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Abstract

Land degradation (LD) is a dominant threat of the decade, which is deteriorating arable lands
globally. 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 for analyzing land formation, its types, and uses; data-based maps
provide a detailed overview of land use. In this study, we have created simplified SRTM-based maps
for Saudi Arabia related to soil types, soil thickness, and soil uses either as vegetation or for
agricultural aspects using GIS tools. Results of these GIS analyses showed that the maximum area of
the country is sandy, followed by loam and sandy loam. Meanwhile, the maximum soil thickness is
either under 0-4 meters or 43-50 meters. This geological display of the country could be instrumental
in assessing the soil types and what sort of inputs or steps can be taken to make each type of soil
fertile. Moreover, we also mentioned the land degradation pathways impacting the country’s arable
lands and explained the pathways that can help assess such land losses. Besides land loss pathways,
we 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.

Keywords: Saudi Arabia; geomorphology; GIS; land degradation; degraded land restoration

1. Introduction

Saudi Arabia is the most developing region of the Arabian Peninsula and is the second-largest
producer and exporter of oil (AlGhamdi, 2020). 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 (Alotaibi et al., 2023). 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 (Miyan, 2015; Giordano et al., 2019). 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 (Ibrahim et al., 2012). Therefore, the agriculture sector is only contributing up to
2.71% of the gross domestic product (GDP) of Saudi Arabia (Ghabban, 2024).

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 (Shahane and Shivay, 2021; Bulut and Gokalp, 2022; Kibret et al., 2023). Additionally,
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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, and
ultimately resulted in lower crop growth (Manzoor et al., 2020; Shahane and Shivay, 2021). Moreover,
the region's soil is lower in organic matter, around 0.2% and anthropogenic and natural activities
roughly influence it (Ghandour and Aljahdali, 2021). 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 (Al-Ghamdi et al., 2021). 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 (Osman and Osman, 2018; Naorem et al., 2023)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 (Dlapa et al., 2020; Wang et al., 2022).

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 (Jasmin & Mallikarjuna, 2011; Kumar et al.,
2016). Therefore, land degradation and its sources can be easily monitored through GIS and remote
sensing after extracting and modeling of relevant data (Reddy et al., 2018; AbdelRahman, 2023).
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, (Reddy
et al., 2018) 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. It shares borders with the Red Sea and the
Persian Gulf. Saudi Arabia is the largest country in the Gulf, with a total territory of around 2.3
million km? and a population of more than 28 million (Tlili, 2015). 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 (Jafari
et al.,, 2018). 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 (Saleh & Elzahrany, 2009). Saudi Arabia
is comprised of around 2,150,000 square kilometers, or 830,000 square miles (Alamri, 2018), and its
weather is primarily arid, with days reaching very high temperatures and nights drastically
dropping. Three climatic zones are found: a steppe environment in the western highlands, a semi-
arid climate in the southwest, and widespread desert conditions. Winters are usually warm, but
summers may be pretty hot, especially in the interior desert regions where temperatures frequently
rise above 50°C (122°F) (Abdou, 2014). Because of their elevation, the western highlands experience
a temperate temperature, contrasting with the region's more arid environment. Because of the
influence of surrounding large bodies of water, temperatures are moderated in coastal areas. The
distinct environmental and biological profile of Saudi Arabia is a result of the combined effects of
several geological and climatic elements (Houghton, 1986; Houghton, 2001; Solomon, 2007). 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. Specific wind systems follow the Red Sea by the south, delivering winter precipitation
as far south as Mecca and sometimes even Yemen (Abdou, 2014). Usually, torrential precipitation
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falls in March and April. Monsoonal winds provide the Asir highlands with sufficient summer
precipitation to sustain a steppe-like ecosystem. The cold, wintry months of December to February
may bring snow and frost to the southern highlands. December to February are the coolest months,
with average temperatures of 23°C in Jeddah, 14°C in Riyadh, and 17°C in Al-Dammam. Summers
are hot, lasting from June to August, with daily highs in most countries reaching 38°C. Summertime
temperatures in the desert can reach up to 55°C (Change, 2013; Almazroui, 2020a). Generally,
humidity is low except along the cost. Overall, precipitation is low throughout the country, although
there are certain variations also. In the Asir highlands, summer monsoons cause more than 480 mm
of rainfall annually, which primarily falls between May and October. Decades can pass in the Rub' al
Khali without precipitation (Mashat & Basset, 2011; Abdullah et al., 2019). Except in the southwest,
where semi-arid weather prevails, most of Saudi Arabia's climate is predominantly desert. Summers
in the central regions are hot and dry, with highs of 27°C to 43°C inland and 27°C to 38°C at the shore.
In the winter, the Red Sea shore experiences 19°C to 29°C, and the inland temperatures range from
8°C to 20°C. Most places receive less than 150 mm of rain annually, except the southwest, which
receives 400 to 600 mm (Almazroui et al., 2012). Asir province and its neighboring towns, Jizan and
Najran, experience intense heat during the day, a sharp drop in temperature at night, and intermittent
rainfall, which is a deviation from the typical desert environment. Because they are close to vast
bodies of water, coastal locations experience tempered temperatures. High relative humidity levels
can reach over 85%, resulting in warm fog at night and steamy mist during the day. Temperatures
rarely get beyond 38°C. Coastal areas are bearable in the summer and pleasant in the winter due to
the predominance of north winds; in contrast, a southerly wind raises temperatures and humidity,
resulting in storms known as Kauf in the local language. The northwesterly shamal wind brings
Sandstorms and dust storms in late spring and early summer, particularly in eastern Saudi Arabia.
Najd, Al Qasim Province, and the main deserts have a consistent climate with summers that average
around 45°C and winters that hardly ever get below 0°C. The Indian Ocean monsoon, which lasts
from October to March, adds up to 300 mm of yearly precipitation to Asir. In other places, there is
little to no consistent rainfall; rain is just brief, intense downpours the whole year. Although certain
areas can experience years without rain, the average annual rainfall is 100 mm. It can result in drought
conditions that can negatively affect agriculture and livestock (Almazroui et al., 2012; Mahmoud et
al., 2018).

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 (Ragab and Prudhomme,
2000; Sen et al., 2013). Forecasting and modeling are challenged by changes in the climate on a variety
of temporal and spatial scales (Lioubimtseva, 2004). Saudi Arabia typically has hot, dry summers and
moderate, rainy winters with a wide range of rainfall (Almazroui, 2011b, 2012a) Since the late 1990s,
the Arabian Peninsula has experienced rising temperatures (Almazroui, 2012b). Numerous studies
(Nasrallah and Balling, 1996; Elagib and Abdu, 2010; Rehman, 2010) have documented temperature
increases 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 (Kotwicki
and Al Sulaimani, 2009; Almazroui et al.,, 2012; Almazroui et al., 2014). 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
(Almazroui, 2011a; Almazroui et al., 2012; Furl et al., 2014).

Saudi Arabia is significantly impacted by severe flash floods and droughts, with the latter
having worse effects recently (Barlow et al., 2016; Almazroui and Islam, 2019). Severe flooding has
increased in Saudi Arabia within the last ten years, especially in the country's north, east, and
southwest. It is fair to conclude that global warming is the cause of these increasingly frequent
extreme rainfall occurrences as simulated by climate models (Myhre et al., 2019; Almazroui, 2020b).
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2.1. GIS Mapping of Country’s Arable Lands

We collected data on different parameters of soil types and their uses, and then each dataset was
treated and processed independently. There would be an implication regarding the accuracy and/or
the certainty of the results due to the spatial resolution variations between some of the data. This is a
data availability issue as we deal with a regional scale. Moreover, the data interpretation was based
on direct visualization and some of the statistical aspects of the feature, such as area/extent and
thickness. The integration between different datasets was done using the ArcGIS software. ArcGIS
software has a variety of elements of map design. Different kinds of colors and effects tools (i.e.,
transparency, lighting, and shading) were used to obtain a readable map that can express the aim of
the study. Therefore, the resulting maps offer a detailed and visually appealing representation of soil
types, soil thickness, vegetation, and cultivated areas in Saudi Arabia, providing valuable land
management and planning insights.

We visualized the soil type data in Saudi Arabia after extracting the data from the World Soil
Database and Harmonized World Soil Database (HWSD) through the FAO's Soils Portal. Due to the
complexity of the dataset, we clipped the dataset to focus on our area of interest, i.e., Saudi Arabia,
by using ArcGIS. Soil mapping units were extracted and classified based on their textural
composition (sand, silt, and clay) into five soil types: sand, loam, loamy sand, and sandy loam, and
then the final soil type map provides a detailed view of the soil distribution across the region (Figure
1).

0 175 350 700 1,050
Km

Sandy Loam F550 Sandy Loam Clay Loam ““I Loamy Sand

Figure 1. Soil types of Saudi Arabia.
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Meanwhile, soil thickness data was sourced from NASA's Oak Ridge National Laboratory
Distributed Active Archive Centre, with a resolution of 1 kilometer. The data for Saudi Arabia was
clipped using the Extract by Mask tool in ArcGIS. We classified the soil thickness into six categories,
ranging from 0 to 50 meters, to illustrate the variations in soil thickness (Figure 2). Moreover, the
vegetation and cultivated area data were obtained from the latest Land Use/Land Cover (LULC)
dataset, including vegetation, cultivated area, built-up, and bare land. We isolated the vegetation and
cultivated area classes using the Con tool from the Spatial Analyst toolbox. We calculated the areas
using the Calculate Geometry tool in ArcGIS and validated the data with formulas in Excel. The
results were also validated with NDVI, and a color ramp was applied to differentiate between
vegetation and cultivated areas to produce a clear and informative map.

0 175 330 700 1,050
Km

Soil Thickness meter C_—10-4 004 - 13 I 13 -23 EE0023-33 C133-43 I 43 - 50

Figure 2. A general display of soil thickness in meters.
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Figure 3. Map showing the cultivated and natural vegetation zone of the country.

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 are 90,000 ha; permanent pastures
are 120,000,000 ha; forest and woodlands are 1,800,000 ha; and others are 89,429,000 ha (Amin, 2004).
Saudi Arabia has 0.11 hectares of arable land per person, among the world's lowest. Cultivable land
makes up about 1.6% of the country's total area. Saudi Arabia is categorized as a "water-stressed"
country, and severe water scarcity is anticipated by 2050. The country's non-replenish aquifers were
rapidly depleted because of unsustainable agricultural practices. In order to address the issues of
food insecurity, this circumstance necessitates a change in farming methods. Saudi Arabia must use
precision agriculture to increase its agricultural output and guarantee food security (Elbashir, 2024).
Saudi Arabia has a total of 13 pronices: Makkah (153,128 Km?), Al Bahah (9,921 Km?), Al-Qaseem
(58,046 Km?2), Ha’il (103,887 Km2), 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. The total cultivated area of
Saudi Arabia is only 26486 Km?2. 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; and Najran, Aseer, and Jizan totally have no
cultivation. The area covered with natural vegetation is 54938 Km2. Al-Jouf, Tabuk, Al-Madina,
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Makkah, Al Bahah, Aseer, and Jazan have more natural vegetation than other provinces; Ar-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?. Total Area of
Saudi Arabian land is 1936079.4 Km? which is divided into five soil types: Clay Loam has an area of
72496.4 Km? (3.74%); Loam spread over an area of 351552 Km? (18.16%); Loamy Sand 138988 Km?
(7.18%); Sand 1270860 Km? (65.64%); Sandy Loam 102183 Km? (5.28%). The most prevalent and major
soil type in Saudi Arabia is sandy soil; it has spread in the areas of 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, but in the case of Najran and Eastern
region province, it is present only in some regions. Loam soil is found in the Northern Border, Jawf,
Tabuk, Al-Madina, Makkah, Aseer, Riyadh, Qaseem, and Jawf. Clay loam soil is not that prevalent
in Saudi Arabia; it is present in Jawf, the Northern Border, the Eastern region province, Riyadh, and
a little bit in Makkah. The evidence suggests that most of Saudi Arabia's land is sandy, which presents
difficulties for conventional agriculture. Nonetheless, substantial areas with clay loam and loam soil
types are more suited for farming. Clay, silt, and sand are evenly distributed in the clay loam soils—
their capacity to hold on to moisture and nutrients benefits agriculture. Loam is considered perfect
for farming Because it contains an even distribution of clay, silt, and sand. This soil holds moisture
well, is easy to deal with, and is fertile. Loamy sand soils consist mostly of sand, with trace amounts
of silt and clay. Although these soils drain easily, more organic matter could be needed to improve
fertility. Sandy soils are less suitable for farming without substantial amendments to improve water
retention and nutrient levels because they have big particles and drain quickly. Sandy loam soils
comprise sand, silt, and a small amount of clay. It is appropriate for some kinds of agriculture because
it offers better drainage and is more straightforward to work with than pure sand.

Table 1. Strategies to assess land degradation pathways as per the guidelines of (Kapalanga, 2008).

S.No. | Assessment level Methods Assessed parameter Units/value
1 Full Cover Analysis | experts opinion Land/soil degradation: Classes
(e.g. indicators, (severity, degree, extent) (12345 -
questionnaires, etc.) Soil (erosion, fertility, light
productivity, etc.) - very
severe /
excellent -
very
poor, etc.),
2 Partial cover Remote sensing and giS Vegetation change thaty?!
(e.g. mapping) Biodiversity loss
3 Drylands, Expert opinion Land/soil degradation: %,
rangelands, (e.g. indicators, - severity, degree, extent, | Classes
grasslands, forests, questionnaires, interviews, impact, causes, & risks (1,2,3,4,5 for
deserts, etc., focus groups, etc..) - Soils (erosion, fertility, light — very
Remote Sensing and giS productivity, etc.). | severe /
(e.g. NDVI, MODIS, etc.) Vegetation change excellent
Modelling (e.g CORINE, Land cover — very poor,
PESERA erosion models, Land uses etc..),
etc.) Slopes. Climate (rainfall,
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(mainly for croplands) temperature) for
Field monitoring and modelling.  Biodiversity
measurements loss.
(measurements to verify
models) -pilot areas
4 Soils, rivers Land users opinion (e.g. Vegetation change thatlyrt.
indicators, etc.) Land cover Frequency
Remote Sensing and Biodiversity loss of
giS (e.g. NDVI, MODIS, Land uses. Rangeland Indicators.
MSDI ect.) health/conditions,
modelling (e.g CORINE, Climate (rainfall,
PESERA models, etc.) temperature), etc.
Field monitoring and
measurements
(measurements to verify
models) - pilot areas
grid System monitoring
(eu)

3. Sources of Land Loss

Because of both natural and human activities, desertification reduces the economical viable
productivity of arable land to a barely sustainable level. As a result, it is critical to investigate the
causes of arable land desertification and develop strategies to mitigate those effects. Sand
accumulation is burying crops and damaging arable land. Middle Eastern countries also have the
issue of salinization of agricultural land; it also affects arable land and causes degradation, although
statistical data is not readily available for this. (Alqurashi and Kumar, 2019). Al-Ahsa oasis’s arable
land area was estimated to be around 16000 hectares; however, over the last 15 years, resalinization
of soil due to over-irrigation and inadequate drainage has caused this area to decrease to about 8,000
hectares. (Algarni et al., 2018). Desertification causes economic loss of productivity of arable land to
a bare sustainable level due to natural and man’s activities. Therefore, it is important to study factors
causing the desertification of arable land and to find solutions to diminish the intensities of these
factors. The following are some of the primary causes of desertification, either directly or indirectly:

3.1. Aridity

A significant cause of land degradation is aridity, especially in drylands with persistent water
deficits where precipitation is less than 65% by evaporative demand (Berdugo et al., 2020). Aridity,
defined as a ratio of precipitation to potential evapotranspiration on a multiannual scale of less than
0.65 mm/mm, causes poor water availability, which in turn causes land degradation (Pravalie et al.,
2019). It is a degradative state, which includes near-surface climatic conditions, a significant process
of degradation that leads to desertification (FAO, 1999; Montanarella et al., 2015) and profound
changes in the structure and function of ecosystems around the world (Berdugo et al., 2020). The
patterns of global aridity are essential to comprehending its effects. 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, with roughly 23 million km? impacted each (Pravalie et al., 2016). Africa is the second most
affected continent after Australia, with over 90% of its territory affected. Africa is notably a hotspot,
with 75% of its land being drylands. Approximately 40% of the world's drylands are found in
Australia, China, the United States, Russia, Kazakhstan, Algeria, and Argentina. Further noteworthy
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nations that collectively give 30% are Saudi Arabia, Sudan, India, Canada, Libya, Iran, Mongolia,
Mexico, Chad, Mali, Brazil, Niger, South Africa, and Mauritania (Pravalie et al., 2016). There are 126
countries afflicted by aridity, 41 of which have more than 90% of their territory affected. However,
drylands can have beneficial effects on the climate, including lowering solar radiation and storing
large amounts of carbon (470 Pg of organic carbon and 578 Pg of inorganic carbon) (Plaza et al., 2018).
Furthermore, through the dispersal of dust from deserts such as the Sahara, drylands supply vital
nutrients to various ecosystems (Mahowald et al., 2018; Jewell et al., 2021). However, aridity also
carries with it a host of environmental problems. It impacts 7.8 million km of arable land, which is
necessary for the security of food worldwide (Pravalie, 2021). Seventy percent of agricultural
drylands are affected by desertification, which can cost up to 10% of agricultural GDP annually
(Pandit et al., 2018). Severe desertification affects ten to twenty percent of drylands, which directly
and indirectly impacts 250 million people (Reynolds et al., 2007). Desertification is made worse by
the loss of vegetation brought on by human activities and climate change, and it affects regions such
as southern Argentina, the southwestern United States, the Sahel, eastern Africa, and portions of Asia
(Abd-Elmabod et al., 2019; Abel et al., 2021). Dryland dust storms can harm human health as they
destroy crops and deteriorate the quality of soil and water (Greaver et al., 2012; Middleton &
Sternberg, 2013). In significant worldwide aquifers like California, the Middle East, China, and India,
groundwater depletion is a serious problem (Montanarella et al., 2015; Martinez-Valderrama et al.,
2020). Due to aridity, nutrient imbalances endanger ecosystem stability in drylands (Moreno-Jiménez
etal., 2019).

Socioeconomic problems like food insecurity, poverty, migration, and wars are also made worse
by aridity. (Hsiang et al., 2013). Over 2 billion people now reside in drylands, and by 2050, it is
predicted that this number will have increased by 40-50%, making the present challenges worse.
(Stavi et al., 2022). According to predictions, drylands may develop to encompass 56% of Earth's
surface by 2100 in a pessimistic scenario and 50% in an optimistic one.(Huang et al., 2020). According
to (Lal, 2019) This increased aridity due to development will accelerate desertification and decrease
carbon sequestration, a process that is already taking place in many dryland regions.

3.2. Wind Erosion

Wind transports coarse and fine soil particles across landscapes, dispersing them into the
atmosphere and redistributing them across the Earth's surface, known as wind erosion. This process
consists of three primary stages: (1) soil particle detachment, also known as deflation, where particles
are lifted off the ground; (2) surface creep, suspension, and saltation during transportation; and (3)
particle deposition, where particles settle. (Goossens and Riksen, 2004). The environmental impact of
these particles, both locally and distantly, depends on their size, composition, and flight duration.
(Goossens and Riksen, 2004). Over time, more than one-third of the Earth's land area has been affected
by wind erosion, predominantly in dry regions with strong winds or on bare soils with minimal plant
biomass. (Skidmore, 2017). Human activities such as overharvesting vegetation, monoculture
practices, deforestation, overgrazing, agricultural abandonment, and prolonged fallow periods
exacerbate soil loss rates. (Chen et al., 2014; Duniway et al., 2019). Certain variables influencing wind
erosion include wind speed, soil moisture, surface roughness, soil texture and aggregation, organic
matter content, farming practices, vegetation cover, and field area. (Skidmore, 2017). Evaluating wind
erosion rates necessitates understanding the interaction of these variables. (Doetterl et al., 2016). Soil
aggregation and stability are critical indicators of a soil's vulnerability to wind erosion. (Tatarko,
2001).

Wind-driven soil erosion and subsequent dust emissions significantly impact Earth systems and
human environments. Soil-derived dust particles, originating from various sources, are significant
components of global aerosols (Katra & Lancaster, 2008; Katra et al., 2017). Globally, up to 3000
million tons of dust, including particulate matter (PM) with diameters less than 10 micrometers
(PM10), are emitted into the atmosphere annually. PM10 is particularly significant as it contains clays
and organic carbon, aiding soil water and nutrient adsorption (Aimar et al., 2012; Yitshak-Sade et al.,
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2015; Katra et al., 2016). Additionally, PM10 is critical in aerosol radiative forcing (Kok et al., 2017)
and poses health hazards as a significant air pollutant (Kok, 2011; Krasnov et al., 2016). The primary
determinant of soil erodibility is its structural stability, reflecting its susceptibility to erosion under
specific conditions and forces (Ben-Hur & Agassi, 1997). Dust particles generally experience cohesive
inter-particle forces, forming aggregates in undisturbed soils due to strong cohesive forces, typically
stronger than aerodynamic and gravitational forces, thus preventing direct wind lifting of dust (Kok,
2011). Dust is closely associated with saltation, initiated when wind stress is sufficient to transport
sand-sized particles (~63-500 pm) into the fluid stream. The impact of saltation facilitates the
entrainment of cohesive dust particles from soil aggregates at lower wind velocities (Swet & Katra,
2016). External factors, including land use and climate changes, influence soil aggregation and
erodibility. Soils with larger aggregates are generally more erosion-resistant (Ben-Hur et al., 2009).
Research on wind erosion often focuses on the erodible fraction, considering aggregates less than 840
pum in diameter (Zobeck et al., 2003; Webb & Strong, 2011; Aimar et al.,, 2012; Avecilla et al., 2015).
Agricultural practices modify soil characteristics, affecting its resistance to erosion. Wind erosion and
dust emissions can lead to significant nutrient loss and soil degradation of fertile lands (Ginoux et al.,
2012).

3.3. Water Erosion

Water-induced soil erosion is regarded as a crucial type of land degradation, with a much higher
global prevalence than wind erosion (Vanmaercke et al., 2021). Aggressive water action causes soil
to be displaced from its formation site in this process in sheet, rill, and gully erosion (Poesen, 2018;
Batista et al., 2019; de Nijs and Cammeraat, 2020). Some of the adverse effects of water erosion are
reduced water-holding capacity, decreased infiltration rates, loss of nutrients and organic matter,
degradation of soil structure, and decreased soil depth and fertility (Ravi et al., 2010; Borrelli et al.,
2017; Sartori et al., 2019). Soil health is significantly impacted by severe erosion, defined as rates
beyond the acceptable threshold of 10 t/ha/yr (Sartori et al., 2019). According to analysis of global
spatial data indicates that severe soil erosion (>10 t/ha/yr) affects roughly 10 million km?, or ~7% of
the world's land area. Asia is the most affected continent, especially China, which accounts for nearly
1.5 million km? of severely eroded land. Significant hotspots that account for over 47% of the world's
severely degraded areas are also found in Brazil, Russia, the United States, and India. The most
severely impacted are tropical nations, where severe erosion has devastated more than 20-30% of
their national territory; in extreme situations, such as Bangladesh, it has reached or exceeded 60%
(Borrelli et al., 2017). The coarser database employed in the analysis may have led to an
overestimation of the spatial scope of this degradation process, although overall estimates are
relatively consistent with other sources (Middleton and Thomas, 1992; Middleton and Sternberg,
2013). A 25% overestimation in previous estimates has been confirmed by recent high-resolution data,
which points to a global severe water erosion area of roughly 7.5 million km? (Borrelli et al., 2017).

Water erosion is a primary environmental concern worldwide, even though it is difficult to
precisely define the extent of soil erosion due to different data resolutions and models (Haregeweyn
et al., 2015; Cerda et al., 2017; Novara et al., 2018; TENG et al., 2019; Maltsev and Yermolaev, 2020;
Wuepper et al.,, 2020). According to several studies (Oldeman et al., 1990; Middleton and Thomas,
1992; Ravi et al., 2010; Stavi and Lal, 2015; Poesen, 2018), water erosion has been considered a
prevalent form of land degradation for decades. Anthropogenic (deforestation, tillage, overgrazing,
and agricultural intensification), geomorphological (steep slopes, for example), and climatic (rainfall
erosivity) factors are the leading causes of soil erosion (Pimentel and Burgess, 2013; Panagos et al.,
2016; Cerda et al., 2017; Rodrigo-Comino, 2018). According to recent studies, between 2001 and 2012,
there was a 2.5% global increase in erosion rates due to changes in land use, particularly the growth
of farmland (Borrelli et al., 2017). By changing temperature, precipitation, and vegetation cover,
climate change also affects water erosion patterns. Vegetation cover reduces runoff and intercepts
rainfall, thus controlling erosion (Li and Fang, 2016; Ma et al., 2021). According to projections, water
erosion will become more severe worldwide due to climate change, especially in tropical and
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subtropical areas (Borrelli et al., 2017). About 30% of the world's arable land (~4.3 million km?) is
affected by erosion, which seriously impacts agriculture because it causes significant soil loss and
related financial losses (Montanarella et al., 2015; Pravalie, 2021). Due to declining agricultural yields,
rising food prices, and a disruption of socioeconomic stability, the world's food security is at risk.
Furthermore, erosion modifies the storage and flux of vital elements such as carbon, nitrogen, and
phosphorus, which affects biogeochemical cycles (Chappell et al., 2016; Berhe et al., 2018; Martinez-
Mena et al., 2020). Future trends point to probable net losses of soil carbon due to erosion and
synergistic pressures like climate warming, while the net effect of erosion on the carbon cycle is still
up for debate (Crowther et al., 2016; He et al., 2016; Lugato et al., 2018).

3.4. Salinization

Soil salinization is a common form of land degradation which is considered a significant
environmental disruption impacting ecological and agroecological productivity due to phytotoxicity
from high concentrations of dissolved salts (Ca2+, Mg2+, K+, Na+, Cl-, and others) in the soil (Herbert
et al., 2015, Minhas et al.,, 2020). In addition to its direct effects on plant development, this
phenomenon also indirectly affects soil structure degradation, organic matter reduction, biodiversity
loss (except halophytes), and water uptake and infiltration problems (Ben-Hur et al., 2009; Corwin,
2021). The degree of these effects varies according to the salt tolerance of the plants and can be
attributed to primary salinization processes (natural accumulation) as well as secondary salinization
processes (anthropogenic activities) (Corwin, 2021). Approximately 2.6 million km?, or ~2% of the
Earth's terrestrial surface, are affected by soil salinization worldwide, with Asia being the most
affected region with ~1.3 million km? (or 50% of all salinized lands). Australia is the most afflicted
continent in percentage terms, with 6% of its entire area affected. It also has the most extensive
salinized land area (~0.5 million km2), accounting for 19% of the world's salinized soils (Cherlet et
al., 2018). Notable hotspots that contribute to 55% of global salinization include Kazakhstan (~319,000
km?, 12%), China (~307,000 km?, 12%), and Iran (~300,000 km?, 12%). According to research, Iran has
the most national salinization, with 19% of its land affected (Middleton and Thomas, 1992; Cherlet et
al., 2018). Most salinization occurs in arid and semi-arid areas because not much freshwater is
available to remove accumulated salts. Salts from deeper soil layers have been mobilized to the
surface due to high rates of evapotranspiration caused by intensified irrigation in these locations
(Rozema and Flowers, 2008; Minhas et al., 2020). Recent studies show severe salinization occurs in
Australia, China, Kazakhstan, and Iran. At the same time, unanticipated rises in salinity rates have
been observed in Brazil, Peru, Sudan, Colombia, and Namibia due to growing salinity rates after 1980
(Hassani et al., 2020).

Salinization is primarily caused by anthropogenic activity, such as irrigation, altered land use,
and the eradication of native flora. For example, increasing groundwater intake by trees in Argentine
tree plantations, which have replaced native grasslands, has increased salinization (Nosetto et al.,
2013). Salinization has increased in Central Asia due to the Aral Sea's drying due to heavy irrigation
(Yu et al., 2019). Under forest or shrub cover, water recharge and discharge are balanced in dryland
areas, maintaining the distribution of salts in the soil mantle. When natural vegetation is removed,
significant soil moisture loss during rainfed agriculture causes elevated salt levels in soils. If
mitigating measures are not taken, salinization might affect more than 20% of the world's irrigated
lands by 2050 (Singh, 2021). Iran's significant salinization is caused by inadequate drainage and
widespread groundwater extraction from salty aquifers (Emadodin et al., 2019). Global agriculture
suffers greatly from soil salinization, which affects over 0.3 million km? (~2%) of arable land and costs
about $27 billion a year in lost agricultural yields (Qadir et al., 2014). Salinization causes 18-43% of
agricultural losses in dry and semi-arid areas (Singh, 2021). Climate change is accelerated by this
process, which also adds to the decreasing soil organic carbon storage. According to estimates, 6.8 Pg
C may be lost by 2100 due to increased soil salinization (Setia et al., 2013). Conclusively, soil
salinization, a result of both natural and man-made factors, represents a serious global environmental
issue that substantially impacts agriculture, biodiversity, and climate stability. Developing effective
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management and mitigation strategies is crucial to dealing with this growing issue and its associated
environmental and economic consequences.

3.5. Soil Carbon Loss

A crucial sign of land degradation is the loss of soil organic carbon (SOC) (O'Rourke et al., 2015;
Préavalie, 2021) . Soil organic matter (SOM) is mainly formed of decomposed plant and animal
components, accounting for 55-60% of SOM by mass. SOC is a significant component of SOM.
Structure, water retention, nutrient cycling and storage, biodiversity, and biological activity are just
a few of the properties of soil that are influenced by SOM (Obalum et al., 2017; Kdgel-Knabner and
Amelung, 2021). Decreased soil fertility and productivity, diminished nutrient retention, diminished
water holding capacity and infiltration, destabilized soil structure, and lower biodiversity are all
consequences of a reduction in soil organic carbon (SOC) (Alcantara et al., 2017). The loss of SOC
intensifies climate change since soil is a significant worldwide carbon source. According to estimates,
soils contain about 1500 Pg C in the upper meter, which is three times as much carbon in terrestrial
plants as in the atmosphere (Lal, 2018, 2019). The top 30 cm of the soil contains about 50% of this
carbon (Montanarella et al., 2015; Plaza et al., 2018). According to recent data, between 2001 and 2015,
SOC decreased in nearly 2.7 million km? of land worldwide (or roughly 2% of the world's surface
area). Brazil (~412,000 km?), China (~300,000 km?), Russia (~289,000 km?), the United States (~210,000
km?), Canada (~115,000 km?), and Indonesia (~83,000 km?) are the countries that are most affected
(Pravilie, 2021). Since 2001, these countries have been responsible for more than half of the global
SOC loss. However, the most considerable percentage-based SOC losses are found in Europe,
especially in the central and northwest areas, where several nations record losses, including more
than 15-20% of their total land area (Pravalie, 2021). Land use change, especially converting natural
ecosystems to croplands, is the leading cause of SOC loss. This technique raises carbon outputs
through plowing while reducing carbon inputs from plant litter. Agricultural topsoils have lost up to
176 Pg C due to these changes and unsustainable land management practices during the last 200 years
(van der Esch et al., 2017). According to West et al. (2010), deforestation and increased agricultural
practices are causing the most significant SOC losses in tropical regions, including Brazil and
Indonesia. Furthermore, in countries like the US, China, Canada, and Russia, logging in boreal forests
and urbanization in temperate zones are essential causes of SOC loss (Seto et al., 2012; Hansen et al.,
2013; Curtis et al., 2018). Erosion causes significant losses in SOC; since 1850, water erosion has
removed 74 Pg C, mostly from grassland and agricultural systems (Naipal et al., 2018). Wind erosion
also significantly causes SOC loss (Chappell et al., 2019). By upsetting the equilibrium between
carbon imports from plant photosynthesis and carbon outputs from microbial breakdown, climate
change poses an even more significant threat to the SOC pool (Davidson, 2016). According to
projections, by 2050, worldwide soil organic carbon (SOC) declines in upper soil horizons could be
caused by climate warming. This reduction mainly affects permafrost soils and could accelerate
climate change through positive soil carbon-climate feedbacks (Crowther et al., 2016).

3.6. Land Pollution

Land pollution is another form of land degradation that affects land quality worldwide. It results
from various anthropogenic activities (mine, industrial, and agricultural) that release toxic
compounds into the environment. The overabundance of various substances, including fertilizers
(nitrogen, phosphorus) (Bruulsema, 2018), pesticides (fungicides, insecticides, herbicides) (Tang et
al., 2021), heavy metals (cadmium, mercury) (Liu et al., 2021), persistent organic pollutants
(polychlorinated biphenyls, DDT) (Van den Berg, 2009) radionuclides (90Sr, 137Cs) (Lelieveld et al.,
2012), electronic waste (Akram et al., 2019) petroleum products (Daassi and Qabil Almaghribi, 2022),
and plastic and microplastics (Rochman and Hoellein, 2020), cause land pollution. Additionally, these
chemicals pollute freshwater systems (lakes, rivers) worldwide (Schwarzenbach et al., 2010), and
makes the systems more vulnerable to secondary pollution, like cyanobacteria in phosphorus-
enriched waters, a toxic microorganism (Sukenik et al, 2015). Vegetation, including forest
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ecosystems, suffers from regional or local pollution as a result of atmospheric nitrogen deposition
(Du et al., 2019) or radionuclide contamination (e.g., radiocesium) from nuclear tests or accidents like
Chernobyl and Fukushima (Koarashi et al., 2016; Thiry et al., 2020). Additionally, pollutants affect
coastal ecosystems; the Eastern Atlantic and Western Pacific regions have the highest amounts of
pollutants (Lu et al., 2018). Surface waterways are subsequently jeopardized by groundwater
pollution resulting from mining and other inland water resource operations (Lall et al., 2020).
Ecosystem damage, eutrophication, biodiversity decline, changes to the biogeochemical cycle, and
general degradation of ecosystem services are just a few of the many adverse effects of land pollution
(Orgiazzi et al., 2016; Garnier et al., 2021). Numerous local researches have confirmed these effects,
but there are few worldwide evaluations of the ecological ramifications and cartographic depictions
of land contamination. Interestingly, no global map of soil pollution routes exists (FAO and GSBI,
2020), even though such a resource is essential for bettering soil protection globally and
comprehending pollution in connection to other problems with soil degradation. A recent study that
determined and mapped the worldwide risk of pesticide pollution shows that about 31% of
agricultural land is at high risk (Tang et al., 2021).

3.7. Land Subsidence

Land subsidence is characterized by soil compaction due to vertical downward displacement of
the ground surface (Kok and Costa, 2021). The causes of this phenomenon are both artificial and
natural. Natural reasons include geological movements, karst activities, permafrost thawing, and the
effects of climate change, such as drought-induced groundwater depletion and hydrodynamic
processes (Smith and Majumdar, 2020; Kok and Costa, 2021). However, anthropogenic effects are
more frequent and prevalent all over (Bagheri-Gavkosh et al., 2021). Urbanization, coal mining,
anthropogenic drainage, groundwater, gas, and oil extraction are a few of these (Erban et al., 2014;
Liu et al, 2020; Kok and Costa, 2021). The primary cause of land subsidence globally is
overexploitation of groundwater, primarily for agricultural irrigation (Jeanne et al., 2019) and urban
water usage (Bierkens and Wada, 2019). The fast increase in the world's population and the spread
of irrigated agriculture have worsened this problem in recent decades (Bierkens and Wada, 2019).
Because of their dense populations and high natural subsidence rates, deltaic regions are especially
susceptible to land subsidence (Hallegatte et al., 2013). More than 500 million people live in deltas,
many of whom reside in megacities (Giosan et al., 2014). According to Syvitski et al. (2009) and Tessler
et al. (2015), human activities worsen subsidence by drastically lowering sediment loads from rivers
through the construction of dams and irrigation channels or by hastening soil compaction by
underground mining of groundwater, gas, or oil (Syvitski et al., 2009; Tessler et al., 2015). The deltas
of the Nile (98% reduction), Indus (94%), Rhone (85%), Mississippi (69%), and Danube (60%) are a
few examples of notable sediment trapping (Giosan et al., 2014). Impacts of subsurface mining
include the Po delta in Italy (3-5 m subsidence in the 20th century due to methane extraction), the
Yellow delta in China (up to 25 cm/year subsidence from groundwater extraction), and the Chao
Phraya delta in Thailand (5-15 cm/year subsidence due to intense groundwater use) (Syvitski et al.,
2009; Giosan et al., 2014). Climate change is anticipated to worsen land subsidence by increasing the
demand for water for household, agricultural, and industrial uses during prolonged droughts,
accelerating groundwater depletion (Minderhoud et al.,, 2020). Land degradation and exposure to
coastal flooding are likely to grow in deltaic locations due to subsidence mixed with other
vulnerability variables, such as low altimetry and rapid sea-level rise rates (Minderhoud et al., 2020).
Large populations in these locations are at risk from the possibility of rapid coastal flooding brought
on by subsidence and sea level rise; as of 2017, 339 million people were expected to live in worldwide
river deltas alone (Edmonds et al., 2020).
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3.8. Sand Encroachment

In the arid regions of the Kingdom of Saudi Arabia, loose sand particles' susceptibility to wind
erosion is a significant concern, resulting in the formation of windblown sand and sandstorms. This
vulnerability is primarily attributed to the inherent lack of strong cohesion among these sand
particles. This causes land degradation and desertification, which exacerbate the effects of sand
encroachment (Miao et al., 2022). During sand encroachment events, sand particles are lifted from
the surface, following parabolic trajectories as the wind gradually accelerates them before striking
the ground. These saltating particles cause further detachment of particles, leading to the destruction
of vegetation cover and the abrasion of crusted surfaces, resembling a sandblasting process. This
process ultimately releases fugitive dust particles (with a diameter of less than 70 um) into the
atmosphere (Shao, 2008). The consequences of sand encroachment in these regions are far-reaching
and severe, leading to many environmental challenges. These encompass biodiversity loss, the
release of stored carbon from the soil into the atmosphere, air pollution with dire health implications,
degradation of water quality, food insecurity affecting livelihoods, and population migration
(Shepherd et al., 2016; Goudie, 2018; Huang and Hartemink, 2020). Additionally, wind erosion
adversely impacts agriculture and the economy by depleting soil nutrients, generating fine particles,
and burying infrastructure (Modaihsh et al., 2014). Desertification poses a substantial challenge
globally, affecting approximately 41% of the Earth's land area and impacting over 38% of the global
population (Huang et al., 2020). Dust generated during desertification can carry soil pollutants and
fine particles that pose respiratory health risks (Ostro et al., 2021) (Chen et al., 2016; Li et al., 2021).
Consequently, addressing land desertification and reducing sandstorm occurrences remains a
significant global challenge. Current strategies to combat sand encroachment and land desertification
include the construction of windbreaks and fences, the application of chemical soil stabilizers, and
planting vegetation. Nevertheless, these conventional methods have limitations and adverse
environmental effects. While planting vegetation can ameliorate erosion resistance, its efficacy is
truncated in desert regions due to the scarcity of water resources (Miao et al., 2015) In response to
drought challenges, Saudi Arabia has initiated a comprehensive strategy to combat land degradation
and sand encroachment by harnessing the potential of treated wastewater (Husain and Khalil, 2013).

3.9. Natural Oil Extraction

Soil is the ecosystem that sustains all living things. Due to increased human activities and
population growth, different persistent pollutants and xenobiotics are causing soil pollution; natural
oil extraction is also one of those activities. Oil spills seriously threaten every component of the
ecosystem of Saudi Arabia (Sarkar et al., 2005). Soil pollution results from the regular spilling of crude
oil and its refined products during extraction, transportation, storage, and distribution (Macaulay
and Rees, 2014). Because of their propensity to accumulate in living things and their ability to enter
the food chain, soils contaminated with petroleum-related persistent organic pollutants (POPs), such
as polycyclic aromatic hydrocarbons (PAHs), pose a significant risk to human health also (Honda
and Suzuki, 2020). Because the disposal of PAHs modifies soil properties, microbial biodiversity,
enzymatic activity, and physicochemical characteristics, oil contamination leads to pollution and land
deterioration (Bastami et al., 2013). When land degrades, the microbial community is impacted by
petroleum contamination, soil fertility, and structure change (Czarny et al., 2020). Particulate matter
pollutants (POPs), such as PAHs, can cause environmental risks and threaten all aquatic and
terrestrial life. Soil contaminated by petroleum has been found to have a high degree of salinization
(Buzmakov and Khotyanovskaya, 2020). @ Hazardous compounds like benzene, toluene,
ethylbenzene, xylene, and naphthalene, which can be detrimental to all aspects of the ecosystem,
particularly the land, are found in petroleum hydrocarbons (PHs) (Sarkar et al., 2005; Kuppusamy et
al., 2020). The primary issue arising from the exploitation of oil resources is the degradation of upland
and floodplain soils due to benzo(a)pyrene contamination and salinization. Accidental spills of
produced oil and technological emissions of hydrocarbons into the atmosphere are responsible for
petroleum pollutants (Buzmakov and Khotyanovskaya, 2020). PAHs are persistent in soils; as their
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molecular weight and the number of benzene structures increase, they become more harmful since
their solubility and biodegradability decrease (Meador, 2008). Because of PAHs' high toxicity,
mutagenicity, carcinogenicity, and teratogenicity to humans, the US Environmental Protection
Agency (USEPA) has designated them as priority pollutants (Rengarajan et al., 2015; Polidoro et al.,
2017). Given the toxicity, carcinogenicity, and mutagenicity of petroleum hydrocarbons, cleaning up
and restoring PAH-polluted places poses a significant environmental and technological challenge for
sustainable development. Although there are a number of remediation techniques for PAH-
contaminated soils, intriguing microorganisms, fungi, and their enzymes receive much attention
(Daassi and Qabil Almaghribi, 2022). Various techniques are employed to remediate soil
contaminated by petroleum, including biostimulation (Wu et al., 2016), bioaugmentation (Patel and
Patel, 2020), rhizoremediation (Rostami et al., 2021), plasma oxidation (Liu et al., 2022), microbial
electrochemical system (Hao et al., 2020), thermal desorption (Wei et al., 2022), vapor extraction (Cao
et al., 2021), and biochar adsorption (Bianco et al., 2021).

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 (Seitz et al., 2019). 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 (Bekele, 2020; Unger, 2023). 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 (Unger, 2023). 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 (Carceles Rodriguez et al., 2022). 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 (Wolka et al., 2018; Sarvade et al.,, 2019; Rahman et al., 2020). 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 (Wolka et al., 2018). Terracing has been
one of the most crucial methods for reducing soil erosion, saving water, and raising agricultural yield
for thousands of years (Chen et al., 2017; Deng et al., 2021). Additionally, it is one of the first methods
of soil and water conservation, is popular in hilly and mountainous areas under significant
population pressure (Wei et al., 2016). 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 (Morbidelli et al., 2018). Terracing intercepts the rainwater which leads
to increased retention of soil moisture (Wei et al., 2019). 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 (Wolka et al., 2018).
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
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Arabia are the 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 (Dagar,
2016). An age-old method of land management called agroforestry can greatly increase the
productivity of the soil in arid areas (Krishnamurthy et al., 2019). In agroforestry systems, legume
trees fix nitrogen, improving soil fertility and contributing nutrients through root decomposition and
litterfall (Sileshi et al., 2020; Fahad et al., 2022). Agroforestry systems benefit from the windbreak
function of trees, which lowers wind speed and water evaporation and increases crop yield (Mume
and Workalemahu, 2021). 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 (Bayala and Prieto, 2020). 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 square kilometres (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 (Jacobs et al., 2022). 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 (Asbjornsen et al., 2014), 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 (Bogis, 2021; Yan et al., 2023). 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 (Norman, 2017). By limiting livestock access to
streams, lowering nitrogen inputs from animal excrement, and minimising streambank erosion,
riparian buffers enhance the quality of water (Essien, 2012). Additionally, they shield rivers and
streams from the detrimental effects of nearby land uses by acting as physical barriers to sediment,
fertilizers, and pesticides (Kroll and Oakland, 2019). 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 (Watson et al., 2018). 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).
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4.3. Mulching and Cover Cropping

The world’s major water user is Agriculture sector as it consumes around 70% of the whole
consumption (Wakeel et al., 2016). The scarcity of water might be due to varying rainfall patterns or
climate change 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 (McGrane, 2016). 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 (El-Beltagi et al., 2022). 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 (El-Beltagi et al., 2022). 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
(El-Beltagi et al., 2022). Frequently mulching is believed to be beneficial to stressed environments
(heat,drought, and salinity) as it changes the rate of evaporation and transpiration (El-Beltagi et al.,
2022). 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 (El-Beltagi et al.,, 2022). 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 (El-Beltagi et al.,
2022). 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 (Ren et al., 2023). 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 (Yang et al., 2021). 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 (El-Hendawy et al.,, 2022).
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
(Kumar et al., 2023). 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 (Makkawi et al., 2022). Therefore, there is an enough supply of palm wastes
in Saudi Arabia that can be used for mulching.
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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 (Bai et al., 2013).
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 (Navarro-Pedrefio et al., 2021). In arid and hyper arid regions
physical degradation can cause the reduction in water holding capacity and dropping the nutrient
retention worldwide (Naorem et al., 2023). 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 (Kocsis et al., 2022;
Lodygin et al., 2023). 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 (Gurmu,
2019; Ampong et al., 2022). 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 (Zhang et al.,
2011). 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 (Liu et al.,
2019; Bashir et al., 2021). 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 (Anjum et al., 2016). 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 (Farhidi et al., 2022). 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)
(Palansooriya et al., 2019). Moreover, digested crop residue contains approximately 30% N, 30% P
and 200% K which indicates that composts is 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 (Briassoulis, 2020). Basically, it includes use of agricultural, residential, commercial or any
other anthropogenic uses It's 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
(Abd El-Kawy et al., 2011). 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 (Almalki et al., 2022).

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 (Nedd et al., 2021). 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 (Saber and Habib, 2016). Water resource management is challenging
because of the intricate changes in hydrologic conditions that exacerbate these issues.. Pollution from
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urbanization and agriculture has a cumulative effect on the amount of water impacted, ultimately
affecting water quality worldwide (de Mello et al., 2020). Water quality is declining due to pollutants
like pesticides and fertilizers entering the water system, as well as waste from industry, sewage, and
agriculture (Singh et al., 2020). 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 (Amery, 2015). 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 (Salem et
al., 2022). 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 (Baig et al., 2020).

5. Steps of Governing Bodies to Improve Land Conservation

To combat land desertification and improve soil fertility in Saudi Arabia, several initiative 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” (UNDP, 2024) and “Development of policies and capacities for sustainability
environment and natural resources” (UNDP, 2016) 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
(Bank, 2024). 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
(Abuzinada, 2020). 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
(Abuzinada, 2020). 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 (Abuzinada, 2020). 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 (SGI, 2021). 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
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marine habitats (SGI, 2021). 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 also 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
of land degradation in the study. However, further detailed studies are required to assess the role of
each recommended practices under open field conditions for better understanding.

Acknowledgments: The authors would like to acknowledge the National Research and Development Center for
Sustainable Agriculture (Estidamah), for providing sources of scientific information and financial support that
helped to finish this research. We would also like to extend our gratitude to thank the reviewers for their valuable

comments and improvements.

Conflicts of Interest: On behalf of all authors, the corresponding author would like to formally declare that there
is no conflict of interest related to the content of our work. We confirm that our review article has been conducted

with full transparency and in accordance with ethical standards.

References

Abd-Elmabod, S.K., Fitch, A.C.,, Zhang, Z., Ali, R.R., Jones, L., 2019. Rapid urbanisation threatens fertile
agricultural land and soil carbon in the Nile delta. Journal of environmental management 252, 109668.

Abd El-Kawy, O.R,, Red, ].K., Ismail, H.A., Suliman, A.S., 2011. Land use and land cover change detection in the
western Nile delta of Egypt using remote sensing data. Applied geography 31, 483-494.

AbdelRahman, M.A.E., 2023. An overview of land degradation, desertification and sustainable land
management using GIS and remote sensing applications. Rendiconti Lincei. Scienze Fisiche e Naturali 34,
767-808.

Abdou, A.E.A., 2014. Temperature Trend on Makkah, Saudi Arabia. Atmospheric and Climate Sciences 4, 457-
481.

Abdullah, M.A,, Youssef, AM., Nashar, F., AlFadail, E.A., 2019. Statistical analysis of rainfall patterns in Jeddah
City, KSA: future impacts. Rainfall-Extrem. Distrib. Prop, 1-17.

Abel, C., Horion, S., Tagesson, T., De Keersmaecker, W., Seddon, A.W., Abdi, A.M., Fensholt, R., 2021. The
human-environment nexus and vegetation—rainfall sensitivity in tropical drylands. Nature Sustainability
4, 25-32.

Abuzinada, A.H., 2020. First Saudi Arabian national report on the convention on biological diversity.

Aimar, S.B., Mendez, M.]., Funk, R., Buschiazzo, D.E., 2012. Soil properties related to potential particulate matter
emissions (PM10) of sandy soils. Aeolian Research 3, 437-443.

Akhavan, S., Jalalian, A., Toomanian, N., Honarjo, N., 2023. “Use of a GIS-Based Multicriteria Decision-Making
Approach, to Increase Accuracy in Determining Soil Suitability”, Iran. Communications in Soil Science and

Plant Analysis 54, 690-705.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

21 of 33

Akram, R., Natasha, Fahad, S., Hashmi, M.Z., Wahid, A., Adnan, M., Mubeen, M., Khan, N., Rehmani, M.L.A.,
Awais, M., 2019. Trends of electronic waste pollution and its impact on the global environment and
ecosystem. Environmental Science and Pollution Research 26, 16923-16938.

Al-Ghamdi, A.A., Tadesse, Y., Adgaba, N. Alghamdi, A.G., 2021. Soil degradation and restoration in
southwestern saudi arabia through investigation of soil physiochemical characteristics and nutrient status
as indicators. Sustainability 13, 9169.

Alamri, U.A.S., 2018. Energy Conservation Techniques in Mid-Rise Residential Buildings that Contribute to
Mitigate Urban Heat Island in Makkah, Kingdom of Saudi Arabia.

Alcantara, V., Don, A., Vesterdal, L., Well, R., Nieder, R., 2017. Stability of buried carbon in deep-ploughed forest
and cropland soils-implications for carbon stocks. Scientific reports 7, 5511.

AlGhamdji, A., 2020. Saudi Arabia energy report. King Abdullah Pet. Stud. Res. Cent 19, 1-28.

Almalki, K.A., Al Mosallam, M.S., Aldaajani, T.Z., Al-Namazi, A.A., 2022. Landforms characterization of Saudi
Arabia: Towards a geomorphological map. International Journal of Applied Earth Observation and
Geoinformation 112, 102945.

Almazroui, M., 2011a. Calibration of TRMM rainfall climatology over Saudi Arabia during 1998-2009.
Atmospheric Research 99, 400-414.

Almazroui, M., 2011b. Sensitivity of a regional climate model on the simulation of high intensity rainfall events
over the Arabian Peninsula and around Jeddah (Saudi Arabia). Theoretical and applied climatology 104,
261-276.

Almazroui, M., 2012a. The life cycle of extreme rainfall events over western Saudi Arabia simulated by a regional
climate model: Case study of November 1996. Atmdsfera 25, 23-41.

Almazroui, M., 2012b. Temperature variability over Saudi Arabia and its association with global climate indices.
JKAU Met. Env. Arid. Land. Agric. Sci 23, 85-108.

Almazroui, M., 2020a. Changes in temperature trends and extremes over Saudi Arabia for the period 1978-2019.
Advances in Meteorology 2020, 8828421.

Almazroui, M., 2020b. Rainfall trends and extremes in Saudi Arabia in recent decades. Atmosphere 11, 964.

Almazroui, M., Islam, M.N., 2019. Coupled model inter-comparison project database to calculate drought indices
for Saudi Arabia: a preliminary assessment. Earth Systems and Environment 3, 419-428.

Almazroui, M., Islam, M.N., Dambul, R., Jones, P., 2014. Trends of temperature extremes in Saudi Arabia.
International Journal of Climatology 34.

Almazroui, M., Nazrul Islam, M., Athar, H., Jones, P., Rahman, M.A., 2012. Recent climate change in the Arabian
Peninsula: annual rainfall and temperature analysis of Saudi Arabia for 1978-2009. International Journal of
Climatology 32, 953-966.

Alotaibi, B.A., Baig, M.B., Najim, M.M.M., Shah, A.A., Alamri, Y.A., 2023. Water scarcity management to ensure
food scarcity through sustainable water resources management in Saudi Arabia. Sustainability 15, 10648.

Algqarni, S., Babiker, A., Salih, A., 2018. Detection, mapping and assessment change in urban and croplands area
in Al-Hassa Oasis, Eastern Region in Saudi Arabia using remote sensing and geographic information
system. Journal of Geographic Information System 10, 659-685.

Alqurashi, A.F., Kumar, L., 2019. An assessment of the impact of urbanization and land use changes in the fast-
growing cities of Saudi Arabia. Geocarto International 34, 78-97.

Amery, H.A., 2015. Arab water security: threats and opportunities in the Gulf States. Cambridge University
Press.

Amin, A.A., 2004. The extent of desertification on Saudi Arabia. Environmental geology 46, 22-31.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

22 of 33

Ampong, K., Thilakaranthna, M.S., Gorim, L.Y., 2022. Understanding the role of humic acids on crop
performance and soil health. Frontiers in Agronomy 4, 848621.

Anjum, M., Miandad, R., Waqas, M., Ahmad, I, Alafif, Z.O.A., Aburiazaiza, A.S., Akhtar, T., 2016. Solid waste
management in Saudi Arabia. Applied Agriculture and Biotechnology 1, 13-26.

Asbjornsen, H., Hernandez-Santana, V., Liebman, M., Bayala, J., Chen, J., Helmers, M., Ong, C.K., Schulte, L.A.,
2014. Targeting perennial vegetation in agricultural landscapes for enhancing ecosystem services.
Renewable Agriculture and Food Systems 29, 101-125.

Avecilla, F., Panebianco, J.E., Buschiazzo, D.E., 2015. Variable effects of saltation and soil properties on wind
erosion of different textured soils. Aeolian Research 18, 145-153.

Bagheri-Gavkosh, M., Hosseini, S.M., Ataie-Ashtiani, B., Sohani, Y., Ebrahimian, H., Morovat, F., Ashrafi, S.,
2021. Land subsidence: A global challenge. Science of The Total Environment 778, 146193.

Bai, Z., Dent, D., Wu, Y., de Jong, R., 2013. Land degradation and ecosystem services. Ecosystem services and
carbon sequestration in the biosphere, 357-381.

Baig, M.B., Alotibi, Y., Straquadine, G.S., Alataway, A., 2020. Water resources in the Kingdom of Saudi Arabia:
Challenges and strategies for improvement. Water Policies in MENA Countries, 135-160.

Bank, W., 2024. Fostering a sustainable future: the role of land restoration in Saudi Arabia.

Barlow, M., Zaitchik, B, Paz, S., Black, E., Evans, J., Hoell, A., 2016. A review of drought in the Middle East and
southwest Asia. Journal of climate 29, 8547-8574.

Bashir, O., Ali, T., Baba, Z.A., Rather, G.H., Bangroo, S.A., Mukhtar, S.D., Naik, N., Mohiuddin, R., Bharati, V.,
Bhat, R.A., 2021. Soil organic matter and its impact on soil properties and nutrient status. Microbiota and
biofertilizers, Vol 2: Ecofriendly tools for reclamation of degraded soil environs, 129-159.

Bastami, K.D., Afkhami, M., Ehsanpour, M., Kazaali, A.,, Mohammadizadeh, M., Haghparast, S., Soltani, F.,
Zanjani, S.A., Ghorghani, N.F., Pourzare, R., 2013. Polycyclic aromatic hydrocarbons in the coastal water,
surface sediment and mullet Liza klunzingeri from northern part of Hormuz strait (Persian Gulf). Marine
pollution bulletin 76, 411-416.

Batista, P.V., Davies, ]., Silva, M.L., Quinton, J.N., 2019. On the evaluation of soil erosion models: Are we doing
enough? Earth-Science Reviews 197, 102898.

Bayala, J., Prieto, 1., 2020. Water acquisition, sharing and redistribution by roots: applications to agroforestry
systems. Plant and Soil 453, 17-28.

Bekele, D., 2020. The effect of tillage on soil moisture conservation: A review. Int. J. Res. Stud. Comput 6, 30-41.

Ben-Hur, M., Yolcu, G., Uysal, H., Lado, M., Paz, A., 2009. Soil structure changes: aggregate size and soil texture
effects on hydraulic conductivity under different saline and sodic conditions. Soil Research 47, 688-696.

Ben-Hur, M., Agassi, M., 1997. Predicting interrill erodibility factor from measured infiltration rate. Water
Resources Research 33, 2409-2415.

Berdugo, M., Delgado-Baquerizo, M., Soliveres, S., Hernandez-Clemente, R., Zhao, Y., Gaitan, ].J., Gross, N.,
Saiz, H., Maire, V., Lehmann, A., 2020. Global ecosystem thresholds driven by aridity. Science 367, 787-790.

Berhe, A.A., Barnes, R.T., Six, ]., Marin-Spiotta, E., 2018. Role of soil erosion in biogeochemical cycling of essential
elements: carbon, nitrogen, and phosphorus. Annual Review of Earth and Planetary Sciences 46, 521-548.

Bianco, F., Race, M., Papirio, S., Oleszczuk, P., Esposito, G., 2021. The addition of biochar as a sustainable strategy
for the remediation of PAH-contaminated sediments. Chemosphere 263, 128274.

Bierkens, M.F., Wada, Y., 2019. Non-renewable groundwater use and groundwater depletion: a review.
Environmental Research Letters 14, 063002.

Bogis, A.M., 2021. Ecological and Aesthetic Factors' Preferences of Urban Riparian Corridor in Arid Regions: A

Visual Choice Experiment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

23 of 33

Borrelli, P., Robinson, D.A., Fleischer, L.R., Lugato, E., Ballabio, C., Alewell, C., Meusburger, K., Modugno, S.,
Schiitt, B., Ferro, V., 2017. An assessment of the global impact of 21st century land use change on soil
erosion. Nature communications 8, 1-13.

Briassoulis, H., 2020. Analysis of land use change: theoretical and modeling approaches.

Bruulsema, T., 2018. Managing nutrients to mitigate soil pollution. Environmental pollution 243, 1602-1605.

Bulut, S., Gokalp, Z., 2022. Agriculture and environment interaction. Current Trends in Natural Sciences 11, 372-
380.

Buzmakov, S.A., Khotyanovskaya, Y.V., 2020. Degradation and pollution of lands under the influence of oil
resources exploitation. Applied Geochemistry 113, 104443.

Cao, W,, Zhang, L., Miao, Y., Qiu, L., 2021. Research progress in the enhancement technology of soil vapor
extraction of volatile petroleum hydrocarbon pollutants. Environmental Science: Processes & Impacts 23,
1650-1662.

Carceles Rodriguez, B., Duran-Zuazo, V.H., Soriano Rodriguez, M., Garcia-Tejero, LF., Galvez Ruiz, B., Cuadros
Tavira, S., 2022. Conservation agriculture as a sustainable system for soil health: A review. Soil Systems 6,
87.

Cerda, A., Rodrigo-Comino, J.,, Giménez-Morera, A., Keesstra, S.D., 2017. An economic, perception and
biophysical approach to the use of oat straw as mulch in Mediterranean rainfed agriculture land. Ecological
Engineering 108, 162-171.

Change, 1.C., 2013. The physical science basis. (No Title).

Chappell, A., Baldock, J., Sanderman, J., 2016. The global significance of omitting soil erosion from soil organic
carbon cycling schemes. Nature Climate Change 6, 187-191.

Chappell, A., Webb, N.P., Leys, J.F., Waters, C.M., Orgill, S., Eyres, M.]., 2019. Minimising soil organic carbon
erosion by wind is critical for land degradation neutrality. Environmental science & policy 93, 43-52.
Chen, D., Wei, W., Chen, L., 2017. Effects of terracing practices on water erosion control in China: A meta-

analysis. Earth-Science Reviews 173, 109-121.

Chen, L., Zhao, H., Han, B., Bai, Z., 2014. Combined use of WEPS and Models-3/CMAQ for simulating wind
erosion source emission and its environmental impact. Science of the Total Environment 466, 762-769.

Cherlet, M., Hutchinson, C., Reynolds, J., Hill, J., Sommer, S., VON, M.G., 2018. World atlas of desertification.

Corwin, D.L., 2021. Climate change impacts on soil salinity in agricultural areas. European Journal of Soil Science
72, 842-862.

Crowther, TW., Todd-Brown, K.E., Rowe, C.W., Wieder, W.R., Carey, J.C., Machmuller, M.B., Snoek, B., Fang,
S., Zhou, G., Allison, S.D., 2016. Quantifying global soil carbon losses in response to warming. Nature 540,
104-108.

Curtis, P.G,, Slay, C.M., Harris, N.L., Tyukavina, A., Hansen, M.C., 2018. Classifying drivers of global forest loss.
Science 361, 1108-1111.

Czarny, J]., Staninska-Pieta, ]., Piotrowska-Cyplik, A. Juzwa, W., Wolniewicz, A., Marecik, R. 2020.
Acinetobacter sp. as the key player in diesel oil degrading community exposed to PAHs and heavy metals.
Journal of hazardous materials 383, 121168.

Daassi, D., Qabil Almaghribi, F., 2022. Petroleum-contaminated soil: environmental occurrence and remediation
strategies. 3 Biotech 12, 139.

Dagar, J.C., 2016. Agroforestry: Four decades of research development. Indian Journal of Agroforestry 18, 1-32.

Davidson, E.A., 2016. Projections of the soil-carbon deficit. Nature 540, 47-48.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

24 of 33

de Mello, K., Taniwaki, R.H., de Paula, F.R., Valente, R.A., Randhir, T.O., Macedo, D.R,, Leal, C.G., Rodrigues,
C.B., Hughes, R.M., 2020. Multiscale land use impacts on water quality: Assessment, planning, and future
perspectives in Brazil. Journal of Environmental Management 270, 110879.

de Nijs, E.A., Cammeraat, E.L., 2020. The stability and fate of soil organic carbon during the transport phase of
soil erosion. Earth-Science Reviews 201, 103067.

Deng, C., Zhang, G,, Liu, Y., Nie, X,, Li, Z,, Liu, J., Zhu, D., 2021. Advantages and disadvantages of terracing: A
comprehensive review. International Soil and Water Conservation Research 9, 344-359.

Dlapa, P., Hrinik, D., Hrabovsky, A., éimkovic, I, Zarnovican, H., Sekucia, F., Kollar, J., 2020. The Impact of land-
use on the hierarchical pore size distribution and water retention properties in loamy soils. Water 12, 339.

Doetterl, S., Berhe, A.A., Nadeu, E., Wang, Z., Sommer, M., Fiener, P., 2016. Erosion, deposition and soil carbon:
A review of process-level controls, experimental tools and models to address C cycling in dynamic
landscapes. Earth-Science Reviews 154, 102-122.

Du, E., Fenn, M.E., De Vries, W., Ok, Y.S., 2019. Atmospheric nitrogen deposition to global forests: Status, impacts
and management options. Elsevier, pp. 1044-1048.

Duniway, M.C., Pfennigwerth, A.A., Fick, S.E., Nauman, T.W., Belnap, J., Barger, N.N., 2019. Wind erosion and
dust from US drylands: a review of causes, consequences, and solutions in a changing world. Ecosphere
10, €02650.

Edmonds, D.A., Caldwell, R.L., Brondizio, E.S., Siani, 5.M., 2020. Coastal flooding will disproportionately impact
people on river deltas. Nature communications 11, 4741.

El-Beltagi, H.S., Basit, A., Mohamed, H.I,, Ali, I, Ullah, S., Kamel, E.A.R., Shalaby, T.A., Ramadan, KM.A.,
Alkhateeb, A.A., Ghazzawy, H.S., 2022. Mulching as a sustainable water and soil saving practice in
agriculture: A review. Agronomy 12, 1881.

El-Hendawy, S., Alsamin, B.,, Mohammed, N., Al-Suhaibani, N., Refay, Y., Alotaibi, M., Tola, E., Mattar, M.A.,
2022. Combining planting patterns with mulching bolsters the soil water content, growth, yield, and water
use efficiency of spring wheat under limited water supply in arid regions. Agronomy 12, 1298.

Elagib, N.A., Abdu, A.S.A., 2010. Development of temperatures in the Kingdom of Bahrain from 1947 to 2005.
Theoretical and applied climatology 101, 269-279.

Emadodin, I, Reinsch, T., Taube, F., 2019. Drought and desertification in Iran. Hydrology 6, 66.

Erban, L.E., Gorelick, S.M., Zebker, H.A., 2014. Groundwater extraction, land subsidence, and sea-level rise in
the Mekong Delta, Vietnam. Environmental Research Letters 9, 084010.

Essien, O.E., 2012. Effectiveness of hydrologically upgraded natural vegetation riparian buffer on stream water
quality protection at Uyo municipality cattle market/slaughter, Nigeria. Afr. J. Agric. Res 7, 6087-6096.

Fahad, S., Chavan, S.B., Chichaghare, A.R., Uthappa, A.R., Kumar, M., Kakade, V., Pradhan, A., Jinger, D.,
Rawale, G., Yadav, D.K., 2022. Agroforestry systems for soil health improvement and maintenance.
Sustainability 14, 14877.

FAO, I, GSBI, S., 2020. EC (2020): State of knowledge of soil biodiversity-Status, challenges and potentialities,
Report 2020. Rome [http://doi. org/10.4060/cb1928en].

FAO, U, 1999. Terminology for Integrated Resources Planning and Management. Food and Agriculture
Organization/United Nations Environmental Programme, Rome, Italy/Nairobi, Kenia.

Farhidi, F., Madani, K., Crichton, R., 2022. How the US economy and environment can both benefit from
composting management. Environmental Health Insights 16, 11786302221128454.

Furl, C., Sharif, H., Alzahrani, M., El Hassan, A., Mazari, N., 2014. Precipitation amount and intensity trends

across southwest Saudi Arabia. JAWRA Journal of the American Water Resources Association 50, 74-82.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

25 of 33

Garnier, |, Billen, G., Lassaletta, L., Vigiak, O., Nikolaidis, N.P., Grizzetti, B., 2021. Hydromorphology of coastal
zone and structure of watershed agro-food system are main determinants of coastal eutrophication.
Environmental Research Letters 16, 023005.

Ghabban, M., 2024. Econometric Insights into Sectoral Dynamics and Economic Factors in Saudi Arabia:
Assessing Impacts and Resource Utilization.

Ghandour, I.M., Aljahdali, M.H., 2021. Elemental Enrichment in Shallow Subsurface Red Sea Coastal Sediments,
Al-Shuaiba, Saudi Arabia: Natural vs. Anthropogenic Controls. Minerals 11, 898.

Ginoux, P., Prospero, ]. M., Gill, T.E., Hsu, N.C., Zhao, M., 2012. Global-scale attribution of anthropogenic and
natural dust sources and their emission rates based on MODIS Deep Blue aerosol products. Reviews of
Geophysics 50.

Giordano, M., Barron, J., Unver, O., 2019. Water scarcity and challenges for smallholder agriculture. Sustainable
food and agriculture. Elsevier, pp. 75-94.

Giosan, L., Syvitski, J., Constantinescu, S., Day, J., 2014. Climate change: Protect the world's deltas. Nature 516,
31-33.

Goossens, D., Riksen, M., 2004. Wind erosion and dust dynamics at the commencement of the 21st century. Wind
erosion and dust dynamics: observation, simulation, modelling. Wageningen: ESW publications, 7-13.

Goudie, A.S., 2018. Human impact on the natural environment. John Wiley & Sons.

Greaver, T.L., Sullivan, T.J., Herrick, J.D., Barber, M.C., Baron, ].S., Cosby, B.]., Deerhake, M.E., Dennis, R.L.,
Dubois, ]J.-].B., Goodale, C.L., 2012. Ecological effects of nitrogen and sulfur air pollution in the US: what
do we know? Frontiers in Ecology and the Environment 10, 365-372.

Gurmu, G., 2019. Soil organic matter and its role in soil health and crop productivity improvement. Forest
Ecology and Management 7, 475-483.

Hallegatte, S., Green, C., Nicholls, R.J., Corfee-Morlot, J., 2013. Future flood losses in major coastal cities. Nature
climate change 3, 802-806.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A., Thau, D., Stehman, S.V.,
Goetz, S.J., Loveland, T.R., 2013. High-resolution global maps of 21st-century forest cover change. science
342, 850-853.

Hao, D.-C,, Li, X.-J., Xiao, P.-G., Wang, L.-F., 2020. The utility of electrochemical systems in microbial degradation
of polycyclic aromatic hydrocarbons: discourse, diversity and design. Frontiers in microbiology 11, 557400.

Haregeweyn, N., Tsunekawa, A., Nyssen, J., Poesen, ]., Tsubo, M., Tsegaye Meshesha, D., Schiitt, B., Adgo, E.,
Tegegne, F., 2015. Soil erosion and conservation in Ethiopia: a review. Progress in Physical Geography 39,
750-774.

Hassani, A., Azapagic, A., Shokri, N., 2020. Predicting long-term dynamics of soil salinity and sodicity on a global
scale. Proceedings of the National Academy of Sciences 117, 33017-33027.

He, Y., Trumbore, S.E., Torn, M.S., Harden, J.W., Vaughn, L.]., Allison, S.D., Randerson, ]J.T., 2016. Radiocarbon
constraints imply reduced carbon uptake by soils during the 21st century. Science 353, 1419-1424.

Herbert, E.R., Boon, P., Burgin, A.J., Neubauer, S.C., Franklin, R.B., Ardén, M., Hopfensperger, K.N., Lamers,
L.P., Gell, P, 2015. A global perspective on wetland salinization: ecological consequences of a growing
threat to freshwater wetlands. Ecosphere 6, 1-43.

Honda, M., Suzuki, N., 2020. Toxicities of polycyclic aromatic hydrocarbons for aquatic animals. International
journal of environmental research and public health 17, 1363.

Houghton, J.T., 1986. IPCC (intergovernmental panel on climate change). The science of climate change.

Houghton, ].T., 2001. The scientific basis; contribution of working group I to the third assessment report of the

intergovernmental panel on climate change. Cambridge University Press.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

26 of 33

Hsiang, S.M., Burke, M., Miguel, E., 2013. Quantifying the influence of climate on human conflict. Science 341,
1235367.

Huang, J., Hartemink, A.E., 2020. Soil and environmental issues in sandy soils. Earth-Science Reviews 208,
103295.

Huang, J., Zhang, G., Zhang, Y., Guan, X., Wei, Y., Guo, R., 2020. Global desertification vulnerability to climate
change and human activities. Land Degradation & Development 31, 1380-1391.

Husain, T., Khalil, A.A., 2013. Environment and sustainable development in the Kingdom of Saudi Arabia:
current status and future strategy. Journal of sustainable development 6, 14.

Ibrahim, M., Lal, R., Bary, E.A., Swelam, A., 2012. 7 Water Resources and Agronomic Productivity in the West
Asia and North Africa Region.

Jacobs, S.R., Webber, H., Niether, W., Grahmann, K., Liittschwager, D., Schwartz, C., Breuer, L., Bellingrath-
Kimura, S.D., 2022. Modification of the microclimate and water balance through the integration of trees
into temperate cropping systems. Agricultural and Forest Meteorology 323, 109065.

Jafari, M., Tavili, A., Panahi, F., Esfahan, E.Z., Ghorbani, M., 2018. Reclamation of arid lands. Springer.

Jasmin, I., Mallikarjuna, P., 2011. Satellite-based remote sensing and geographic information systems and their
application in the assessment of groundwater potential, with particular reference to India. Hydrogeology
Journal 19, 729.

Jeanne, P., Farr, T.G., Rutqvist, J., Vasco, D.W., 2019. Role of agricultural activity on land subsidence in the San
Joaquin Valley, California. Journal of hydrology 569, 462-469.

Jewell, AM., Drake, N., Crocker, A.J., Bakker, N.L., Kunkelova, T., Bristow, C.S., Cooper, M.]., Milton, J.A,,
Breeze, P.S., Wilson, P.A., 2021. Three North African dust source areas and their geochemical fingerprint.
Earth and Planetary Science Letters 554, 116645.

Kapalanga, T.S., 2008. A review of land degradation assessment methods. Land restoration training programme
2011.

Katra, I., Gross, A., Swet, N., Tanner, S., Krasnov, H., Angert, A., 2016. Substantial dust loss of bioavailable
phosphorus from agricultural soils. Scientific reports 6, 24736.

Katra, I., Lancaster, N., 2008. Surface-sediment dynamics in a dust source from spaceborne multispectral thermal
infrared data. Remote sensing of Environment 112, 3212-3221.

Katra, I., Laor, S., Swet, N., Kushmaro, A., Ben-Dov, E., 2017. Shifting cyanobacterial diversity in response to
agricultural soils associated with dust emission. Land Degradation & Development 28, 878-886.

Kibret, K., Abera, G., Beyene, S., 2023. Soils and Society. The Soils of Ethiopia. Springer, pp. 257-281.

Koarashi, J., Atarashi-Andoh, M., Matsunaga, T., Sanada, Y., 2016. Forest type effects on the retention of
radiocesium in organic layers of forest ecosystems affected by the Fukushima nuclear accident. Scientific
reports 6, 38591.

Kocsis, T., Ringer, M., Bird, B., 2022. Characteristics and applications of biochar in soil-plant systems: A short
review of benefits and potential drawbacks. Applied Sciences 12, 4051.

Kogel-Knabner, 1., Amelung, W., 2021. Soil organic matter in major pedogenic soil groups. Geoderma 384,
114785.

Kok, J.E., 2011. A scaling theory for the size distribution of emitted dust aerosols suggests climate models
underestimate the size of the global dust cycle. Proceedings of the National Academy of Sciences 108, 1016-
1021.

Kok, J.E, Ridley, D.A., Zhou, Q., Miller, R.L., Zhao, C., Heald, C.L., Ward, D.S., Albani, S., Haustein, K., 2017.
Smaller desert dust cooling effect estimated from analysis of dust size and abundance. Nature Geoscience

10, 274-278.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

27 of 33

Kok, S., Costa, A.L., 2021. Framework for economic cost assessment of land subsidence. Natural Hazards 106,
1931-1949.

Kotwicki, V., Al Sulaimani, Z., 2009. Climates of the Arabian Peninsula-past, present, future. International
Journal of Climate Change Strategies and Management 1, 297-310.

Krasnov, H., Katra, I, Friger, M., 2016. Increase in dust storm related PM10 concentrations: A time series analysis
of 2001-2015. Environmental Pollution 213, 36-42.

Krishnamurthy, L., Krishnamurthy, P.K., Rajagopal, I., Peralta Solares, A., 2019. Can agroforestry systems thrive
in the drylands? Characteristics of successful agroforestry systems in the arid and semi-arid regions of
Latin America. Agroforestry Systems 93, 503-513.

Kroll, S.A., Oakland, H.C., 2019. A review of studies documenting the effects of agricultural best management
practices on physiochemical and biological measures of stream ecosystem integrity. Natural Areas Journal
39, 58-77.

Kumar, N., Chaudhary, A., Ahlawat, O.P., Naorem, A., Upadhyay, G., Chhokar, R.S., Gill, S.C., Khippal, A.,
Tripathi, S.C., Singh, G.P., 2023. Crop residue management challenges, opportunities and way forward for
sustainable food-energy security in India: A review. Soil and Tillage Research 228, 105641.

Kumar, P., Herath, S., Avtar, R., Takeuchi, K., 2016. Mapping of groundwater potential zones in Killinochi area,
Sri Lanka, using GIS and remote sensing techniques. Sustainable Water Resources Management 2, 419-430.

Kuppusamy, S., Maddela, N.R., Megharaj, M., Venkateswarlu, K., 2020. Total petroleum hydrocarbons. Environ.
Fate Toxic. Remediat.

Lal, R., 2018. Digging deeper: A holistic perspective of factors affecting soil organic carbon sequestration in
agroecosystems. Global change biology 24, 3285-3301.

Lal, R, 2019. Carbon cycling in global drylands. Current climate change reports 5, 221-232.

Lall, U., Josset, L., Russo, T., 2020. A snapshot of the world's groundwater challenges. Annual Review of
Environment and Resources 45, 171-194.

Lelieveld, J., Kunkel, D., Lawrence, M.G., 2012. Global risk of radioactive fallout after major nuclear reactor
accidents. Atmospheric Chemistry and Physics 12, 4245-4258.

Li, Z., Fang, H., 2016. Impacts of climate change on water erosion: A review. Earth-Science Reviews 163, 94-117.

Lioubimtseva, E., 2004. Climate change in arid environments: revisiting the past to understand the future.
Progress in Physical Geography 28, 502-530.

Liu, M., Han, G., Zhang, Q., 2019. Effects of soil aggregate stability on soil organic carbon and nitrogen under
land use change in an erodible region in Southwest China. International journal of environmental research
and public health 16, 3809.

Liu, S.,, Wang, X., Guo, G,, Yan, Z., 2021. Status and environmental management of soil mercury pollution in
China: A review. Journal of Environmental Management 277, 111442.

Liu, Y., Li, J., Fasullo, J., Galloway, D.L., 2020. Land subsidence contributions to relative sea level rise at tide
gauge Galveston Pier 21, Texas. Scientific reports 10, 17905.

Liu, Y., Liang, J., Zhou, X., Yuan, H., Li, Y., Chang, D., Yang, K., Yang, D., 2022. Degradation of persistent organic
pollutants in soil by parallel tubes-array dielectric barrier discharge plasma cooperating with catalyst.
Chemical Engineering Journal 437, 135089.

Lodygin, E., Shamrikova, E., Kubik, O., Chebotarev, N., Abakumov, E., 2023. The role of organic and mineral
fertilization in maintaining fertility and productivity of cryolithozone soils. Agronomy 13, 1384.

Lugato, E., Smith, P., Borrelli, P., Panagos, P., Ballabio, C., Orgiazzi, A., Fernandez-Ugalde, O., Montanarella, L.,
Jones, A., 2018. Soil erosion is unlikely to drive a future carbon sink in Europe. Science Advances 4,

eaau3523.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

28 of 33

Ma, X., Zhao, C., Zhu, ]., 2021. Aggravated risk of soil erosion with global warming—A global meta-analysis.
Catena 200, 105129.

Macaulay, B.M., Rees, D., 2014. Bioremediation of oil spills: a review of challenges for research advancement.
Annals of environmental Science 8, 9-37.

Mahmoud, M.T., Al-Zahrani, M. A., Sharif, H.O., 2018. Assessment of global precipitation measurement satellite
products over Saudi Arabia. Journal of Hydrology 559, 1-12.

Mahowald, N.M., Hamilton, D.S., Mackey, K.R., Moore, ].K., Baker, A.R., Scanza, R.A., Zhang, Y., 2018. Aerosol
trace metal leaching and impacts on marine microorganisms. Nature communications 9, 2614.

Makkawi, Y., Pour, F.H., Moussa, O., 2022. Case study in arid and semi-arid regions. Waste-to-Energy: Recent
Developments and Future Perspectives towards Circular Economy. Springer, pp. 577-612.

Maltsev, K., Yermolaev, O., 2020. Assessment of soil loss by water erosion in small river basins in Russia. Catena
195, 104726.

Manzoor, M.M., Goyal, P., Gupta, A.P., Gupta, S., 2020. Heavy metal soil contamination and bioremediation.
Bioremediation and Biotechnology, Vol 2: Degradation of Pesticides and Heavy Metals, 221-239.

Martinez-Mena, M., Carrillo-Lépez, E., Boix-Fayos, C., Almagro, M., Franco, N.G., Diaz-Pereira, E., Montoya, I,
De Vente, J., 2020. Long-term effectiveness of sustainable land management practices to control runoff, soil
erosion, and nutrient loss and the role of rainfall intensity in Mediterranean rainfed agroecosystems. Catena
187, 104352.

Martinez-Valderrama, J., Guirado, E., Maestre, F.T., 2020. Desertifying deserts. Nature Sustainability 3, 572-575.

Mashat, A., Basset, H.A., 2011. Analysis of rainfall over Saudi Arabia. Journal of King Abdulaziz University:
Metrology, Environment and Arid Land Agricultural Sciences 22, 59-78.

McGrane, S.J., 2016. Impacts of urbanisation on hydrological and water quality dynamics, and urban water
management: a review. Hydrological Sciences Journal 61, 2295-2311.

Miao, R, Jiang, D., Musa, A., Zhou, Q., Guo, M., Wang, Y., 2015. Effectiveness of shrub planting and grazing
exclusion on degraded sandy grassland restoration in Horgin sandy land in Inner Mongolia. Ecological
Engineering 74, 164-173.

Miao, R, Liu, Y., Wu, L., Wang, D., Liu, Y., Miao, Y., Yang, Z., Guo, M., Ma, ., 2022. Effects of long-term grazing
exclusion on plant and soil properties vary with position in dune systems in the Horqin Sandy Land. Catena
209, 105860.

Middleton, N.J., Sternberg, T., 2013. Climate hazards in drylands: A review. Earth-Science Reviews 126, 48-57.

Middleton, N.J., Thomas, D.S., 1992. World atlas of desertification.

Minderhoud, P., Middelkoop, H., Erkens, G., Stouthamer, E., 2020. Groundwater extraction may drown mega-
delta: projections of extraction-induced subsidence and elevation of the Mekong delta for the 21st century.
Environmental Research Communications 2, 011005.

Minhas, P., Ramos, T.B., Ben-Gal, A., Pereira, L.S., 2020. Coping with salinity in irrigated agriculture: Crop
evapotranspiration and water management issues. Agricultural Water Management 227, 105832.

Miyan, M.A., 2015. Droughts in Asian least developed countries: vulnerability and sustainability. Weather and
climate extremes 7, 8-23.

Modaihsh, A.S., Ghoneim, A.M., Sallam, A.S., Mahjoub, M.O., 2014. Soil Salinity, Sand encroachment and erosion
as indicators of land degradation in Harad Center, Saudi Arabia. Journal of Remote Sensing and GIS 2, 11-
15.

Montanarella, L., Badraoui, M., Chude, V., Costa, 1., Mamo, T., Yemefack, M., Aulang, M., Yagi, K., Hong, S.Y.,

Vijarnsorn, P., 2015. Status of the world's soil resources: main report.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

29 of 33

Morbidelli, R., Saltalippi, C., Flammini, A., Govindaraju, R.S., 2018. Role of slope on infiltration: A review.
Journal of Hydrology 557, 878-886.

Moreno-Jiménez, E., Plaza, C., Saiz, H., Manzano, R., Flagmeier, M., Maestre, F.T., 2019. Aridity and reduced soil
micronutrient availability in global drylands. Nature sustainability 2, 371-377.

Mume, I.D., Workalemahu, S., 2021. Review on windbreaks agroforestry as a climate smart agriculture practices.
American Journal of Agriculture and Forestry 9, 342-347.

Myhre, G., Alterskjer, K., Stjern, CW., Hodnebrog, ., Marelle, L., Samset, B.H., Sillmann, J., Schaller, N.,
Fischer, E., Schulz, M., 2019. Frequency of extreme precipitation increases extensively with event rareness
under global warming. Scientific reports 9, 16063.

Naipal, V., Ciais, P., Wang, Y., Lauerwald, R., Guenet, B., Van Oost, K., 2018. Global soil organic carbon removal
by water erosion under climate change and land use change during AD 1850-2005. Biogeosciences 15, 4459-
4480.

Naorem, A., Jayaraman, S., Dang, Y.P., Dalal, R.C,, Sinha, N.K,, Rao, C.S., Patra, A.K., 2023. Soil constraints in an
arid environment— challenges, prospects, and implications. Agronomy 13, 220.

Nasrallah, H., Balling, R., 1996. Analysis of recent climatic changes in the Arabian Peninsula region. Theoretical
and Applied Climatology 53, 245-252.

Navarro-Pedrefio, J., Almendro-Candel, M.B., Zorpas, A.A., 2021. The increase of soil organic matter reduces
global warming, myth or reality? Sci 3, 18.

Nedd, R, Light, K., Owens, M., James, N., Johnson, E., Anandhi, A., 2021. A synthesis of land use/land cover
studies: Definitions, classification systems, meta-studies, challenges and knowledge gaps on a global
landscape. Land 10, 994.

Norman, A.J., 2017. The use of vegetative buffer strips to protect wetlands in southern Ontario. Wetlands. CRC
Press, pp. 263-278.

Nosetto, M.D., Acosta, A., Jayawickreme, D., Ballesteros, S., Jackson, R., Jobbagy, E. 2013. Land-use and
topography shape soil and groundwater salinity in central Argentina. Agricultural Water Management 129,
120-129.

Novara, A., Pisciotta, A., Minacapilli, M., Maltese, A., Capodici, F., Cerda, A., Gristina, L., 2018. The impact of
soil erosion on soil fertility and vine vigor. A multidisciplinary approach based on field, laboratory and
remote sensing approaches. Science of The Total Environment 622, 474-480.

O'Rourke, S.M., Angers, D.A., Holden, N.M., McBratney, A.B., 2015. Soil organic carbon across scales. Global
change biology 21, 3561-3574.

Obalum, S., Chibuike, G., Peth, S., Ouyang, Y., 2017. Soil organic matter as sole indicator of soil degradation.
Environmental monitoring and assessment 189, 1-19.

Oldeman, L.R., Hakkeling, R., Sombroek, W.G., 1990. World map of the status of human-induced soil
degradation: an explanatory note.

Orgiazzi, A., Bardgett, R.D., Barrios, E., 2016. Global soil biodiversity atlas.

Osman, K.T., Osman, K.T., 2018. Saline and sodic soils. Management of soil problems, 255-298.

Ostro, B., Awe, Y., Sanchez-Triana, E., 2021. When the dust settles: a review of the health implications of the dust
component of air pollution. Pollution management and environmental health. Washington (DC): World
Bank Group.

Palansooriya, K.N., Ok, Y.S., Awad, Y.M,, Lee, S.S., Sung, ].-K., Koutsospyros, A., Moon, D.H., 2019. Impacts of
biochar application on upland agriculture: A review. Journal of environmental management 234, 52-64.

Panagos, P., Imeson, A., Meusburger, K., Borrelli, P., Poesen, J., Alewell, C., 2016. Soil conservation in Europe:

wish or reality? Land Degradation & Development 27, 1547-1551.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

30 of 33

Pandit, R., Scholes, R., Montanarella, L., Brainich, A., Barger, N., ten Brink, B., Cantele, M., Erasmus, B., Fisher,
J., Gardner, T., 2018. Summary for policymakers of the assessment report on land degradation and
restoration of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.

Patel, K., Patel, M., 2020. Improving bioremediation process of petroleum wastewater using biosurfactants
producing Stenotrophomonas sp. SIVKR-26 and assessment of phytotoxicity. Bioresource technology 315,
123861.

Pimentel, D., Burgess, M., 2013. Soil erosion threatens food production. Agriculture 3, 443-463.

Plaza, C., Zaccone, C., Sawicka, K., Méndez, A M., Tarquis, A., Gascd, G., Heuvelink, G.B., Schuur, E.A., Maestre,
F.T., 2018. Soil resources and element stocks in drylands to face global issues. Scientific Reports 8, 13788.

Poesen, J., 2018. Soil erosion in the Anthropocene: Research needs. Earth surface processes and landforms 43, 64-
84.

Polidoro, B.A., Comeros-Raynal, M.T., Cahill, T., Clement, C., 2017. Land-based sources of marine pollution:
Pesticides, PAHs and phthalates in coastal stream water, and heavy metals in coastal stream sediments in
American Samoa. Marine pollution bulletin 116, 501-507.

Pravilie, R., 2021. Exploring the multiple land degradation pathways across the planet. Earth-Science Reviews
220, 103689.

Pravalie, R., Bandoc, G., Patriche, C., Sternberg, T., 2019. Recent changes in global drylands: Evidences from two
major aridity databases. CATENA 178, 209-231.

Pravalie, R., Patriche, C.V,, Sirodoev, I., Bandoc, G., Dumitrascu, M., Peptenatu, D., 2016. Water deficit and corn
productivity during the post-socialist period. Case study: Southern Oltenia drylands, Romania. Arid Land
Research and Management 30, 239-257.

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R.J., Drechsel, P., Noble, A.D., 2014.
Economics of salt-induced land degradation and restoration. Natural resources forum. Wiley Online
Library, pp. 282-295.

Ragab, R., Prudhomme, C., 2000. Climate change and water resources management in the southern
Mediterranean and Middle East countries. The Second World Water Forum, pp. 17-22.

Rahman, M.M., Alam, M.S., Kamal, M.Z.U., Rahman, G.K.M.M., 2020. Organic sources and tillage practices for
soil management. Resources Use Efficiency in Agriculture, 283-328.

Ravi, S., Breshears, D.D., Huxman, T.E., D'Odorico, P., 2010. Land degradation in drylands: interactions among
hydrologic-aeolian erosion and vegetation dynamics. Geomorphology 116, 236-245.

Reddy, G.P.O., Kumar, N., Singh, S.K., 2018. Remote sensing and GIS in mapping and monitoring of land
degradation. Geospatial Technologies in Land Resources Mapping, Monitoring and Management, 401-424.

Rehman, S., 2010. Temperature and rainfall variation over Dhahran, Saudi Arabia,(1970-2006). International
Journal of Climatology: A Journal of the Royal Meteorological Society 30, 445-449.

Ren, A.-T., Li, J.-Y., Zhao, L., Zhou, R,, Ye, ].-S., Wang, Y.-B., Zhang, X.-C., Wesly, K., Ma, M.-S., Xiong, Y.-C., 2023.
Reduced plastic film mulching under zero tillage boosts water use efficiency and soil health in semiarid
rainfed maize field. Resources, Conservation and Recycling 190, 106851.

Rengarajan, T., Rajendran, P., Nandakumar, N., Lokeshkumar, B., Rajendran, P., Nishigaki, I., 2015. Exposure to
polycyclic aromatic hydrocarbons with special focus on cancer. Asian pacific journal of tropical
biomedicine 5, 182-189.

Reynolds, J.F., Smith, D.M.S., Lambin, E.F., Turner, B., Mortimore, M., Batterbury, S.P., Downing, T.E.,
Dowlatabadi, H., Fernandez, R.J., Herrick, J.E., 2007. Global desertification: building a science for dryland
development. science 316, 847-851.

Rochman, C.M., Hoellein, T., 2020. The global odyssey of plastic pollution. Science 368, 1184-1185.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

31 of 33

Rodrigo-Comino, J., 2018. Five decades of soil erosion research in “terroir”. The State-of-the-Art. Earth-Science
Reviews 179, 436-447.

Rostami, S.,, Azhdarpoor, A., Rostami, M., Mohammadi, F., Jaskulak, M., Dehghani, M., Samaei, M.R,,
Baghapour, M.A,, 2021. Improvement of the Rhizoremediation efficiency of PAHs contaminated soil under
cysteine treatment along with modeling. Environmental Nanotechnology, Monitoring & Management 16,
100519.

Rozema, J., Flowers, T., 2008. Crops for a salinized world. Science 322, 1478-1480.

Saber, M., Habib, E., 2016. Flash floods modelling for wadi system: challenges and trends. Landscape dynamics,
soils and hydrological processes in varied climates, 317-339.

Saleh, N., Elzahrany, R., 2009. Geography in Saudi Arabia. The Arab World Geographer 12, 150-172.

Salem, H.S., Pudza, M.Y.,, Yihdego, Y., 2022. Water strategies and water—food Nexus: challenges and
opportunities towards sustainable development in various regions of the World. Sustainable Water
Resources Management 8, 114.

Sarkar, D., Ferguson, M., Datta, R., Birnbaum, S., 2005. Bioremediation of petroleum hydrocarbons in
contaminated soils: comparison of biosolids addition, carbon supplementation, and monitored natural
attenuation. Environmental pollution 136, 187-195.

Sartori, M., Philippidis, G., Ferrari, E., Borrelli, P., Lugato, E., Montanarella, L., Panagos, P., 2019. A linkage
between the biophysical and the economic: Assessing the global market impacts of soil erosion. Land use
policy 86, 299-312.

Sarvade, S., Upadhyay, V.B., Kumar, M., Imran Khan, M., 2019. Soil and water conservation techniques for
sustainable agriculture. Sustainable agriculture, forest and environmental management, 133-188.

Schwarzenbach, R.P., Egli, T., Hofstetter, T.B., Von Gunten, U., Wehrli, B., 2010. Global water pollution and
human health. Annual review of environment and resources 35, 109-136.

Seitz, S., Goebes, P., Puerta, V.L., Pereira, E.LP., Wittwer, R., Six, J., van Der Heijden, M.G.A., Scholten, T., 2019.
Conservation tillage and organic farming reduce soil erosion. Agronomy for Sustainable Development 39,
1-10.

Sen, Z., Al Alsheikh, A., Al-Turbak, A., Al-Bassam, A., Al-Dakheel, A., 2013. Climate change impact and runoff
harvesting in arid regions. Arabian Journal of Geosciences 6, 287-295.

Setia, R., Gottschalk, P., Smith, P., Marschner, P., Baldock, J., Setia, D., Smith, ]., 2013. Soil salinity decreases
global soil organic carbon stocks. Science of the Total Environment 465, 267-272.

Seto, K.C., Giineralp, B., Hutyra, L.R., 2012. Global forecasts of urban expansion to 2030 and direct impacts on
biodiversity and carbon pools. Proceedings of the National Academy of Sciences 109, 16083-16088.

SGI, 2021. Saudi Green Initiative (SGI) is an ambitious national initiative that is focused on combating climate
change, improving quality of life, and protecting the environment for future generations.

Shahane, A.A., Shivay, Y.S., 2021. Soil health and its improvement through novel agronomic and innovative
approaches. Frontiers in Agronomy 3, 680456.

Shao, Y., 2008. Physics and modelling of wind erosion. Springer.

Shepherd, G., Terradellas, E., Baklanov, A., Kang, U., Sprigg, W., Nickovic, S., Darvishi Boloorani, A., Al-Dousari,
A., Basart, S., Benedetti, A., 2016. Global assessment of sand and dust storms.

Sileshi, G.W., Mafongoya, P.L., Nath, A.J., 2020. Agroforestry systems for improving nutrient recycling and soil
fertility on degraded lands. Agroforestry for Degraded Landscapes: Recent Advances and Emerging
Challenges-Vol. 1, 225-253.

Singh, A., 2021. Soil salinization management for sustainable development: A review. Journal of environmental

management 277, 111383.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

32 of 33

Singh, J., Yadav, P., Pal, A.K., Mishra, V., 2020. Water pollutants: Origin and status. Sensors in water pollutants
monitoring: Role of material, 5-20.

Skidmore, E., 2017. Wind erosion. Soil erosion research methods. Routledge, pp. 265-294.

Smith, R.G., Majumdar, S., 2020. Groundwater storage loss associated with land subsidence in Western United
States mapped using machine learning. Water Resources Research 56, e2019WR026621.

Solomon, S., 2007. Contribution of Working Group I to the fourth assessment report of the Intergovernmental
Panel on Climate Change 2007. (No Title).

Stavi, I, Lal, R., 2015. Achieving zero net land degradation: challenges and opportunities. Journal of Arid
Environments 112, 44-51.

Stavi, I., Roque de Pinho, J., Paschalidou, A.K., Adamo, S.B., Galvin, K., de Sherbinin, A., Even, T., Heaviside, C.,
van der Geest, K., 2022. Food security among dryland pastoralists and agropastoralists: The climate, land-
use change, and population dynamics nexus. The Anthropocene Review 9, 299-323.

Sukenik, A., Quesada, A., Salmaso, N., 2015. Global expansion of toxic and non-toxic cyanobacteria: effect on
ecosystem functioning. Biodiversity and Conservation 24, 889-908.

Swet, N., Katra, I., 2016. Reduction in soil aggregation in response to dust emission processes. Geomorphology
268, 177-183.

Syvitski, J.P., Kettner, A.]., Overeem, 1., Hutton, EZW., Hannon, M.T., Brakenridge, G.R., Day, J., Vérosmarty, C.,
Saito, Y., Giosan, L., 2009. Sinking deltas due to human activities. Nature Geoscience 2, 681-686.

Tang, F.H., Lenzen, M., McBratney, A., Maggi, F., 2021. Risk of pesticide pollution at the global scale. Nature
geoscience 14, 206-210.

Tatarko, J., 2001. Soil aggregation and wind erosion: processes and measurements. Annals of Arid Zone 40, 251-
264.

TENG, H.-f,, Jie, H,, Yue, Z., ZHOU, L.-q., Zhou, S., 2019. Modelling and mapping soil erosion potential in China.
Journal of integrative agriculture 18, 251-264.

Tessler, Z.D., Vérosmarty, C.J., Grossberg, M., Gladkova, 1., Aizenman, H., Syvitski, ].P., Foufoula-Georgiou, E.,
2015. Profiling risk and sustainability in coastal deltas of the world. Science 349, 638-643.

Thiry, Y., Tanaka, T., Dvornik, A., Dvornik, A., 2020. TRIPS 2.0: toward more comprehensive modeling of
radiocaesium cycling in forest. Journal of environmental radioactivity 214, 106171.

Tlili, I, 2015. Renewable energy in Saudi Arabia: current status and future potentials. Environment, development
and sustainability 17, 859-886.

UNDP, 2016. Development of policies and capacities for sustainability environment and natural resources.

UNDP, 2024. Capacity development for sustainable development and management of water resources in the
kingdom of Saudi Arabia.

Unger, P.W., 2023. Common soil and water conservation practices. Soil erosion, conservation, and rehabilitation.
CRC Press, pp. 239-266.

Van den Berg, H., 2009. Global status of DDT and its alternatives for use in vector control to prevent disease.
Environmental health perspectives 117, 1656-1663.

van der Esch, S., ten Brink, B., Stehfest, E., Bakkenes, M., Sewell, A., Bouwman, A., Meijer, ]., Westhoek, H., van
den Berg, M., van den Born, G.J., 2017. Exploring future changes in land use and land condition and the
impacts on food, water, climate change and biodiversity: scenarios for the UNCCD Global Land Outlook.
PBL Netherlands Environmental Assessment Agency.

Vanmaercke, M., Panagos, P., Vanwalleghem, T., Hayas, A., Foerster, S., Borrelli, P., Rossi, M., Torri, D., Casali,
J., Borselli, L., 2021. Measuring, modelling and managing gully erosion at large scales: A state of the art.

Earth-Science Reviews 218, 103637.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2025 d0i:10.20944/preprints202509.1527.v1

33 of 33

Wakeel, M., Chen, B., Hayat, T., Alsaedi, A., Ahmad, B., 2016. Energy consumption for water use cycles in
different countries: A review. Applied Energy 178, 868-885.

Wang, L., He, Z., Zhao, W., Wang, C., Ma, D., 2022. Fine soil texture is conducive to crop productivity and
nitrogen retention in irrigated cropland in a desert-oasis ecotone, Northwest China. Agronomy 12, 1509.

Watson, J.A., Cardenas, M.B., Ferencz, S.B., Knappett, P.5.K., Neilson, B.T., 2018. The effects of floods on the
temperature of riparian groundwater. Hydrological Processes 32, 1267-1281.

Webb, N.P., Strong, C.L., 2011. Soil erodibility dynamics and its representation for wind erosion and dust
emission models. Aeolian Research 3, 165-179.

Wei, M., Xia, T., He, Y., 2022. Remediation of polycyclic aromatic hydrocarbons by thermal desorption from a
coking plant soil: effects of vacuum-enhanced and alkali-assisted on removal efficiencies. Environmental
Engineering Science 39, 48-55.

Wei, W., Chen, D., Wang, L., Daryanto, S., Chen, L., Yu, Y., Lu, Y., Sun, G., Feng, T., 2016. Global synthesis of the
classifications, distributions, benefits and issues of terracing. Earth-Science Reviews 159, 388-403.

Wei, W., Feng, X., Yang, L., Chen, L., Feng, T., Chen, D., 2019. The effects of terracing and vegetation on soil
moisture retention in a dry hilly catchment in China. Science of the Total Environment 647, 1323-1332.

Wolka, K., Mulder, J., Biazin, B., 2018. Effects of soil and water conservation techniques on crop yield, runoff and
soil loss in Sub-Saharan Africa: A review. Agricultural water management 207, 67-79.

Wu, M., Dick, W.A,, Li, W., Wang, X,, Yang, Q., Wang, T., Xu, L., Zhang, M., Chen, L., 2016. Bioaugmentation
and biostimulation of hydrocarbon degradation and the microbial community in a petroleum-
contaminated soil. International Biodeterioration & Biodegradation 107, 158-164.

Wouepper, D., Borrelli, P., Mueller, D., Finger, R., 2020. Quantifying the soil erosion legacy of the Soviet Union.
Agricultural Systems 185, 102940.

Yan, H,, Lin, Y., Chen, Q., Zhang, J., He, S., Feng, T., Wang, Z., Chen, C., Ding, J., 2023. A review of the eco-
environmental impacts of the South-to-North Water Diversion: Implications for interbasin water transfers.
Engineering 30, 161-169.

Yang, X.M., Reynolds, W.D., Drury, C.F., Reeb, M.D., 2021. Cover crop effects on soil temperature in a clay loam
soil in southwestern Ontario. Canadian Journal of Soil Science 101, 761-770.

Yitshak-Sade, M., Novack, V., Katra, I., Gorodischer, R., Tal, A., Novack, L., 2015. Non-anthropogenic dust
exposure and asthma medication purchase in children. European Respiratory Journal 45, 652-660.

Yu, Y, Pi, Y, Yu, X, Ta, Z, Sun, L., Disse, M., Zeng, F., Li, Y., Chen, X, Yu, R,, 2019. Climate change, water
resources and sustainable development in the arid and semi-arid lands of Central Asia in the past 30 years.
Journal of Arid Land 11, 1-14.

Zhang, F., Cui, Z., Fan, M., Zhang, W., Chen, X,, Jiang, R., 2011. Integrated soil-crop system management:
reducing environmental risk while increasing crop productivity and improving nutrient use efficiency in
China. Journal of Environmental Quality 40, 1051-1057.

Zobeck, T., Popham, T., Skidmore, E., Lamb, J., Merrill, S., Lindstrom, M., Mokma, D., Yoder, R., 2003. Aggregate-
mean diameter and wind-erodible soil predictions using dry aggregate-size distributions. Soil Science

Society of America Journal 67, 425-436.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1527.v1
http://creativecommons.org/licenses/by/4.0/

