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• Soil degradation affects the life quality 
of the MENA region. 

• Constructed soils can effectively align 
with soil reclamation efforts. 

• Constructed soils are effective tools for 
waste management. 

• A thoughtful implementation of soil 
engineering reduces costs and green
house gas emissions.  
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A B S T R A C T   

Soil degradation is a short or long ongoing process that limits ecosystem services. Intensive land use, water 
scarcity, land disturbance, and global climate change have reduced the quality of soils worldwide. This degra
dation directly threatens most of the land in the Middle East and North Africa, while the remaining areas are at 
high risk of further desertification. Rehabilitation and control of these damaged environments are essential to 
avoid negative effects on human well-being (e.g., poverty, food insecurity, wars, etc.). Here we review con
structed soils involving the use of waste materials as a solution to soil degradation and present approaches to 
address erosion, organic matter oxidation, water scarcity and salinization. Our analysis showed a high potential 
for using constructed soil as a complimentary reclamation solution in addition to traditional ones. Constructed 
soils could have the ability to overcome the limitations of existing solutions to tackle land degradation while 
contributing to the solution of waste management problems. These soils facilitate the provision of multiple 
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ecosystem services and have the potential to address particularly challenging land degradation problems in semi 
and dry climates.   

1. Introduction 

Land degradation is one of the greatest social-environmental chal
lenges facing society. This process is associated with poverty, disease, 
political conflicts, decreased economic output, increased migration, 
food insecurity (Croitoru and Sarraf, 2010), and loss of biodiversity and 
associated ecosystem services (IPBES, 2018). Land degradation is closely 
related to the loss or degradation of productive soils (as the basis for life 
on earth). While soil degradation is a major issue worldwide (Borrelli 
et al., 2017; FAO, 2015), it is more intense under dry climates (Salhi 
et al., 2023) such as in the Middle East and North Africa (MENA) where 
soils are affected by salinization, erosion, and desertification. These 
problems are expected to increase over time (Climate and Environ
mental Change in the Mediterranean Basin, n.d.; Special Report on 
Climate Change and Land, n.d.), especially with predictions of a 25 % 
decrease in rainfall and a 2 ◦C increase in temperature by 2050 in region 
(Ragab and Prudhomme, 2002). 

Land degradation is a short or long term process that limits or re
duces ecosystem services through the loss of soil’s physical, chemical, 
and/or biological qualities (IPBES, 2018). The process involves dynamic 
interactions between land characteristics, human activities, and climatic 
factors and has negative effects on important components of human 
well-being (e.g., poverty, food security threats, wars) (Barbier and 
Hochard, 2018). Key drivers of soil degradation include climate change, 
increased management intensity, urbanization, abandonment of rural 
areas, and poor soil management practices. 

Soil degradation is caused by the removal of vegetation cover which 
exposes bare soils to raindrop impact (splash effect) and to direct 
evaporation (Marzen and Iserloh, 2021), increased frequency and in
tensity of droughts (especially pedological and ecological droughts), 
decreased net primary productivity (Pacheco et al., 2018), depletion of 
soil organic carbon and nutrient pools (Hsu and Dirmeyer, 2023), and 
loss of ecosystem resilience (Borrelli et al., 2017). 

Erosion is the dominant mechanistic driver of land degradation, 
removing fine particles, nutrients, and organic matter from topsoil 
(Blanco-Canqui and Lal, 2008). This leads to decreases in soil thickness 
and thus water and nutrient reserves, reduced soil fertility, especially 
with water rill and wind erosion, and reduced plant growth, which in
creases soil susceptibility to further erosion. The rate at which soil 
erosion is occurring is often unsustainable. For example, in China and 
India, rates of topsoil loss by erosion are 30–40 times greater than soil 
regeneration rates (Pimentel and Kounang, 1998). Rates of regeneration 
are particularly slow in dry and semi-dry climates, and opportunities for 
active restoration are strongly limited by available water resources. In 
MENA, water demand for irrigation and industrial use is expected to 
increase by 50 % and supply is predicted to decrease by 12 % by 2050 
(Droogers et al., 2012). 

Salinization (i.e., the accumulation of salts in soil over time) de
creases the ability of plants to take up water from the soil (Hassani et al., 
2021). Any area where evapotranspiration exceeds water input is 
vulnerable to this process, which is exacerbated by poor quality (high 
salt content) irrigation and groundwater, wind erosion (aeolian trans
port of salt), and rock weathering (Rengasamy, 2006). Remediation of 
saline soils requires the use of large amounts of high-quality irrigation 
water to flush salts out of the soil profile. About 34 million ha of soil are 
affected by salinization, particularly in the MENA region (Negacz et al., 
2022). Areas affected by salinization are expected to increase with 
climate change in South America, southern and western Australia, 
Mexico, the southwest United States, and South Africa (Hassani et al., 
2021). An emerging contributor to salinization is the use of recycled 
wastewater for irrigation (Negm and Shareef, 2020). Due to water 

scarcity, over 40 % (up to 70 % in Israel) of treated wastewater gener
ated in the MENA region is used for agricultural irrigation (Qadir et al., 
2010). Unfortunately, this use increases soil salinity (secondary salinity 
processes), and in some cases permanently damages soil structure 
(Yasuor et al., 2020). 

A relatively recently recognized driver of soil degradation is urban
ization, which has accelerated in the MENA region in recent decades (Al- 
Mulali and Ozturk, 2015). Soil sealing, waste generation, freshwater 
consumption, and soil contamination have led to increased runoff rates 
and volumes and loss of vegetation in many cities (Alexandria, Cairo, 
Casablanca, Doha, Guelmim, Kuwait, Muscat, and Riyadh) (Loudyi and 
Kantoush, 2020). 

Africa and Asia are facing a major issue of aridity (Li et al., 2021a) 
land degradation, affecting almost 23 million km2 of each continent. 
Over the last two decades, significant changes such as population 
growth, economic development, and accelerated urbanization especially 
in Gulf countries have further worsened the most pressing environ
mental challenges shared throughout the MENA region. These chal
lenges include water scarcity, depletion of arable land, ecosystem 
degradation, loss of biodiversity, poor waste management, and air and 
water pollution (Prăvălie, 2021). Additionally, earthquakes in Turkey 
and Syria and geopolitical conflicts in some countries have added to 
existing challenges and generated large amounts of waste. Land degra
dation and climate change worsen socio-economic imbalances by 
reducing the income of millions living in degraded rural areas (Prăvălie, 
2021). This leads to poverty and inequality. By 2050, the global popu
lation will exceed 9 billion, and food production must increase by 60–70 
%. However, land degradation and climate change will cause crop yield 
losses of 10 % globally and up to 50 % in some regions including MENA. 
This will further threaten global food security and social welfare. 

The challenge of land degradation has led to a search for solutions 
that address the three components of sustainability (economics, envi
ronment, and equity). There is great interest in the use of Nature-based 
Solutions (NBS) as “actions which are inspired by, supported by or 
copied from nature” (Union, P.O. of the E, 2015) or Green Infrastructure 
(GI) as multifunctional networks of green spaces to address a wide range 
of environmental sustainability issues because of their ability to influ
ence soil, water, climate, and biodiversity-related variables (Benedict 
and McMahon, 2006). The concepts of GI and NBS are now becoming 
widespread globally (Davies and Lafortezza, 2017; Pauleit et al., 2021) 
and there are any applications with an emphasis on urban areas (Pauleit 
et al., 2017; Pauleit et al., 2020). 

Various techniques and efforts have been established to combat soil 
degradation in dry and semi-dry climates. These include improving 
plant selection and nursing, implementing plantation techniques for 
forestry restoration (Padilla and Pugnaire, 2006), and changing soil 
management practices in agricultural lands to encourage carbon con
servation (Chakraborti et al., 2023; Tian et al., 2023). Additionally, 
altering the topography of the land to enhance water harvesting capa
bilities can also be effective (Rockström and Falkenmark, 2015). Despite 
all the efforts and previous techniques implemented, recovering vege
tation in depleted and denuded dryland landscapes through natural 
succession processes is often a slow and almost impossible task, 
depending on the severity of degradation (Shackelford et al., 2021). 
Simply reducing livestock and wildlife grazing is often ineffective as 
degraded dryland environments can exhibit stability and resilience in 
undesired states. Seeding in dryland ecosystems presents a challenge, as 
most projects experience low germination and establishment success 
and high mortality in the development of seedlings to adult plants 
(Shackelford et al., 2021). 

Soil sustainability and restoration success can be enhanced by the 
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modification or construction specific soil horizons, yet this approach is 
seldom utilized or discussed. Use of constructed soils can enhance soil 
quality and reduce costs by utilizing available materials, including waste 
(Rokia et al., 2014; Deeb et al., 2020). Constructed soils can improve 
restoration success in harsh climates with smart design techniques and 
reduced cost. 

In this review, we explore the potential for the use of constructed 
(engineered) soils as a solution for degraded lands in MENA. We first 
review the process of land degradation and introduce the concepts of 
NBS and GI. We then present results from a literature review focused on 
the use of engineered soils to prevent and mitigate land degradation 
under dry climates. 

Currently, constructed soils are widely used in urban GI and NBS in 
the United States and Europe (Deeb et al., 2020; Rodríguez-Espinosa 
et al., 2021), yet the need for these soils is likely higher in regions such as 
MENA. In these regions, the need for NBS is not limited to cities as there 
is potential to apply this concept to the vast areas of degraded lands 
threatened by desertification. However, there is great uncertainty about 
the potential for using NBS and GI to address land degradation in arid 
regions such as MENA. 

Although the majority of developing countries in MENA have an 
agriculturally focused economies with a high production of organic 
waste (around 67 % of their total waste) (North Africa and the Middle 
East through to the year 2050: towards a greater dependence on agri
cultural imports, n.d.). However, urbanization is increasing rapidly in 
these countries, generating construction and demolition waste (Chen 
et al., 2022). Landfill construction is costly for both developed and 
developing countries and requires long-term monitoring and manage
ment (Chen et al., 2022). Repurposing both organic and inorganic 
wastes to create constructed soils (Deeb et al., 2020) is a particularly 
appealing solution in these countries. The high organic content from 
agricultural waste is beneficial for retaining water in constructed soils 
and reduces the need for fertilizer, which saves money and improves 
water quality. The ability of constructed soils to support vegetation 
growth reduces the temperature in urban areas, thus improving micro
climate and reducing the effects of greenhouse gases. Constructed soils 
that support food production could reduce the need to import food from 
rural to urban areas. In addition, there are economic savings from 
reduced needs to construct, transport waste to, or operate dump sites 
and to treat moist, organic-rich solid wastes that are unsuitable for 
thermal processing. Public health risks are reduced as uncollected waste 
can be gathered and used for soil construction. Less waste ends up at 
dump sites thus decreasing the chance of contamination of soil and 
water, and overall, fewer landfill sites will reduce air, soil, and water 
pollution. Providing a cleaner environment will result in less restoration 
costs, healthier residents, lower medical bills, and ultimately a higher 
quality of life (Deeb et al., 2020). 

In this review, we first introduce the idea of constructed (engineered) 
soils as a solution for degraded lands in MENA, with a focus on the use of 
locally available waste materials. Further, we make recommendations 
for technical applications of these soils. Finally, we identify ecosystem 
services provided by constructed soils and discuss their economic value. 

2. Materials and methods 

2.1. Bibliographic search 

Our research focused on designing engineered soils that are suitable 
for dry and changing climates. Due to limited references on this topic, 
only 3 articles in English, one report in French from Microhumus 
(French private company) and one report in Russian (Snoussi et al., 
2024; Bhoobun et al., 2017; Smagin et al., 2018; Moreno et al., 2017) 
(Table 1) were found to address constructed soils on semi-dry and dry 
climates worldwide. We conducted bibliographic research starting from 
1960 to January 2024 on Google scholar, web of science and other 
relevant scientific databases and appropriate cross-referencing to obtain 

literature to answer specific questions. These include: what challenges 
arise when restoring soils in dry climate areas? How do determine if 
restoration projects are successful? What are the best soil management 
practices in dry climates? What parameters are essential for soil func
tionality? Lastly, what is the most effective way to incorporate essential 
soil management principles into constructed soil design? 

Structured searches were carried out with the following keywords: 
restoration, arid soil, soil formation, plant adaptation, constructed soil, 
engineered soils, desertification, salinization, food security, soil func
tions, dry land, soil erosion, management, recycling, landfill, and waste 
management. English, French, Germain, Arabic, and Russian language 
literatures were included. The review encompassed the use of con
structed soils on arid, semi-arid, dry Mediterranean, mesic- 
Mediterranean, and irrigated lands (Rengasamy, 2006). Additional 
research was collected from private companies that have successfully 
used constructed soils in MENA that were contacted by the authors. The 
use of constructed soils for contaminated lands, green roofs, parks, tree- 
lined streets, green buffers, and urban farming was not included as these 
have been covered elsewhere (Deeb et al., 2020; Rodríguez-Espinosa 
et al., 2021). 

3. Results and discussion 

3.1. Constructed soils for arid and semi-arid regions 

Design and use of constructed soils for dry climates requires the 
application of basic knowledge of soil pedogenic processes (e.g., horizon 
development (Séré et al., 2008)) and biotic/abiotic interactions (Deeb 
et al., 2016a; Deeb et al., 2017) to create a “soil” made by humans, or a 
mix of materials that could become a soil over time. In this review, we 
will use the term “constructed” or “built” soil. These soils are also 
referred to as “Technosols.” 

Constructed soils can contain artifacts including waste materials and 
semi-natural materials such as sediments. These materials can be 
intentionally shaped in a variety of layers (Bhoobun et al., 2017) to 
provide a suitable environment for vegetation growth (Deeb et al., 2020) 
and other specific functions (Bhoobun et al., 2017; Smagin and Sado
vnikova, 2016) (Fig. 1). There is particular interest in manipulating 
these layers to adapt to local climate conditions, especially precipitation, 
to maximize water harvesting. 

3.2. What are the necessary steps to build healthy and functional soils? 

Soil construction for a wide range of restoration plans requires 
several steps:  

1. Diagnose and identify the type and degree of degradation, (salinity, 
erosion, loss of organic matter, contamination, sealing, etc.) topog
raphy, and climate conditions (Fig. 2). In addition, characterization 
of topography is essential for water harvesting. The potential for 
water collection is essential for the creation of restoration “hot spots” 
which are areas that have high provision of ecosystem services (Gilby 
et al., 2020). For example, building a soil at the bottom of a slope 
(Borrelli et al., 2021; Li and Pan, 2018; Li and Pan, 2020) instead of 
at the top takes advantage of the downslope movement and accu
mulation of water and fine materials (clay, carbon, or clay organic 
matter). This accumulation facilitates plant growth which creates a 
modified microclimate (shade, temperature reduction, etc.) that 
improves capacity and reduces costs by further improving conditions 
for plant growth. Another example could be to choose degraded 
lands located near agricultural lands to take advantage of plant 
residues and human resources. Cities could support hot spot areas as 
food waste is available, buildings can provide shelter from wind 
erosions, and the demand for ecosystem services is high in cities, 
building green spaces will be highly beneficial there. 
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Table 1 
Large experiments in an arid area with constructed soil and modified surrounding areas for better water management.  

Country Project Soil Climate Plants Applied technic Irrigation Results 

United Arab 
Emirates ( 
Smagin et al., 
2018) 

Russian-Arab 
project “Green 
Wave” 1995 

Arenosol Extra-arid Green lawn 
Paspalum vaginatum 
(plantation density 
15–16 seedling/m2) 

Comparison of 4 
treatments (1. control, 
2. mulched topsoil with 
wood chips and granular 
sludge, 3. capillary 
barriers of 0.1 % 
polyacrylamide 
hydrogel, and 4. 
capillary barriers of 100 
% garden peat). 

Sprinkle (stationary 
irrigated system 
controlled 
automatically by 
watering timers) 

In summer, water 
irrigation is reduced by 
30–50 % in the soil 
with capillary barriers 
(3 and 4 treatments). 
Biomass of lawns in 
treatments 3 and 4 
exceeded by 1.5–2 
times control and 
mulching treatments. 

Qatar near Doha 
(Smagin et al., 
2018) 

AridGrow 2005 Calcisol 
contains 
big amount 
(50 %) of 
limestone 

Extra-arid Green lawn 
Paspalum hybrid 

1. The upper horizons 
were cut off with special 
machines and 
equipment. The excess 
of stony inclusions is 
removed by screening. 
2. Only sifted soil (sand) 
is used. 
3. Lime stones were 
removed and stored 
separately, then used in 
deep horizons of the soil 
in a 10–20 cm thick 
layer to create a 
capillary barrier (to 
avoid secondary 
salinization). 
4. For the topsoil 1. local 
sifted sandy soil 
(Arenosols) was 
compared to the sand 
mixed with 5–10 % 
natural organic soil 
materials produced from 
mechanically activated 
peat and sapropel. 
5. Before planting, the 
topsoil was cleaned from 
soluble salts and 
achieved a normal 
salinity level (EC = 6–8 
dS/m). 

Sprinkling Protection of the 
topsoil from secondary 
salinization. High 
productivity of green 
lawns. Reduction of 
water irrigation when 
organic matter was 
added. 

Bahrain (Smagin 
et al., 2018) 

AridGrow 
2004–2005 

Arenosol Extra-arid Alfalfa, onions, 
tomatoes, 
cucumbers 

Capillary barriers made 
of peat-sapropel soil 
modifier in the upper 
10-cm thick layer mixed 
to soil (5 to 10 % volume 
ratio), and compared to 
application of chicken 
manure and control (no 
adding of organic 
matter) 

Flood irrigation The efficiency of water 
use (calculated as the 
ratio of productivity to 
the amount of 
irrigation water (kg/ 
m3)) was the highest 
(6–7 kg/m3) in the 
case of the peat- 
sapropel soil modifier, 
followed by chicken 
manure (4 kg/m3); and 
finally, untreated 
control (3 kg/m3). 

Jordan (Smagin 
et al., 2018) 

ARICAD (Arab 
International 
Company for 
Agricultural 
Development) 
2008 

Loamy 
sand soil 

Semi-arid Potatoes Peat-sapropel soil 
modifier “AridGrow” 
was applied in different 
quantities in the 
plantation root depth 
layer, and was then 
covered with the soil in 
the site (loamy sand). 
This treatment was 
compared to chemical 
fertilizer NPK 
(traditional method) 

Point drip Increase efficiency of 
irrigation by avoiding 
preferential water 
flows “wetting bulb” or 
an ever-growing zone 
of high humidity under 
the dropper. Peat 
sapropel soils block the 
spreading of moisture 
zoon and reduce water 
irrigation by 50 % 
compared to the use of 
chemical fertilizer. 
Higher biomass 
production compared 
to the use of chemical 
fertilizer. 

Emirate Emirate/ French 
Project 2012 

Sandy soil Extra-arid Trees 15 plots with sandy soils 
mixed with different 

Point drip The irrigation was 
reduced by 50 % after 

(continued on next page) 
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Table 1 (continued ) 

Country Project Soil Climate Plants Applied technic Irrigation Results 

ratios of dehydrated 
sewage sludge (DSS) at 
the topsoil of 6.5 * 3 m 
plot as follow: (sandy 
soil alone (control) +
sand with 45 L/m2 DSS 
+ sand with 100 L/m2 

DSS sand with 200 L/m2 

DSS + sand with 100 L/ 
m2 DSS and 9 L compost 
covered with 5 cm 
mulch) * 3 

2 years and was 
stopped in the third 
year. Trees survive 
under SSD and 
compost plots 
compared to control. 
Trees grow very well 
only when compost 
and mulch were used 
in the first years. 

17 km northwest 
of the city of 
La Paz, Baja 
California Sur, 
Mexico at the 
southern limit 
of the Sonoran 
Desert ( 
Moreno et al., 
2017) 

Research project 
supported by the 
Bashan Institute 
of Science, USA  

Arid with 
mean annual 
precipitation 
of 180 mm 

4 species of plants 
were planted in 
2004: the legume 
trees, mesquite 
amargo Prosopis 
articulata, yellow 
palo verde 
Parkinsonia 
microphylla (Torr.), 
blue palo verde 
Parkinsonia florida, 
and the giant cardon 
cactus Pachycereus 
pringlei. 

Trees in 6 independent 
field experiments were 
grown individually or in 
a combination of a 
legume tree and Cardon 
cactus and were 
originally treated with 
plant growth-promoting 
bacteria, arbuscular 
mycorrhizal fungi, or 
small amounts of cattle 
compost, or a 
combination of all 
treatments. 

Supplement irrigation 
to achieve the 
maximum natural 
annual rain300 mm 
amounts was applied 
with frequencies 
according to the 
average monthly 
precipitation 
equivalent to 10–20 
mm of rain per month. 

The best survivor was 
the cardon cacti and, 
to a lesser extent, the 
legume tree mesquite 
Amargo. After 11 
years, a combination 
of a legume tree with 
cardon cactus, while 
detrimental to the 
legume, highly 
increased the chances 
of the cactus surviving 
and growing. The 
biotic (plant growth- 
promoting bacteria, 
arbuscular 
mycorrhizal fungi) and 
compost treatments, 
enhanced the initial 
establishment of the 
plants in 2004, but 
their positive benefits 
on the plant were 
negligible 11 years 
later  

Fig. 1. Examples of constructed soil in an arid environment (root system form, and depth adapted from Kirschner et al., 2021). The diagram shows the relationship 
between the choice of plants and waste. Organic waste (compost, paper mill sludge) should be avoided on the surface to prevent hydrophobicity and rapid 
mineralization. The topsoil could be covered with gravel, straw, etc. The depth of the horizons and the amount of compost to add depends on the plant species. The 
integration of specific impermeable horizons could make it possible to regulate the capillarity of the soil by forming barriers (using gravel, and rocks) interrupting the 
hydraulic connection and thus avoiding salinization. The choice of plant communities and their combination must be considered because it can provide shade and 
reduce the effect of heat and wind (often loaded with sand). The development and interaction of root systems of different plant species can provide complete soil 
coverage and thus protect it from erosion, carbon deoxidation, and water evaporation. Finally, a suitable irrigation system (localized drip irrigation, water collection 
with buffer zones) will optimize irrigation water needs. 

M. Deeb et al.                                                                                                                                                                                                                                    



Science of the Total Environment 917 (2024) 170529

6

2. Search for locally available waste and evaluate its agronomic and 
hydric characteristics. This step could include long-term encour
agement of composting practices while discouraging burning plant 
residues, as well as developing markets for plant waste resale (Ayi
lara et al., 2020). The main criteria for waste selection (Deeb et al., 
2020) include: waste should be nontoxic, not difficult to handle, have 
agronomic value, and be available. Waste materials that contain 
invasive plants should be avoided. 

3. Creating new soil layers and identifying their depth and function
ality. Our analysis suggests that three horizons need to be included in 
constructed soils in dry climates: 

3.2.1. Mulching horizon 
Mulching is an application of organic (e.g., animal and plant resi

dues), inorganic (e.g., sand, gravel, concrete, polyethylene plastic 
mulch), or mixed materials as a layer to cover or coat the soil surface. A 
mulching horizon is important for reducing water evaporation, salt 
accumulation erosion and the loss of organic matter by oxidation in the 
topsoil layers. Mulching has been shown to provide multi-beneficial 
advantages in agricultural soils (Iqbal et al., 2020) and in restoration 
projects (Wang et al., 2017). These benefits include decreased soil 
evaporation and increased soil moisture (Kader et al., 2019), regulation 
of soil temperature in both very hot (Kader et al., 2019) and cold 
(Prosdocimi et al., 2016) climate conditions, little to no loss of soil 
organic matter by oxidation (Li et al., 2021b) or soil erosion (Prosdocimi 
et al., 2016), enhanced soil biodiversity (Leclercq-Dransart et al., 2020) 
and fertility (Li et al., 2004), reduction of water runoff or flooding 

effects, especially after long period of drought, better control of salt 
stress (Li et al., 2023), better seedling establishment, even in sandy soils 
(Al-Mulali and Ozturk, 2015), mitigated environmental stresses (Shah 
et al., 2022), increased chances of restoration success in semi dry cli
mates (Wang et al., 2017; Fehmi and Kong, 2012), and even in 
contaminated land (Leclercq-Dransart et al., 2020). Mulching can also 
be beneficial in post-fire scenarios. It can help improve soil conditions 
and reduce sedimentation, while also reducing dust transport, nutrient 
loss, and soil productivity decline. By integrating nearby potential 
mulching materials, such as certain organic matter, sustainable practices 
can be implemented to improve the success of land restoration projects. 

It is important to avoid the following mulching practices:  

• Plastic mulching materials that have been shown to control the soil 
environment and increase crop yield in temperate climates (Abbate 
et al., 2023) are not recommended in the MENA region as they are 
prone to decompose under high temperature, and their fragments 
add an environmental risk of contamination by microplastic (Qi 
et al., 2020). In addition, removing plastic mulches adds extra labor 
costs, especially after restoration efforts. Perhaps most importantly, 
in the MENA region, plastic mulching is likely to raise soil temper
atures to dangerously high levels for roots and other soil organisms 
(Wu et al., 2020).  

• Compost and municipal waste compost at the top layer: Several 
studies have shown the importance of composting, including 
municipal waste composting, for mulching (Miyasaka et al., 2001; 
Agassi et al., 2004; Erhart and Hartl, 2003). However, compost can 
become hydrophobic and wear away easily under high temperatures 

Fig. 2. Steps to build soil under dry climate conditions. Where: ↑$ potential of high cost, and ↓$ lower cost.  

M. Deeb et al.                                                                                                                                                                                                                                    



Science of the Total Environment 917 (2024) 170529

7

(Voelkner et al., 2017; Deeb et al., 2016b). Additionally, organic 
waste should not be directly added to the topsoil to avoid exposure to 
aerobic decomposition.  

• Burnt waste: A study (López-Urrea et al., 2020) showed that using 
burnt organic waste at the soil surface reduces water evaporation, 
but could contribute to microplastic contamination and hydropho
bicity. Dehydrated organic matter should be avoided in dry climates 
because it can become hydrophobic (Rajhi et al., 2023; Naasz et al., 
2008).  

• It is better to avoid using animal waste, such as manure, in the mulch 
layer due to its high cost and potential to attract pests. This should be 
used in the growth layer. 

Mulch should be made from the nearest available materials to reduce 
cost.  

• Waste materials that have been used as a mulching layer include 
paper waste (Haapala et al., 2014), material from sawmills, material 
from wood furniture manufacturers such as bark sawdust and wood 
mulch (Agassi et al., 2004), and chipped wood (Barthes et al., 2010), 
maize straw, fodder grass, tree leaves (Hu et al., 2018), plant waste 
(Salem et al., 2021) (Yang et al., 2022), seaweed (Rajhi et al., 2023) 
and olive mill wastewater. Using gravel and rocks (stone mulch) is a 
cheap and sustainable approach as some soils in dry and semi dry 
climates contain gravels and rocks (Ramón Vallejo et al., 2012).  

• After harvesting, plant residues make an excellent material to use as 
a cover for constructed soils These materials improve soil structure 
(Deeb et al., 2021) and reduce evaporation. Using available plant 
residue from nearby farms can increase yield (Issoufou et al., 2020) 
and allow the farmer to participate in the economic cycle (Fig. 3). 

3.2.2. Growth horizon 
This horizon is created by mixing different types of organic waste 

with available mineral waste or native soil on site to facilitate fast plant 
growth. The ratio of organic matter to other materials will vary based on 
land use and availability. The cost of constructing the horizon can be 
reduced by combining organic and mineral waste with specifically 
adapted plants (Deeb et al., 2020). The amount of organic waste present 
has a strong impact on water storage (Deeb et al., 2016b); however, 

many native plants do not need a high level of organic matter. A compost 
content of 10 % volume at a depth of 30 cm may be sufficient. If the goal 
is crop production, the content may need to increase to 20 or 30 %. The 
depth of the horizon could vary depending on the type of vegetation, 
such as trees, shrubs, or grasses (Fig. 4). Small amounts (5–10%V) of 
expensive materials such as biopolymers and sugar-based biopolymers 
can be added to the mix. These materials have shown high potential to 
reduce soil erosion (Chang et al., 2015), strengthen soil structure (Jang, 
2020), increase water storage, control water infiltration (Jang, 2020; 
Ayeldeen et al., 2016), and promote plant growth (Ni et al., 2023). 
Biochar, a carbon-rich material produced from biomass, can improve 
soil physical/chemical properties (Sohi et al., 2010), increase plant 
productivity (Song et al., 2022; Thomas and Gale, 2015), and mitigate 
climate change through carbon sequestration and increased plant C 
uptake (Amoah-Antwi et al., 2020). Evidence of greater water holding 
capacity (Smagin et al., 2022) and reduced infiltration (Rodriguez- 
Franco and Page-Dumroese, 2021) suggests that these materials have 
the potential to improve the productivity of dry and semi dry environ
ments if used in the growth horizon (Smagin et al., 2019). There is 
limited research on identifying the best characteristics of biochar for dry 
and semidry climates. However, it is advisable to avoid biochar with 
high salinity. It’s important to consider project size, budget, and avail
ability when selecting and managing available waste materials for each 
horizon. 

3.2.3. Capillary horizon 
Under dry conditions water evaporates from the soil surface, water 

and salt from the subsurface are drawn towards the surface by capillary 
flow (Lu and Likos, 2004; Li et al., 2018), and salts are left behind. In the 
absence of flushing precipitation or irrigation, salt accumulation even
tually inhibits plant growth (Smagin, 2021). To combat this process of 
human-driven “secondary salinization,” soils can be constructed with 
either a layer of coarse gravel to block capillarity or with impermeable 
layers that retain water and thus inhibit (either completely or partially) 
upward capillary flow and prevent salt accumulation in surface soils (Lu 
and Likos, 2004; Li et al., 2018; Smagin, 2021). 

Imperfect capillary barriers are usually formed from natural and 
synthetic polymeric materials (mechanically activated peat, peat- 
sapropel soil modifiers, composts, sewage sludge, synthetic hydrogels, 

Fig. 3. Illustration on soil horizons in constructed soils for MENA region.  
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etc.) with high dispersity and water retention, and reduced hydraulic 
conductivity. The physical parameters of such barriers, that is, the doses 
and the optimal depth of placement of soil conditioners, options for 
applying materials to the soil (in a separate layer or mixing), irrigation 
methods, and selected crops are determined using computer models of 
energy and mass transfer in the “soil-plant-atmosphere” system, for 
example, HYDRUS-1D or HYDRUS-2/3D (Smagin and Sadovnikova, 
2016). It is necessary to experimentally evaluate the water retention 
curves and the saturated hydraulic conductivity of the soil-modifying 
materials relative to the original soil, for example, using a centrifugal 
method to separate water from the soil (Smagin and Sadovnikova, 
2016). 

Perfect barriers with complete blocking of the capillary flow are 
formed from coarse-dispersed materials (sorted from crushed stone, 
limestone, expanded clay) and/or hydrophobic impregnations and films 
(hydrocarbon or silicone hydrophobized, water-repellent geotextile). 
These materials do not have water-retaining curves, so a different 
approach is required for the design of these barriers. For these materials, 
the thermodynamic concept of water retention and the physical quality 
of soils (Smagin, 2021), which considers the limiting (critical) states of 
equilibrium between various physical forces (molecular, ion- 
electrostatic, capillary, gravitational) affecting water in two-phase and 
three-phase physical systems of soils and soil conditioners are consid
ered. A basic rule for the design of perfect barriers is that the depth of the 
barrier (subsoil screen) should not exceed the maximum height of the 
capillary rise in the upper soil layer cut off by such a barrier (Smagin, 
2021). Otherwise, a perfect capillary barrier instead of a water accu
mulator for topsoil, will become a drainage collector. The critical 

parameter of the maximum height of capillary rise can be estimated 
directly by experiment or indirectly by a model (Smagin, 2021) driven 
by information about particle size distribution, bulk density, solid phase 
density, soil wettability, and adsorbed water content (Fig. 5 example of 
constructed soil to avoid soil secondary salinization). 

Capillary barriers can have 1, 2, or 3-dimensional architectures, 
depending on the direction of capillarity blocking, vegetation placement 
(solid cover, local plantings), and type of irrigation (sprinkling, flooding, 
furrow irrigation, jet, drip irrigation) (Smagin, 2021; Al-Maktoumi 
et al., 2015). 

4. Plant selection 

Choosing the right plants for constructed soils is crucial. The plants 
should be able to thrive in the dry climate and have a root system that 
increases water storage in the soil. It is wise to consider native plants as 
studies have emphasized their importance under degraded ecosystem 
conditions. For instance, study (Ohte et al., 2003) showed that exotic 
plants could lead to groundwater shortages whereas indigenous tree 
species conserve water. In addition, researchers (Bremer and Farley, 
2010) argue that biodiversity was higher when native plants are used 
compared to exotic plants in degraded lands. However, strategies based 
on native plants can be unsuccessful (Grantz et al., 1998) due to the 
reduction of water availability with climate change. 

Identifying which species are most effective for restoration projects 
can be a challenge, as it varies depending on the region and the project. 
However, a model created in 2021 analyzed restoration seeding out
comes across 174 sites on six continents, with 594,065 observations of 

Fig. 4. Here is an example of the depth and mixture of growth horizon for trees and shrubs. Soil profile measured by meter.  
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671 plant species (Shackelford et al., 2021). The model found that the 
species identity accounted for 30 % of all variation in success (Shack
elford et al., 2021). This suggests that certain taxonomic groups may 
have traits that influence plant growth and survival in arid ecosystems. 
For example, some species may reduce water loss or improve local 
conditions. Species from the genus Bromus (Poaceae), Acacia (Fabaceae), 
and Centaurea (Asteraceae) showed high average success across species 
(Shackelford et al., 2021). Therefore, it is essential to carefully choose 
the appropriate species and integrate these selections into the soil en
gineering design to increase the success of restoration projects. 

Biotic interactions are a crucial element when soil is constructed 
(Deeb et al., 2016a; Deeb et al., 2017). A variety of parameters need to 
be considered when plants are selected: shading to reduce heat and wind 
effects, shoot and root system development (Kirschner et al., 2021) and 
their interactions to allow a complete covering of the soil and protect it 
from erosion, carbon oxidation, and water evaporation (e.g., Fig. 1). 
Overall, the development of a variety of root systems would provide a 
better sharing of available water (as it would be taken from different soil 
horizons), increase plasticity in water uptake (Kirschner et al., 2021), 
increase conductivity, and improve soil structure (Deeb et al., 2016c) as 
well as water storage (Deeb et al., 2016a). Biotic interactions create a 
favorable ecosystem for roots, improve microhabitats, and reduce plant 
mortality during extreme heat waves (Saccone et al., 2009). In addition, 
plant interactions improve resistance and resilience under different de
grees of drought stress (moderate to intense) (Volaire et al., 2014) in 
Mediterranean areas, reduce emerging disease, and vegetation losses 
(Keesing et al., 2010), increase community stability, soil nutrient 
availability, and carbon storage (Keesing et al., 2010). It is imperative to 
note that the efficacy of organic matter mixed with soil in the rhizo
sphere environment diminishes after some years of plant establishment. 
As a result, the role of compost must be replaced with biotic interactions 
to ensure optimal results. Study found that plant survival in degraded 
deserts after 11 years was highly dependent on neighboring plants, 
while the composting effect was dispersed (Moreno et al., 2017). 

Observation and watering in the period just after planting (both 

direct seeding and seedling) is critical to avoid plant mortality and poor 
growth. Once plant development starts, less observation and watering 
are required as plants also begin to positively affect their microclimate 
(von Arx et al., 2013). The use of runoff water harvesting systems, which 
are widely described in the literature (Van Rensburg et al., 2012). May 
be useful for reducing irrigation costs. 

To save costs and allow for flexibility during the application and 
planting process, it is better to consider using an open mosaic style 
(Radeloff et al., 2000) rather than directly establishing constructed soils 
on a large scale due to high costs. Establishing patches will reduce costs 
and the established patches facilitate colonization of unplanted areas 
with constructed soils. However, a patch mosaic strategy alone could fail 
due to climate change effects. Choosing plant species with high drought 
tolerance may overcome this problem, allowing natural filtering of 
species, leaving only the more stress-tolerant species to grow (Hulvey 
et al., 2017). 

4.1. What ecosystem services are provided by constructed soils in 
Mediterranean, semi-arid, and arid areas? 

Several case studies, in a variety of land uses (Table 1) have shown 
that constructed soils enhance water storage, reduce the amount of 
water needed for irrigation, enhance food production, prevent erosion 
and salinization, promote microbial biodiversity, and increase plant 
production and survival (Smagin et al., 2018). Additionally, in urban 
contexts, constructed soils have been shown in the Europe and the 
United States to reduce costs, provide solutions for waste management, 
reduce greenhouse gases, and improve quality of life (Deeb et al., 2020). 

It is important to highlight that the effects of organic matter added 
when soils are constructed will decline over time (Moreno et al., 2017). 
However, the idea behind constructed soils is to provide a sustainable 
environment for plant establishment and growth that will replace the 
initially added organic matter. Additional irrigation in the first few years 
of establishment is helpful to avoid plant mortality (Chávez-García and 
González-Méndez, 2021), but can be costly, especially in semi-arid 

Fig. 5. Diagram of a constructed soil to prevent secondary soil salinity.  
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ecosystems (Liu et al., 2020) and is areas with extreme degradation 
(desert). However, identifying priority areas and application of small 
patches can reduce costs. In addition, using waste materials can reduce 
or even entirely balance establishment costs. 

Ultimately, the cost of soil degradation is higher than the cost of land 
restoration. Constructing soils using waste materials could be a cost- 
effective solution that recycles a large quantity of waste, bringing 
these materials back into the economic cycle. Over time, the ecosystem 
services provided by constructed soils will increase as growing vegeta
tion improves microclimate conditions, which improves many 
ecosystem services. Constructed soils should be considered to be an 
important component of nature-based solutions for reducing greenhouse 
gases emissions and mitigating climate change (Ruiz et al., 2023). 

4.2. What are the limitations of using constructed soils as a restoration 
solution in MENA and how can we encourage their widespread 
application? 

Solid waste management is a major challenge in the MENA region, 
causing various problems for local authorities. The use of constructed 
soil can be an effective solution to a significant portion of this problem, 
as it avoids the need for land filling and subsequent treatment (Deeb 
et al., 2020). However, there are several challenges in the use of waste 
materials in corporate application of constructed soils. This application 
requires sufficient planning of waste management, better collection 
services, composting, financing, and better communication between 
different sectors to allow for the reuse of waste from the nearest disposal 
site (Negm and Shareef, 2020). These challenges arise from political 
factors and the decentralized nature of waste management. Reusing this 
waste in constructed soils can transform it from being a waste to a 
valuable resource (Deeb et al., 2020), but its large-scale implementation 
requires better integration of the private sector. Providing relevant in
formation and training to enable such practices is crucial to this infor
mation (Ayilara et al., 2020). 

There is also a strong need to establish clear environmental regula
tions to ensure the safe reuse of waste in food production. If the waste 
poses any risk of contamination, it should not be used in constructed 
soils intended for cultivation (Deeb et al., 2020). Therefore, there is a 
need to create laws and regulations that govern waste management 
practices, promote recycling, encourage the separation of waste, and 
support energy and materials recovery. These regulations should also 
empower communities to have greater control over waste management. 
This requires a significant effort from scientific, social science, and 
economic fields to create a legal environment for better application. A 
comprehensive development strategy requires investments that improve 
the livelihoods of affected populations and regions and facilitate out
migration in severely impacted areas. 

This study proposes a solution for restoration in Mediterranean, 
semi-arid, and arid climates in the MENA area for the first time with 
limited examples of applications provided in the literature (Table 1). 
Further research is needed to evaluate its direct application. 

5. Conclusion 

Controlling and restoring dryland degradation is challenging. There 
is a great need to find cost-effective, scalable, and reliable solutions to 
restore degraded land in many areas of the world (Cook-Patton et al., 
2021; Adepoju, 2021) including the MENA region. Our analysis suggests 
that that building soils is an important component of efforts to address 
both desertification and salinization problems in the MENA region. 
Building soils has great potential to reduce restoration costs under both 
severe and more moderate levels of degradation. 

Our analysis also highlights key research needs related to the use of 
constructed soils in the MENA region. There is a strong need for evaluate 
the wide variety of waste products that are available in the region for 
their suitability for use in constructed soils in terms of application on 

large scales, long-term performance of constructed soils, and socio- 
economic benefits from their use. There is also a strong need for 
research on the soil ecology, pedology, and biotic/abiotic interactions in 
constructed soils. This research could be an important step towards 
improving restoration efforts across the MENA region. 
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