livestock consume or trample seedlings,
reducing regeneration and altering species composition. Field studies confirm that overgrazing reduces
seedling survival, increases soil compaction, and degrades dryland ecosystems [78—80]. Livestock impacts
are intensified under climatic stress, resulting in persistent recruitment failure.
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Fig. 6 Types of Residences of Respondents in the Study Area.
Community perceptions support these trends. Fig. 7 indicates that respondents identify declining rainfall,
drought, overharvesting, grazing, and Mesquite (Prosopis spp.) spread as major causes of Dom palm
degradation. Ethnobotanical studies further show that all parts of Dom palm have commercial and domestic
value, amplifying extraction pressure [81-83]. Climate variability exacerbates these impacts: rising
temperatures and fluctuating rainfall reduce soil moisture, increase mortality of young plants, and favor
drought-tolerant Mesquite, which has displaced substantial Dom palm in Gaili and Helgi [58, 69, 67, 84].
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Fig. 7 Reason of degradation of Dom Forest

Weak governance and the absence of structured restoration programs further compound degradation,
limiting enforcement of sustainable use [85-87]. In contrast, Umbashim Forest benefits from restricted
access and active community management, resulting in lower degradation and higher vegetation resilience,
highlighting the positive role of participatory governance [75, 86, 88].

Overall, Dom palm forest degradation is driven by a reinforcing cycle of human extraction, overgrazing,
invasive spread, climate stress, and weak governance. Effective mitigation requires integrated strategies
combining community-based management, sustainable harvesting, livelihood alternatives, and adaptive
climate measures to ensure long-term forest resilience.



3.7.Management Interventions and Development Opportunities

Dom palm (Hyphaene thebaica) forests in the study area face substantial ecological pressure, yet local
communities possess valuable knowledge and practical strategies for improving forest conditions and
safeguarding remaining resources. Survey responses revealed strong awareness among respondents
regarding the drivers of degradation and potential opportunities for forest rehabilitation. As shown in (Fig.
8), top-priority development strategies included expanding the Zaaf handicraft industry, forming production
associations, improving financial support, and strengthening local markets. These strategies align with
evidence that enhancing the economic value of non-timber forest products incentivizes conservation by
shifting resource use from subsistence extraction to sustainable, livelihood-based production [86, 89, 90].
Similar studies across African drylands demonstrate that livelihood diversification linked to forest products
reduces pressure on standing vegetation while supporting household resilience [75, 81, 83].

Participatory management also emerged as central for sustaining forest health. In Umbashim Forest, where
communities actively monitor and protect resources, vegetation cover is more stable and invasive spread is
limited. This supports literature showing that community-based governance improves compliance,
strengthens stewardship, and enhances ecological outcomes compared with top-down approaches [86, 88,
90]. Locally grounded decision-making further increases long-term sustainability by adapting management
to social and environmental realities [91-93].
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Fig. 8 Suggestions of improve and development of Dom palm forests

A smaller portion of respondents emphasized direct ecological measures, including grazing control,
regulated cutting, and enhanced natural regeneration. While ranked lower than economic initiatives, these
actions remain critical, as overgrazing and continuous harvesting reduce seedling survival and hinder
recruitment [78-80]. Figure 10 shows that selective Mesquite removal, particularly near riverbanks, has
enabled partial Dom palm recovery, consistent with evidence that sustained invasive control supports native
vegetation restoration [67, 69, 71, 73, 74, 84].



Fig. 9 Problem facing Dom palm forest

Community expectations were cautiously optimistic. Fig. 10 shows that while many respondents recognized
ongoing degradation, they believed improvement is possible with proper interventions. Integrating
livelihood-oriented initiatives with ecological management, including Mesquite control, grazing regulation,
and regeneration enhancement, provides the most practical strategy for restoring Dom palm forest resilience
under combined climatic and anthropogenic pressures [58, 79, 84, 89].
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Fig. 10 Status of Dom Palm Forests.

4. Conclusion and Future Research Directions

The long-term assessment of Dom palm (Hyphaene thebaica) forests in Umbashim, Gaili, and Helgi
demonstrates that ecological outcomes are strongly shaped by the interaction of anthropogenic pressures,
invasive species, climate variability, and local governance. Umbashim Forest maintained high stability and
internal regeneration, reflecting the effectiveness of community protection and restricted access. In contrast,
Gaili Forest exhibited severe degradation and dominance by invasive Prosopis species, driven by weak
governance, excessive extraction, and climate stress. Helgi Forest displayed intermediate dynamics, with
both persistence of native vegetation and partial recovery following targeted management interventions.
These findings underscore the critical need for integrated management strategies combining ecological
restoration and livelihood support. Recommended measures include systematic Prosopis control, regulation
of grazing and harvesting intensity, promotion of Dom palm regeneration, and development of alternative
income sources, such as handicraft production and market strengthening, to reduce pressure on forest



resources. Community-based participatory governance should be prioritized, as it enhances compliance,
ecological stewardship, and long-term resilience. Future research should focus on refining species-level
monitoring using high-resolution multi-sensor satellite data, assessing the effectiveness of restoration
interventions over time, and modeling climate—human interaction impacts on dryland forest dynamics.
Additionally, studies exploring the socioeconomic feasibility of sustainable livelihood programs linked to
forest conservation would provide actionable guidance for policymakers. Integrating ecological, climatic,
and social dimensions offers the most promising pathway for sustaining Dom palm forests in Sudan’s
dryland ecosystems under ongoing environmental and anthropogenic pressures.
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Appendix A. Survey Questions for Assessing the Status and Management of Dom Forests
General Information
Name (Optional)
Village
Forest name and Area

Section A: Household Characteristics

1. Type of Housing

[ Traditional

O Modern

O Mixed (Traditional and Modern)

[ Other:

Section B: Institutional and Technical Status of Dom Forests

2. What privileges are granted to local communities in the Dom forests?
(Select all that apply)

[0 Grazing livestock

[ Passage / access through the forest

[ Collection of fruits and seeds

[0 Cutting Dom leaves (fronds)

[ Collection of fallen firewood

[ Other:

3. What is the current condition of the Dom forests?

O Improving / Well developed

O Degraded

[0 Stable / Unchanged

[ Do not know

4. If the forest is degraded, what are the causes of degradation?
(Select all that apply)

O Lack of rainfall

0 Drought

[0 Absence of forest management

[0 Weak supervision or monitoring

[0 Repeated leaf cutting

O Overgrazing

[ Excessive cutting of trees

0O Land encroachment

O Lack of community participation

O Spread of mesquite trees

O Other:

5. Do you observe natural regeneration of Dom trees?
O Yes




O No

6. If regeneration is limited, what are the possible causes?
(Select all that apply)

O Grazing

O Drought

[ Fire

[ Land fragility or poor soil conditions

O Agricultural expansion

O Spread of mesquite trees

[ Lack of rainfall

O Other:

7. What are the main problems facing Dom forests in the study area?
(Select all that apply)

O Overgrazing

O Drought

[0 Excessive fruit and seed collection

[ Leaf cutting

[J Failure to leave seed trees (mother trees)
O Other:

8. What are your suggestions for improving the management and development of Dom forests?
(Select all that apply)

[0 Regulation of harvesting

[ Identification of specific areas for cutting

[0 Removal of mesquite trees

O Development of Doum-based industries

[ Establishment of producer associations

[ Creation of financial support funds

O Promotion of marketing systems

O Strengthening participatory forest management
O Clarification of forest ownership

[0 Implementation of forest management plans
0 Promotion of natural regeneration

O Regulation of grazing

[0 Development of improved cutting tools

O Other:
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