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Abstract

Land degradation (LD) is an emerging threat of the decade, which is not only deteriorating arable
lands globally but also threatening global ecosystem sustainability. Therefore, this intensification of
LD has stimulated global governing bodies and researchers to take the initiative against this dilemma
through sustainable and eco-friendly approaches. Geographical mapping is critical in analyzing land
formation, soil composition and land use patterns, which subsequently facilitates data-driven
planning for soil conservation. In current study, Geographic Information System (GIS) technology
combined with Shuttle Radar Topography Mission (SRTM) data to explore soil properties and land
use patterns throughout Saudi Arabia to analyse soil types, soil thickness, and soil uses. Results of
these spatial analyses revealed that the maximum soil of the country is sandy, followed by loam and
sandy loam. Meanwhile, soil depth distribution is notably bimodal, with extensive areas of shallow
soil (0-4 m) and deep soil (43-50 m). These spatial visualizations provide valuable insights related to
soil heterogeneity patterns, which enable evidence-based, site-specific strategies to promote
sustainable land management. Moreover, we also mentioned the land degradation pathways
impacting the country’s arable lands and explained the pathways that can help in assessing such land
losses. Besides land loss pathways, current study also explained the most suitable mitigation
strategies, including mulching, cover cropping, agroforestry, riparian buffer strips, agroforestry,
terracing, and nutrient use efficiency. In this article, we also focused on the aims of the Saudi Green
Initiative and the steps that are being taken by international governing bodies like UNDP, UNEP,
FAO, and the World Bank to mitigate land degradation in the region. However, further studies are
required to assess the intensity of these solutions at each soil type and thickness under different
climatic conditions.
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1. Introduction

Saudi Arabia is the most developing region of the Arabian Peninsula and is the second-largest
producer and exporter of oil [1]. Besides the industrial revolution, this region is also struggling with
the crisis of arable land, soil fertility, and availability of water resources both for agriculture and
public use [2]. Global warming, variable rainfall patterns, and frequent prevalence of drought stress
are further damaging the agricultural sector of the country, where small-scale farmers or family
farmers facing challenging situations of water scarcity and the rise of insect pest attacks on their crops
[3,4]. Therefore, the negligence of governing bodies towards these issues may cause a significant
impact on national agricultural productivity along with food and nutritional insecurity. According
to FAO guidelines, 0.21 ha per person is suitable for domestic farming; however, in Saudia Arabia,
this land limit is even lower than 0.010 ha per person [5]. Therefore, the agriculture sector is only
contributing up to 2.71% of the gross domestic product (GDP) of Saudi Arabia [6].
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Besides natural factors, certain anthropogenic activities are deteriorating soil health, for instance,
deforestation, agro-chemicals, inappropriate tillage practices, overgrazing, and poor quality of
irrigation water [7-9]. Additionally, soil degradation also occurs through the oil extraction processes
where toxic chemicals and heavy metals are incorporated into the soil, which results in poor soil
quality, low nutrient content, which ultimately resulted in lower crop growth and yield [9,10].
Moreover, the region’s soil is lower in organic matter, around 0.2% and anthropogenic and natural
activities roughly influence it [11]. Aridisol, arenosols, and aerosols soil orders of Saudi Arabia are
also the primary components of soil loss and its degradation, as these orders carry poor nutrient
values and organic matter [12]. Under arid and semi-arid regions, soil sublayers usually hold a
significant accumulation of gypsum, salt, and sodium, which causes soil salinity and hinders nutrient
movement [13,14]Furthermore, the soil of arid regions is coarse in texture and has a low porosity rate,
which decreases soil water use efficiency, water holding capacity, and water retention property
[15,16].

Remote sensing and GIS are the trending and viable tools that can be used to assess geological
and morphological changes in the soil and environment [17,18]. Therefore, land degradation and its
sources can be easily monitored through GIS and remote sensing after extracting and modeling of
relevant data [19,20]. Various studies have been conducted to examine soil health through these GIS
tools; for instance (Akhavan et al., 2023) examined the soil vegetation cover of Iran and ran the
produced findings on the Normalized Difference Vegetation Index (NDVI) to predict land
degradation. Similarly, [19] GIS and NDVI modeling were also used to investigate global soil
biological changes and land degradation patterns. Moreover, they followed NDVI and net primary
production (NPP) mechanisms to observe rain use efficiency and specify which specific areas are
most vulnerable to land degradation. Therefore, this study was planned to examine the characteristics
of Saudi Arabian soil using systematic methodology, the latest geospatial data, and advanced GIS
tools. We also explored potential threats to the country’s arable lands and how these affected lands
can be recovered through sustainable approaches.

2. Geography of Saudi Arabia

Saudi Arabia is the largest country in the Arabian Peninsula, located in West Asia, and occupies
a substantial portion of the northern and central regions and it shares borders with the Red Sea and
the Persian Gulf. Total territory of the country is around 2.3 million km? and a population of more
than 28 million [21]. Most of the country’s land is arid, with vast stretches of desert, such as the
world’s largest continuous sand desert, Rub al Khali [22]. Saudi Arabia has a diverse topography,
mainly comprising large desert regions like the Arabian Desert, with semi-deserts, shrublands, and
steppes scattered throughout. Its significant geological heterogeneity is further highlighted by the
topography, which consists of numerous mountain ranges and vast volcanic lava fields. The Asir
Mountains in the southwest and the Hijaz range near the western coast are notable mountainous
areas [23]. Saudi Arabia is comprised of around 2,150,000 square kilometers, or 830,000 square miles
[24], and its weather is primarily arid, with days reaching very high temperatures and nights
drastically dropping. Winters are usually warm, but summer weather is significant hot, especially in
the interior desert regions where temperatures frequently rise above 50 °C (122 °F) [25]. Because of
their elevation, the western highlands experience a temperate temperature, contrasting with the
region’s more arid environment. Cyclonic weather systems move eastward from the Mediterranean
Sea throughout the winter and usually pass north of the Arabian Peninsula, occasionally causing
landfall in eastern and central Arabia and the Persian Gulf.

Overall, rainfall and temperature are two of the most critical climate variables in Saudi Arabia
since they affect agriculture and water replenishment. Droughts in the area have been made worse
by population growth, industrial development, and greater agricultural use [26,27]. Forecasting and
modeling are challenged by changes in the climate on a variety of temporal and spatial scales [28].
Saudi Arabia typically has hot, dry summers and moderate, rainy winters with a wide range of
rainfall [29,30] Since the late 1990s, the Arabian Peninsula has experienced rising temperatures [31].
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Numerous studies [32-34] have documented temperature elevation over time. Studies on rainfall
show seasonal and regional variations, and predictions indicate that by 2050, there will be more
extremes in both temperature and precipitation [35-37]. Rainfall patterns in the southwestern region,
which is influenced by mountain ranges and monsoonal winds, show substantial annual variations
and are necessary for understanding the future climate of Saudi Arabia [35,38,39]. Besides this, Saudi
Arabia is also significantly impacted by severe flash floods and droughts, and intensity of these floods
and droughts has increased substantially in recent decade [40,41].

2.1. GIS Mapping of Country’s Arable Lands

Spatial datasets including soil types, soil use, and related parameters were collected and
processed separately. Variations in spatial resolution among datasets present potential accuracy
concerns, representing a limitation intrinsic to regional-scale geospatial analyses. The interpretation
of data was based on direct visualisation and quantitative evaluation of feature attributes,
particularly spatial extent and thickness. Multi-dataset integration was conducted utilising ArcGIS
software, incorporating standardised cartographic elements such as colour schemes, transparency,
lighting, and shading effects to enhance visual clarity and analytical precision. The resulting maps
provide a detailed spatial representation of soil types, thickness, vegetation distribution, and
agricultural land use throughout Saudi Arabia, which provide evidence-based land management and
planning strategies.

Data on soil types were obtained from the World Soil Database and the Harmonised World Soil
Database (HWSD) via the FAO’s Soils Portal. Spatial clipping was employed to define the study area
(Saudi Arabia) due to the complexity of the dataset, utilising ArcGIS. Soil mapping units were
reclassified based on textural composition, specifically sand, silt, and clay content, into five categories:
sand, loam, loamy sand, sandy loam, and clay. The soil type map presents a detailed spatial
representation of soil distribution patterns throughout the region (Figure 1).
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Figure 1. Soil types of Saudi Arabia as per the data of World Soil Database.

Meanwhile, soil thickness data were sourced from NASA’s Oak Ridge National Laboratory
Distributed Active Archive Centre, with a spatial resolution of 1 km. Spatial clipping was conducted
utilising the Extract by Mask tool in ArcGIS to define the study area.

Soil thickness was categorised into six distinct groups (0-50 m) to better understand the spatial
variations (Figure 2). The data regarding vegetation and cultivated areas were obtained from the most
recent Land Use/Land Cover (LULC) dataset. The Con tool from the Spatial Analyst toolbox was
utilised to extract the target classes, which include vegetation and cultivated areas. The spatial extent
was measured using the Calculate Geometry tool in ArcGIS, and this was validated through
calculations in Microsoft Excel and by comparing it with Normalised Difference Vegetation Index
(NDVI) values. The distinction between vegetation and cultivated areas was effectively made using
colour ramp classification, resulting in a map that is both accurate and visually engaging.
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Figure 2. A general display of soil thickness in meters.

2.2. Land of Saudi Arabia

A large portion of the Arabian Peninsula, around four-fifths, comprises the desert country of
Saudi Arabia. It is made up of 98.5% semi-arid to arid land. Saudi Arabia’s total area is 214,969,000
ha, out of which arable land is only 3,650,000 ha; permanent crops grow on 90,000 ha; permanent
pastures exist on 120,000,000 ha; forest and woodlands cover approximately 1,800,000 ha and land
occupied by other things is 89,429,000 ha [42]. Saudi Arabia has 0.11 hectares of arable land per
person, among the world’s lowest which means 1.6% of the country area is arable.
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Figure 3. Map showing the cultivated and natural vegetation zone of the country.

Saudi Arabia has a total of 13 provinces: Makkah (153,128 Km?), Al Bahah (9,921 Km?), Al-
Qaseem (58,046 Km?), Ha'il (103,887 Km?), and Al-Jouf (100,212 Km?), Tabouk (146,072 Km?) and Al-
Madina (151,990 Km?), Eastern region province (672,522 Km?), Northern Border province (111,797
Km?) and Riyad (404240 Km?), Najran (149,511 Km?) and Aseer (76.693 Km?). Saudi Arabian land is
divided into cultivated areas, natural vegetation, hills/mountains, and plains. Makkah, Al Bahah Al-
Qaseem, Hail, and Al-Jouf have cultivated areas; Tabuk and Al-Madina have very few cultivated
areas; the Eastern region, Northern Border, and Riyad only have negligible cultivated areas
meanwhile, Najran, Aseer, and Jizan contain no notable cultivated area. The area of the country
covered with natural vegetation is around 54,938 Km?2. Al-Jouf, Tabuk, Al-Madina, Makkah, Al
Bahah, Aseer, and Jazan have more natural vegetation than other provinces; Al-Riyad, Al-Qaseem,
and Hail have very little vegetation; the Eastern region and Northern Border are sparsely covered
with vegetation, and Najran has no vegetation. On the other hand, hilly areas of Saudi Arabia spread
over an area of 387215.88 Km? and plain land has an area of 1548863.52 Km?2 Total Area of Saudi
Arabian land is 1936079.4 Km?2 which is divided into five soil types: Clay Loam has an area of 72496.4
Km? (3.74%); Loam spread over an area of 351,552 Km? (18.16%); Loamy Sand 138,988 Km? (7.18%);
Sand 1,270,860 Km? (65.64%); Sandy Loam 102,183 Km? (5.28%). The most prevalent and major soil
type in Saudi Arabia is sandy soil which spread in Tabuk, Makkah, Najran, Eastern region province,
Riyadh, Qaseem, Hail, Northern Border, and Jawf. Sandy loam soil is mainly present in Najran but
also in some areas of the Northern Border, Jizan, and Riyadh. Loamy Sand soil is present mostly in
areas of Riyadh, Qaseem, Al-Madina, and Makkah. Loam soil is found in the Northern Border, Jawf,
Tabuk, Al-Madina, Makkah, Aseer, Riyadh, Qaseem, and Jawf.

3. Sources of Land Loss

3.1. Aridity
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A significant cause of land degradation is aridity, especially in drylands which experiences
lower precipitation (less than 65% rainfall) and subsequent water deficit [43]. In practical terms,
aridity is defined by a multiannual Aridity Index (precipitation divided by potential
evapotranspiration) below 0.65 mm/mm, and such low moisture availability leads to poor water
supply in soils and vegetation, which in turn causes land degradation [44]. Around 66.7 million km?,
or 45% of the Earth’s surface area, are covered by drylands; Africa and Asia are the two most
vulnerable regions where around 23 million km? impacted in each continent [45]. Africa is more
vulnerable to aridity where approximately 90% of the continent is being impacted by severe dry and
warm climate. Besides Africa, it has been reported that up to 126 countries including Australia, China,
the United States, Russia, Kazakhstan, Algeria, Argentina, Saudi Arabia, Sudan, India, Canada, Libya
and Iran are suffering from aridity [45]. Therefore, aridity is negatively impacting up to 7.8 million
km of the arable land which can cause 10% loss of agricultural GDP annually [46]. Over 2 billion
people now reside in drylands, and by 2050, it is predicted that this number will be increased by 40-
50%, which will further increase the severity of this issue [47]. Additionally, it has been anticipated
that drylands will cover approximately 50-56% of the Earth’s land surface by 2100 due to climatic
changes and greenhouse gas emissions [48]. Therefore, such enhancement in dry land will further
accelerate desertification and minimize carbon sequestration capacity, which will subsequently
damage global food production.

3.2. Wind Erosion

Wind erosion is a global source of land degradation which has notable environmental and socio-
economic consequences [49]. This type of erosion mainly impacts dry and semi-dry areas which
contain limited vegetation and faces strong winds throughout the year [50]. Therefore, it has been
estimated that approximately one-third of Earth’s land area is experiencing wind erosion where
inadequate agricultural management practices like deforestation, overgrazing and intensive
ploughing are considered as the key drivers of wind erosion [51,52]. A series of processes occur
during wind erosion that include the detachment of soil particles, their transportation via saltation,
suspension, surface creep and subsequently deposition [53]. However, the vulnerability of soil to
wind erosion is influenced by various factors such as wind speed, soil moisture, surface roughness,
vegetation cover, soil texture, and particularly the stability or aggregation of the soil structure [54,55].
The erosion leads to the loss of fertile topsoil, which significantly contributes to land degradation and
the process of desertification. Every year, approximately 2 billion tons of dust (40% of the Earth’s
land surface) transported via wind erosion in which fine particulate matter, such as PMuo travel more
distance compared to heavy particles [56,57]. The presence of these dust particles, which are
abundant in clays and organic carbon, plays a significant role in nutrient cycling and enhances the
soil’s ability to retain water and ultimately removal of such fertile soil particle impacts the soil fertility
potential and subsequent plant growth. Windblown dust plays a significant role in our atmosphere
which contributes to the formation of aerosols that influence climate patterns through radiative
forcing [58].

3.3. Water Erosion

Water-induced soil erosion has more potential to deteriorate soil health, compared to wind
erosion. Sheet, rill and gully erosion are dominant forms of water erosion which mechanically
damage soil structure, water holding capacity, water infiltrate rate and subsequently soil nutrient
cycling [59]. Moreover, severe erosion (>10 t ha™! year) is affecting around 7% of Earth’s land surface
[60], where Asia is most eroded content, as in China approximately 1.5 million km? area is under
severe threat of water erosion [61]. Similarly, other tropical regions like Bangladesh and India are
facing 20-30% of land loss through erosion, however, during intensive monsoon rainfall events this
land loss increased up to 50% [62,63]. Land management practices and climatic changes are
considered as the main drivers of water erosion in arid and semi-arid tropical regions. Therefore, it
has been reported that around 30% of the global arable land (4.3 million km?) is under severe threat
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of erosion which adversely impacts soil biogeochemical cycles, carbon sequestration, crop yield and
global food security [64].

Saudi Arabia is predominantly impacted by wind erosion and desertification which is affecting
70% of the country’s land, however, water erosion also poses a significant threat in certain vulnerable
areas [51]. In steep regions with minimal vegetation, intense rainfall can lead to significant soil
erosion as in the southwestern highlands, intense rainfall can increase soil loss to 1,189 tonnes per
hectare per year [65]. Eroded soil is transported into dams and other water reservoirs which results
in the accumulation of sediments in water bodies. Therefore, the dams in the country have
experienced a reduction of approximately 32% in their water storage capacity [66]. Overall, increasing
frequency of flash floods due to climate change poses a significant risk to Saudi Arabia’s agriculture,
water security, and infrastructure, highlighting the urgent need for attention to water erosion as a
critical concern.

3.4. Salinization

Excessive deposition of soluble salts ions (Na* and Ca?) in arid and semi-arid soils cause soil
salinization, which is now impacting approximately 2.6 million km? (2%) of the arable lands [67,68].
Moreover, 50% of the salinized soil exists in Asia (China, India, Pakistan, Bangladesh and Thailand)
which is deteriorating randomly 1.3 million km? land [69]. The severity of salinization is more
prominent in dry arid regions where rainfall is very limited, and evaporation rates are higher which
subsequently hinder the natural process of salt leaching [70]. Over abundance of salts in soil surface
not only damage plant growth (through ion toxicity and osmotic stress), but also degrade soil
structure, organic matter content and soil biodiversity [71]. Therefore, it has been reported that
salinized drylands are reducing agricultural crop productivity up to 43% which is causing annual
loss of $27 billion in crop yield context [72].

Saudi Arabia has only 1.18 million hectares arable land (0.6% of the total area) but 40% (472000
ha) of the arable land is suffering from salinity due to improper irrigation and land management
practices [73]. Besides cultivated areas, 3.6 million ha of non-cultivated areas (saline deserts and
sabkhas) are also impacted by salinity [73]. Salinisation is influenced by both natural and
anthropogenic activities as higher and prolonged evaporation in low lying basins encourages
significant salt accumulation in soil surface [74]. Soil irrigation with salt enriched water without
appropriate drainage system also regulates salt accumulation in upper layers of soil after water
evaporation [75]. Besides this, changes in land use, like the removal of native vegetation, can lead to
an increase in the water table, which in turn can bring subsurface salts closer to the root zone [76]. In
Saudi Arabia, over-extraction of groundwater (which is often naturally salty) combined with poor
drainage systems may further boost soil salinity index. Therefore, such severity of salinity in Saudi
Arabia is causing crop yield loss of 38% [77].

3.5. Soil Carbon Loss

Soil organic carbon (SOC) is an essential part of soil organic matter, contributing significantly to
the maintenance of soil organic matter content by improving soil structure, water retention, and
facilitating nutrient cycling [78,79]. Globally, soils hold approximately 1500 Pg of carbon in their
upper layers, with 750 Pg contained within the top 30 cm layer [80]. Between 2001 and 2015, nearly
2.7 million km? of land (about 2% of the world’s surface) experienced a notable a decline in soil
organic carbon in countries like Brazil, Indonesia, China, the US, and Russia [81]. The fundamental
processes contributing to the decline in soil carbon content include the transformation of natural
vegetation into agricultural land, deforestation in tropical and boreal forests, and urban
development, which can lead to a carbon loss of 176 Pg in the topsoil (0-30 cm) [82]. Moreover, global
warming further accelerates the loss of soil organic carbon by boosting microbial decomposition,
particularly in carbon-rich permafrost areas [83].

In Saudi Arabia 98.5% of lands are drylands where SOC status is relatively lower compared to
other countries [84]. Recent rise of land degradation in the country through desertification,
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overgrazing and unsustainable farming practices are further deteriorating SOC status. Moreover,
hyper arid conditions of the Saudi Arabia are also crucial factor which limits the SOC stock as average
topsoil of the country contain only 34 t ha! of SOC meanwhile other countries roughly comprised of
132 t ha™ of SOC [85]. Besides this, anthropogenic activities such as coastal development in the Jazan
region resulted in a significant loss of 4.45 million Mg C from 2009 to 2013 meanwhile, urbanisation
in Abha contributed to an 11.5% reduction in vegetation cover, which further diminished the soil’s
carbon storage ability [86].

3.6. Land Pollution

Land pollution is another form of land degradation that affects land quality worldwide. It results
from various anthropogenic activities (mining, industrialization, and unsustainable agricultural
farming) that release toxic compounds into the environment. The overabundance of various
substances, including fertilizers (nitrogen, phosphorus) [87], pesticides (fungicides, insecticides,
herbicides) [88], heavy metals (cadmium, mercury) [89], persistent organic pollutants
(polychlorinated biphenyls, DDT) [90] radionuclides (90Sr, 137Cs) [91], electronic waste [92]
petroleum products [93], and plastic [94] are considering as the major source of land pollution.
Additionally, these chemicals pollute freshwater systems (lakes, rivers) worldwide [95], and makes
the ecosystems more vulnerable to secondary pollution, like cyanobacteria etc [96].

In Saudi Arabia land pollution is more prominent in urban, industrial and mining areas as
industrialization causes heavy metals toxicity in soil and water bodies [97]. As previous studies have
reported, significant toxicity of heavy metals like Pb, Hg and As in the soils of industrial enriched
cities like Jubail, Yanbu, Riyadh, Al-Ahsa [98,99]. Similarly, oil extraction and refining activities also
contaminate soil through hydrocarbons meanwhile mining of gold, phosphates, and other rare earth
minerals led to a significant deposition of heavy metals in surrounding soils [100,101]. Moreover,
excessive use of chemical fertilizers and pesticides in agricultural fields to get higher crop yields is
also notably deteriorating soil health through heavy metals pollution like As and Hg, as reported in
previous research studies [102,103], although its below global threshold level. Plastic pollution is
another growing concern which emerges through improper plastic waste disposal, as microplastic
fragments have been reported in the Saudi soils [104,105].

3.7. Land Subsidence

Land subsidence is known as the gradual downward displacement of Earth’s surface due to
compaction or the reduction of subsurface support [106]. Land subsidence is caused by both natural
(tectonic movements, karst cavity collapse, permafrost melt, and sediment compaction) and
anthropogenic (over extraction of groundwater and excessive mining) activities [107,108]. A recent
global survey revealed that approximately 6.3 million km? of land, or 5% of the Earth’s total land
area, is experiencing significant subsidence of more than 5 mm annually [109]. Therefore, lower river
deltas are more vulnerable to subsidence, and it is estimated that around 2 billion people might affect
from this emerging threat [110]. In some regions, land subsidence is even worse, for instance in Chao
Phraya Delta (Thailand) over pumping of groundwater drastically sinking the land up to 150 mm per
year [111]. Meanwhile, excessive methane gas extraction has dropped land surface up to 5 m in past
two decades in Po Delta (Italy) [112].

In Saudi Arabia, subsidence is mainly attributed to the massive extraction of fossil fuels and
groundwater to meet fuel and agricultural requirement [113]. As reported in Al-Qassim region where
land surface is dropping around 12 mm per year due to over extraction of fuel and groundwater
[114]. Similarly, rapid expansion of urbanization and poor drainage system in Riyadh also dropping
soil surface by 20 mm annually [115]. Interferometric radar also detected annual 19 mm sinking of
land in Makkah which is associated with tunneling, extensive construction activities and
groundwater pumping [116].

3.9. Natural Oil Extraction
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The process of oil extraction is one of the primary sources of land degradation globally where
approximately 30 million ha land is being contaminated through petroleum associated activities like
extraction, refining, spills and leakage from petroleum products [117-119]. These toxic petroleum
pollutants (PAHs and BTEX) accumulate in soil and deteriorate soil health which subsequently
impact human health [120]. For instance, Europe has approximately 3.5 million polluted soil sites,
which originates from oil industry meanwhile, China has 4.8 million ha land which is contaminated
through petroleum activities [121]. Petroleum waste alters the soil pH, restrict nutrient cycling and
reduce microbial activity which subsequently led towards land degradation [117,119]. Saudi Arabia
is one of the world’s largest oil producers which is playing a key role in the deterioration of
ecosystem. Clear evidence of chronic oil pollution has been noticed in the deserts and coastal zones
of country, where petroleum contamination also elevates the salinity content in the soil layers [122].
Besides salinization, soil compaction (from heavy machinery on drill pads and roads), and erosion
(from vegetation loss and disturbed, loose surfaces) are another forms of land degradation which are
associated with petroleum industry [123]. Prolonged applications of such practices ultimately convert
productive arable lands into waste or degraded land [124].

4. Strategies to Conserve Arable Lands and Pathways to Improve Their Fertility

4.1. Conservation Tillage and Terracing

Conservation tillage reduces soil erosion as it leaves approximately 30% of the crop residue at
soil surface [125]. Water consumption efficiency and soil water storage are increased by conservation
tillage techniques such as mulch tillage, ridge tillage, zero tillage (no-till), decreased tillage, and
contour tillage [126,127]. Therefore, this method can be used for effective water conservation
additionally, it maintains plant remains on the soil surface and a higher water content on topsoil
[127]. This leads to increased water content in the soil due reduced evaporation as a result of coverage.
Furthermore, this mechanism has significant benefits under arid or semi-arid conditions where plant
water availability is very limited. The soil in Saudi Arabia is very coarse due to which the water runs
off quickly leading to lesser water conservation. This runoff also carries away most of the soil
sediments and residual agrochemicals. Under such circumstances, application of conservation tillage
not only decreases the water runoff but also protects the water quality and soil health [128].
According to previous research, it has been concluded soils under the conservation tillage showed
high efficiency in water usage and conservation along with the retention of macronutrient compared
to the soil which were exposed to severe tillage and digging [129-131]. Therefore, this technique is
very instrumental for the water deficient areas specifically arid or semi-arid regions. Therefore,
conservation tillage is sustainable solution for the improvement of water and nutrient use efficiency
as this method not only improve roots growth but also enhances crop growth and yield indexes.

Meanwhile, terracing is also another technique of soil conservation which is used to prevent soil
erosion by minimizing the rainfall runoff on a sloping land [130]. Terracing has been one of the most
crucial methods for reducing soil erosion, saving water, and raising agricultural yield for thousands
of years [132,133]. Additionally, it is one of the first methods of soil and water conservation, is popular
in hilly and mountainous areas under significant population pressure [134]. It is an ancient technique
that can be used for improved water conservation and increased agricultural production. It is usually
done along the curve lines on the slopes in order to make different level areas, these slopes reduces
the runoff along with sufficient increase in water infiltration [135]. Terracing intercepts the rainwater
which leads to increased retention of soil moisture [136]. In this way, terracing improves the water
conservation, which is very essential for agricultural growth in harsh and dry regions as it reduces
the volume and speed of runoff which ultimately leads to reduced soil erosion [130]. The soil erosion
in semi-arid areas like Saudi Arabia is very high which results in reduced agricultural yield and loss
of fertile land. Therefore, terracing can prove to be very effective in such areas by reducing soil
erosion which ultimately helps to prevent nutrient loss. Dry and hilly areas of Saudi Arabia are the
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suitable candidate to experience terracing which will help into produce cultivable land, enhance
water retention, and lessen the soil erosion.

4.2. Agroforestry and Riparian Buffer Strips

A sustainable land management approach that works well in Saudi Arabia’s climate is
agroforestry as this technique offers several advantages including fuelwood, fodder, revenue, and
environmental protection, entails combining trees with pastures or crops in the same field [137]. An
age-old method of land management called agroforestry can greatly increase the productivity of the
soil in arid areas [138]. In agroforestry systems, legume trees fix nitrogen, improving soil fertility and
contributing nutrients through root decomposition and litterfall [139,140]. Agroforestry systems
benefit from the windbreak function of trees, which lowers wind speed and water evaporation and
increases crop yield [141]. Rehabilitating degraded land, raising land production, and protecting
natural resources are the three major goals of agroforestry in dry zones. In agroforestry, woody
species’ deep root systems retrieve water from lower soil levels and redistribute it to higher ones,
supporting plant growth in arid conditions [142]. Agroforestry can ameliorate land degradation,
reduce carbon emissions, combat pollution, and increase land vegetation cover. Additionally, higher
practices of agroforestry would exceed the current global target of 17% by increasing the percentage
of protected areas to almost 30% of the country’s total land area, or approximately 600,000 km? (Bres
et al., 2023b). Therefore, Agroforestry can support rural development in addition to providing fuel,
firewood, fodder, and timber to rural communities and helping them diversify their sources of
income. This practice can also improves soil microclimates by lowering wind speed and soil
evapotranspiration, which modifies temperature and moisture content [143]. Furthermore,
agroforestry systems are very successful at storing carbon in soil organic matter, harvested products,
and tree biomass in addition to effectively sequestering greenhouse gases.

Another useful technique that can improve water conservation in Saudi Arabia is the
establishment of riparian forest buffers. According to [144], these vegetated regions by water bodies
improve farm revenue potential, improve the environment, and create habitats for wildlife. Riparian
buffers are essential for managing surface runoff, urban runoff, and deep-water flow in arid and semi-
arid climates meanwhile these buffers also assist reduce pollution, nutrients, and sediments [145,146].
The use of vegetative buffer strips is being pushed extensively as a successful method of shielding
rivers and streams from the damaging effects of nearby land uses, such as forestry and agriculture
[147]. By limiting livestock access to streams, lowering nitrogen inputs from animal excrement, and
minimising streambank erosion, riparian buffers enhance the quality of water [148]. Additionally,
they shield rivers and streams from the detrimental effects of nearby land uses by acting as physical
barriers to sediment, fertilizers, and pesticides [149]. Riparian floodplains and associated buffer zones
have a crucial ecological significance in arid and semi-arid regions. Surface runoff, wastewater and
urban pollutants, deepwater flow, and infiltration processes are among the surface and subterranean
water flows that they affect or lessen. Numerous environmental services, including pollution,
sedimentation, and nutrient control, are accomplished by these processes. High rates of infiltration
occur in riparian corridors prior to development, which postpones the “period of concentration,” or
the amount of time it takes for water to move from the furthest point in a watershed to the lowest
spot at the outflow [150]. By preserving high infiltration rates and postponing the duration of
concentration —the amount of time it takes for water to move from a watershed’s most remote point
to its outlet—riparian buffers help reduce the risk of flooding in metropolitan areas like Jeddah (Blair
et al.,, 2006). Riparian buffers are beneficial to the ecological health of water bodies because they
facilitate chemical changes including denitrification and plant uptake of nutrients (Haycock and
Pinay, 1993; Cooper and Gilliam, 1987).

4.3. Mulching and Cover Cropping

The world’s major water user is Agriculture sector as it consumes around 70% of the whole
consumption [151]. The scarcity of water might be due to varying rainfall patterns or climate change
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that cause reduction in agriculture production in arid or semi-arid regions. The availability of water
for agricultural producers is gradually reducing as a result of urban populations” increasing water
needs [152]. Mulching is a widespread procedure that involves spreading materials such as sand,
cement, crop leftovers, plastic material, and livestock manure on the soil surface before, during, or
shortly after sowing [153]. Materials used for organic mulching include animal manures, processed
leftovers, wood industrial wastes, and agricultural wastes whilst inorganic mulching carries
materials include polyethylene plastic sheets and synthetic polymers [153]. A number of novels
environmentally friendly plastic films that are photodegradable and biodegradable, as well as surface
coating and biodegradable polymer films for flexibility and simplicity of use, were also introduced.
Mulching enhances soil productivity, moisture availability, and other characteristics much better
than other approaches. The soil’s organic content increases swiftly when organic mulch breaks down,
enhancing the soil’s capacity to retain water. Because mulches decrease evaporation, more moisture
is accessible near the plant roots, extending the time for plants to absorb water as a result, mulched
areas require less water [153]. Frequently mulching is believed to be beneficial to stressed
environments (heat,drought, and salinity) as it changes the rate of evaporation and transpiration
[153]. Mulches appear to be effective at changing water or heat balances on the soil’s surface or
improving the growing environment for plants. By delaying evaporation, mulches preserve soil
moisture, although their capacity to affect soil temperature varies according to the composition and
optical characteristics of the mulch [153]. In general, organic mulches reduce maximum soil
temperatures but boost minimum soil temperatures, whereas polyethylene mulches enhance
maximum or minimum soil temperatures compared with un-mulched soil [153]. Mulch effectiveness
is dependent on both the site’s climate and soil characteristics, moreover, using crop residue as
mulching material can massively encourage crop growth, water conservation and soil health [154].
Since mineral mulch often withstands water vapor better than organic mulch, it is anticipated that it
will save soil water more effectively. Additionally, the preservation of soil moisture was enhanced
when tillage and mulching were applied combined. Because the mulch shades the soil surface from
the sun, it slows down the evaporation of soil water.

Moreover, the cover crop changed the temperature of the soil and had an impact on soil
evaporation [155]. It has been reported that under some conditions cover cropping had better results
compared to mulching it remarkably improved soil water holding capacity by improving soil
porosity, nutrient content, water infiltration and minimized land erosion. In contrast to no mulching
treatment, the wheat straw mulch (5000 kg ha) raised the soil water content by 2.5 and 3.0% at 0-15
cm and 15-30 cm soil layers, respectively under arid region, additionally these treatments also
decreased the daytime temperature by 1.9 and 1.5 °C [156]. However, it is crucial to use the right
mulching materials for increasing crop yield and water use efficiency specifically under arid
conditions. Global crop residue production is projected to be between 3.5 and 4.0 billion tons
annually, with cereals, sugar, legumes, tubers, and oil crops accounting for 75, 10, 8, 5, and 3% of this
total respectively which can be used as mulching material [157]. Similarly, Saudi Arabia produces
about 400,000 tons of date palm leftovers annually based on the 20 million date palm trees that grow
there and the 20 kg of dry leaves that each tree produces annually [158]. Therefore, there is an enough
supply of palm wastes in Saudi Arabia that can be used for mulching.

4.4. Nutrient Management

Now a days soil degradation is the major concern in agriculture sector worldwide as a result
60% of eco system services declined where 33% loss linked with land degradation [159]. Extensive
agricultural practices and climate cause forest degradation which is ultimately reduction in
biodiversity. The degradation of soil/forest is caused by some biological, chemical, physical and
environmental processes which subsequently degrade soil quality and fertility. Biological
degradation lead towards the depletion of soil organic matter which cause declined in biodiversity
and enhanced greenhouse gas emission [160]. In arid and hyper arid regions physical degradation
can cause the reduction in water holding capacity and dropping the nutrient retention worldwide
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[13]. Therefore, a set of suitable soil indicators is chosen to address this problem, which is a challenge
to perform under field conditions. In sustainable agriculture, organic matter contributes not only for
soil fertility but also stimulates and moderates soil formation, biological, physiochemical properties
and hydrothermal features [161,162]. Humic substances are the primary source soil organic matter
and these substances enhanced the plant growth, soil water holding capacity and cation exchange
capacity by modifying soils chemical, physical and biological properties to improve tilth and aeration
[163,164]. All the essential nutrients which are required for plant growth and sustainable crop
production is present in the soil with balanced amount and their input and output determine its
fertility and nutrient use efficiency in different crop production system [165]. If the soil showed the
decreasing trends of organic matter, then several important soil properties in which water infiltration
rate, water holding capacity, macro porosity, soil aggregate stability and structure abundance of
microbial biomass nutrient balance also depleting [166,167]. In nutrient management practices,
organic compost and chemical fertilizer either alone or combination has become an effective
approach. Composting is widely used practice of Saudi Arabia where about 40% of food waste, 13%
cardboard, 5% paper, 6% yard waste, and 3% wood waste make up Saudi Arabia’s organic waste
stream, which accounts for over 67% of the country’s municipal solid waste stream used [168]. This
amounts to over 5 million tons of organic waste annually, all of which can be directed toward
composting programs that will be beneficial and have a net positive impact [169]. Organic waste
composting is a complicated process with many biochemical and microbiological aspects. Any
changes to these parameters will likely have an impact on other parameters as well because microbial
activity is dependent on oxygen levels, feedstock material particle sizes, temperature, moisture
content, acidity/alkalinity, pH, and nutrient levels and balance (as indicated by carbon/nitrogen)
[170]. Moreover, digested crop residue contains approximately 30% N, 30% P and 200% K which
indicates that composts are the best alternative option of synthetic fertilizer to maintain soil fertility
and sustainable crop production.

4.5. Land Use Planning

The term “land use” describes how people utilize and manage land and its resources in order to
survive [171]. Basically, it includes use of agricultural, residential, commercial or any other
anthropogenic uses but this activity is not the same as land cover, which is the term for the physical
and biological elements that make up the land’s surface, whether they are created naturally or by
humans [172]. Saudi Arabia soil either deep and shallow young soils over rocks as studies on the
characteristics and composition of the soils in Saudi agricultural land have revealed that these areas
primarily feature sand, loamy sand, and sandy loam soil texture [173].

However, acquiring accurate and precise data regarding the characterization of landforms in a
timely and economical manner is crucial for comprehending land use and cover is essential for the
formulation of successful policy [174]. Because of their low levels of precipitation, gulf countries are
known as desert zones as water resource management, flash floods, and aridity are major problems
in these areas [175]. Water resource management is challenging because of the intricate changes in
hydrologic conditions that exacerbate these issues.. Pollution from urbanization and agriculture has
a cumulative effect on the amount of water impacted, ultimately affecting water quality worldwide
[176]. Water quality is declining due to pollutants like pesticides and fertilizers entering the water
system, as well as waste from industry, sewage, and agriculture [177]. UN statistics state that all of
the gulf countries aside from Oman have “acute scarcity” of water, which denotes an annual
sustainable water supply of less than 500 m? per capita [178]. Furthermore, Saudi Arabia with its
thirteen provinces has the most land area and people meanwhile, country possesses the most dams
563 with a capacity of 2.6 BCM [179]. Because of the restricted amount of surface water resulting from
poor rainfall and significant evaporation, Saudi Arabia is primarily dependent on its groundwater
supplies and desalination [180].

5. Steps of Governing Bodies to Improve Land Conservation
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To combat land desertification and improve soil fertility in Saudi Arabia, several initiatives have
been taken. Global governing bodies like United Nations Development Programme (UNDP), United
Nations Environment Program (UNEP), Food and Agriculture Organization (FAO) and United
Nations Convention to Combat Desertification (UNCCD) are working closely with the Institutes of
Saudia Arabia to minimize land loss. For instance, UNDP launched projects entitled “Capacity
development for sustainable development and management of water resources in the kingdom of
Saudi Arabia” [181] and “Development of policies and capacities for sustainability environment and
natural resources” [182] to conserve national natural reserve through sustainable solutions.
Additionally, World Bank is working remarkably for the improvement of soil health as over the past
decade, the Bank provided strategic support to the ministry on various issues, including assessing
the cost of rangeland degradation and desertification, as well as valuating Saudia Arabia’s mountain
forests and mangrove. The findings are highly relevant for Saudi Arabia’s ambitious Vision 2030 and
support the proposed large-scale reforestation and landscape restoration initiatives. Additionally,
Middle East green Initiative (MGI) is another significant step to restore degraded lands, mainly in
dryland countries, with a budget of at least US$2.5 billion over 10 years [183]. Moreover, the MGI is
complemented by an ambitious national program, the Saudi Green Initiative (SGI), which unites
environmental protection, energy transition and sustainability programs with the overarching aims
of offsetting and reducing GHG emissions by increasing forest areas and support land restoration.
The Saudi Arabian government’s project, known as the Saudi Green project (SGI), was introduced in
2021 with the goal of promoting climate action and outlining a plan for environmental protection
both inside and beyond the Kingdom.

The project, which has high goals for the next several decades, is to conserve the environment,
increase the use of clean energy, and mitigate the effects of fossil fuels in order to enhance living
standards and save future generations.

By growing reliance on sustainable energy, mitigating the impact of fossil fuels, and conserving
the environment, the program seeks to improve the quality of life and save future generations. Its
ambitious ambitions cover the upcoming decades. In Saudi Arabia’s highlands, there are over 2.1
million hectares of woodland woods, most of which are remote, rugged, and unapproachable [184].
Additionally, 70% of these superficies whose natural rangeland area is estimated to be 1,460,000 Km?
is degraded or being affected by desertification because of overgrazing [184]. The loss of shrubs and
trees, inappropriate farming practices causing surface soil instability, and ensuing erosion. Moreover,
wildfires burn an average of 11,348 hectares year™ in total which means state of rangelands has
deteriorated so much in recent years [184]. In addition to these, a number of other issues, like
urbanization, pollution, woodcutting, and overexploitation of freshwater resources, also play a role
in the destruction of habitats.

Additionally, a key component of the SGI is planting 10 billion trees within the Kingdom over
the next few decades [185]. This would equate to restoring about 40 million hectares of degraded land
and represent over 4% of the Kingdom’s contribution to meeting the global target of 1 trillion trees
to be planted and 1% of the initiative’s goals to limit the degradation of lands and marine habitats
[185]. Additionally, replanting can lessen sandstorms, fight desertification, enhance air quality, and
lower temperatures in nearby locations.

6. Conclusions

This study provides a detailed overview about the geography of Saudia Arabia where we
examined the land types, thickness and use of the lands through advanced GIS tools. Moreover,
potential sources of land degradation such as aridity, erosion, salinization, carbon loss, land pollution
and natural oil extraction are spotted in this study. We also prioritized the best recommended
solutions to mitigate land degradation, for instance the application of mulching, cover cropping,
conservation tillage, nutrient management, land use management and agroforestry. Besides these
recommendations, role SGI, UNDP, UNEP, FAO and world bank also summarized for the mitigation
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of land degradation in the study. However, further detailed studies are required to assess the role of
each recommended practice under open field conditions for better understanding.
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