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Abstract: While global food demand and world population are rapidly growing, land potential for
cropping is steadily declining due to various soil degradation processes, a major one of them being
soil salinization. Currently, approximately 20% of total cropland and 33% of irrigated agricultural
land are salinized as a result of poor agricultural practices and it is expected that by 2050, half of
the croplands worldwide will become salinized. Thus, there is a real need to better understand
soil salinization processes and to develop agricultural practices that will enable production of the
needed amount of food to feed humanity, while minimizing soil salinization and other degradation
processes. The major sources of solutes in agricultural environments are: (i) the soil itself, and the
parent geological material; (i) shallow and salt rich groundwater; and (iii) salt rich irrigation water.
The salinization of soil is a combination of transport of solutes towards the root zone to replenish
evaporation and transpiration and limited washing of the soil by rain or irrigation. Therefore,
most salinized soils are present in arid and semi-arid environments where precipitation is low and
evaporation is high. In this manuscript, examples of soil salinization processes from croplands around
the world will be presented and discussed to bring attention to this important topic, to present the
latest scientific insights and to highlight the gaps that should be filled, from both scientific and
practical perspectives.
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1. Introduction

Soil is one of the most important and essential resources on the globe; however its importance
is somewhat underestimated, especially in political and decision making circles [1,2]. The lack of
good quality soil risks the supply of food and fibre, of clean fresh water, biodiversity and the overall
protection of the ecosystem. It also reduces the potential of soil to act as a sink in the carbon cycle
and may remove a central platform for the production of renewable energy sources [3]. Despite
its economic and environmental importance, soil is continuously being lost globally due to various
degradation processes, with modern agriculture being a main cause of these. This is demonstrated by
the fact that more than 50% of agricultural soils are moderately or highly degraded while less than
one third of natural soils are exposed to degradation processes [4]. Soil degradation and loss of soil
fertility are mainly a result of soil erosion, loss of soil organic carbon and compaction, alkalization and
salinization [2,4,5]. The latter is a major soil degradation process that is highly affected by hydrological
processes [6], and it will be the focus of this paper.

Population growth and rising economic prosperity result in an increased demand for energy,
food, and water [7-9]. Consequently, our natural resources of soil and water are in short supply and
overused. It is estimated that by 2050, the world population will surpass 9.5 billion people and an
increase of 60% in our food production will be needed to feed them, assuming food consumption
and diet will not dramatically change by then [10]. Consequently, unless food production efficiency
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improves, more cropland areas will be needed to support the expected increased demand in food
consumption. Montanarella and Vargas [11] stated that if consumption patterns in emerging economies
keep on developing the way they do today and demand for resources keeps on growing, by 2050
we will need an additional Earth in order to have sufficient area for cropping to support human
food demand.

Even though croplands cover only 12% of terrestrial regions, with a total area of about
15 x 10° km? [12], the potential to convert more land into cropland is limited as most areas are
too steep, too wet, too dry, or too cold for commercial growth of crops [13]. Transition of new
land to croplands is usually not economical and does not meet ecological and environmental
imperatives [14]. Therefore, there is a real need to better understand and to develop sustainable
agricultural practices to support human food demands, while minimizing soil degradation processes
in general, and salinization in particular. This paper will review the global trends of soil salinization,
demonstrate the main mechanisms of soil salinization and associated hydrological processes in
cultivated environments by using examples from around the globe, and discuss the challenges of soil
salinization in agricultural environments.

1.1. Global Trends of Soil Salinization in Croplands

Soil is considered salinized when plants in the soil are negatively affected by salinity and when the
electrical conductivity (EC) of saturation extract soil water exceeds 4 dS/m, at 25 °C [15,16]. Six percent
of terrestrial land is naturally salinized in a process termed primary soil salinization, in which salt
stored in the soil or groundwater is mobilized to the land surface in the development process of
a landscape [9,17,18]. However, much greater and faster soil salinization processes are observed in
cultivated lands where 20% of total cropland and 33% of irrigated croplands worldwide are salinized
as a result of agricultural practices [10,14,15]. This type of soil salinization, a result of anthropogenic
activity, is termed secondary soil salinization [9,18].

Irrigated croplands, with a global approximate total area of only 4 x 10 km? [19] constitute
approximately 25% of total cropland areas. However, irrigated croplands worldwide, consume about
65% of all the water used by humans to grow food [14] and produce about 45% of humanity’s food
consumption [20]. Therefore, the importance of irrigated croplands in food, water and soil security is
very high [5,12]. Salinized areas are steadily growing at a rate of 10% per year and it is estimated that
more than 50% of croplands worldwide will be salinized by 2050 [17]. Naturally, the economic burden
of soil salinization is very high, with the global cost of irrigation-induced salinity being in the order of
US$11 billion per year [21].

1.2. Impact of Soil Salinization on Plants

The damaging effects of salinity on plant growth are related to: (1) lowering of soil solution
osmotic potential; (2) nutritional imbalance; and (3) specific ion effect [22]. The decrease in the
osmotic potential between soil porewater and plant root cells, due to increase of soil pore water solute
concentration, leads to restrained water uptake by plants and reduces their ability to survive and
produce, especially in dry areas [9]. Salinity may also cause nutrient deficiencies or imbalances due
to the competition of sodium and chloride with nutrients such as calcium, potassium and nitrate,
which are essential for plant growth [23]. Certain solutes which accumulate in the plant with time can
negatively affect various biological functions of the plant [24,25]. For example, high concentrations
of boron, chloride, sodium and carbonate are toxic for many plants and result in drying of leaves,
damage to fruit, and can affect root growth [22,24,25].

For agricultural purposes, the salt tolerance of a crop is described by various response functions
that correlate yield reduction to soil salinity. The first correlations that were developed described
a linear reduction of yield as salinity increases [26—28]. Later works presented more complicated
functions that correlate yield and soil salinity by exponential ratios [29,30] and a combination of two
and three linear segments that describe different stages of crop response to salinity [31,32]. Today the
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function of van Genuchten and Hoffman from 1984 [33] is widely used to describe percentile reduction
of yield (frc) as a function of the actual saturated paste electrical conductivity of the soil (EC,) [28,34]:

1
P
EC,
1+ (%)
where ECsy, is the saturated paste electrical conductivity of the soil that leads to a 50% reduction in
yield, P is a plant parameter, which for many situations is equal to 3 [35,36]. Typical ECsg values of
various crops are detailed in the literature [6,34,37]; for example, for selected species of sunflower,

melon, tomato, corn, pepper, grape and onion are in the order of 10, 7.5, 5.5, 5, 2.5, 2.5, and 3.5 dS/m,
respectively [36].

frc = 1

1.3. Impact of Soil Salinization on Soil Physical and Hydraulic Properties

The major processes that lead to salt accumulation and precipitation in the soil are evaporation
and root uptake. These processes take the porewater out of the soil, while leaving behind the solutes
that are dissolved within. Consequently, porewater solute concentration increases until saturation is
reached and salt crystals begin to precipitate [38]. Salt precipitation frequently occurs within narrow
layers at the upper boundary of evaporation front or near the roots, where water uptake to replenish
transpiration is taking action [39,40]. When the evaporation front is at the soil-atmosphere interface,
the salt accumulates at the soil surface as an efflorescent (above soil surface) or subflorescent crust
(below soil surface), depending mainly on salt type [40,41].

Salt precipitation, especially subflorescence precipitation, greatly affects soil mechanical properties
as salt crystallization may lead to soil cementation that holds sand and silt particles together and
increases the shear strength and stiffness of soil during the drying process [42,43]. On the other
hand, in cohesive soils, subflorescence salt crystallization may enhance weathering processes and
reduce soil aggregate stability as the crystallized salt at the pores applies pressure against the pore
walls that leads to disaggregation [44,45]. Naturally, salt precipitation in the soil pores changes the
soil’s hydrological properties and reduces percolation and evaporation processes as it reduces matrix
porosity, permeability and vapour diffusivity [40,43,46,47]. Salt precipitation as efflorescent salt crust
has a weaker effect on the physical properties of the soil-matrix itself, as crystallization takes action
above the soil surface. Nevertheless, efflorescence salt precipitation strongly affects evaporation since
the salt crust acts as a mulching layer above the soil [40,48].

In salt affected soils, when sodium concentration is high enough to interfere with the growth
of most crop plants, and in which the sodium adsorption ration (SAR) is greater than 13, the soil is
considered as sodic soil [49]. Sodic soils, and in particular soils that contain 2:1 clay minerals such as
smectite, are sensitive to the presence of sodium in the exchange complex, which causes them to swell
and disperse (deflocculate) when wetted, following rain and irrigation events [45,50,51]. This leads to
soil aggregate breakdown and the formation of a crust on top of the soil surface. The crust reduces
infiltration rates, increases surface runoff and consequently leads to enhancement of soil erosion and
the formation of rills and gullies [51-53].

2. Soil Salinization Processes and Associated Hydrological Processes

The nature of salt transport in porous media is highly affected by surface and subsurface water
flow processes which transport the solutes within the system. These processes will be discussed
herein and examples from the Canadian prairies, Israel and Inner Mongolia in China (Figure 1) will be
introduced to present soil salinization processes, mechanisms and associated hydrological processes.
These regions were selected as they are important agricultural areas that have been exposed to soil
salinization over recent years due to natural and anthropogenic processes.
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Figure 1. Location of discussed examples of soil salinization from (1) the Canadian prairies; (2) Israel;
and (3) Inner Mongolia, China.

2.1. Salt Transport

The term “salt transport” is widely used in the literature to describe translocation of salt from
one point to another [54-57], but this is a misleading term as solute transport is the mechanism that
translocates salt in porous media in general, and agricultural environments in particular. Transport
of salt as a solid mineral is possible by the drifting of small salt particles with the wind [9] but this
mechanism is meaningful only over long time scales and distances [58], much greater than those
relevant for agricultural environments.

Salt, which is formed by the reaction of an acid and a base, is found in soils as an electrically
neutralized mineral composed of positive and negative ions that are held together by strong
electrostatic attraction forces [59,60]. Nevertheless, many salts are relatively soluble in water as
the strong electrostatic attraction between water dipoles and the anions and cations forming the
salt exceeds the attraction force between the ions [59]. Consequently, porewater and surface water
may dissolve crystalline salts and transport the solutes in the water by diffusion and with the water
by advection [59,61]. When the porewater that contains the solutes is consumed by plants or by
evaporation, the solute concentration in the water (solution) increases and upon reaching the solubility
concentration of a specific salt, crystallization begins and the salt accumulates in the soil as a solid
crystal in its new location. If this location is close to the soil surface or the root zone, then it is said that
the soil has become salinized.

In order to reduce the risk of soil salinization, it is critical to understand: (1) how the salt got to
the location of salinization; and (2) the origin of the salt. In the following examples soil salinization
processes are presented to demonstrate various salt (solutes) transport processes and salt origins.

2.2. Salt Originating from Parent Geological Material

In many cases soil salinization results from salts that originate from the parent geological material
in the salinized region, where changes in environmental conditions have led to migration of the salt
to the root zone and soil surface. An example of this is seen in the Canadian prairies where soil
and wetland salinization processes have been observed over recent years due to a combination of
climate and land use changes [62-66]. The Prairies are the semi-arid glaciated plains of the North
American continent, characterized by a hummocky terrain with ephemeral streams and a large number
of wetlands marked by seasonal or semi-permanent ponds. The climate is variable between the
south (warmer and wetter) and the north (colder and drier), but is generally semi-arid with potential
evaporation in the order of 700-800 mm /year and precipitation of about 300-500 mm/year [67,68].
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The region supports a diverse community of wildlife species, as well as a major agricultural industry,
and both are sensitive to the hydrological conditions of the wetlands and salinization processes [64,66].

The geology of the region is dominated by glacial deposits resulting from the Pleistocene
continental glaciers which repeatedly covered the region. These deposits are tens to hundreds of
meters thick and consist mostly of clay-rich glacial tills, with interspersed deposits of glacio-lacustrine
sand and gravel. The till in the region is particularly rich in sulfate, but also calcium and magnesium,
which originate from glacial deposits [66,69]. The glaciers pulverized large masses of fresh bedrock,
rich in pyrite (FeSy), clay minerals, calcite (CaCOs), and dolomite (CaMg[COs]), over the course of the
Pleistocene, which were subsequently exposed to weathering and dissolution by shallow groundwater
flow [70]. In the upper part of the glacial till, which is highly fractured, sulfate (5O4) is produced by the
oxidation of Pyrite. Sulfate together with calcium form gypsum (CaSO;-2H,0), which is a major salt
in the prairies [71]. Beside gypsum, other and more soluble sulfate salts are found including mirabilite
(NapSO4-10H,0), bloedite (NayMg[SO4]>-4H,0), and epsomite (MgSO4-7H,0), where the sodium is
derived from the local clay by cation exchange processes [66,71]. Other non-sulfate salts that have
been observed in the prairies include halite (NaCl) in minor quantities, originating from the parent
material, as well as from atmospheric deposition [72].

Even though the prairies soil is rich in salts, the region is fertile and supports a productive
agriculture industry, as the root zone soil in most of the region has been leached out of salts over
the years. The salts were transported with surface and sub-surface water flows to local and regional
depressions. Under stable climatic and land use conditions, the salts in the depressions are seasonally
cycled between the water bodies in the depressions and adjacent hillslopes [65,66], leaving the uplands,
where most of the agriculture activity occurs, free of salt. However, over recent years an unusual
degree of climatic variability has been recorded, including extreme summer rain storms and floods [65].
As a result, wetland ponds and associated groundwater levels became elevated and new surface and
sub-surface flow paths formed in the landscape, resulting in transport of salts towards the uplands,
putting them and the agricultural activity under risk of salinization [65,73,74]. Figure 2 presents,
conceptually, soil salinization by salt which used to be immobile in the deep parts of soil profile and
due to changes in groundwater levels is dissolved and transported upward with capillary flow.
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Figure 2. Soil salinization by salt originating from the parent geological material. (A) Initial conditions
with salt at deep parts of the soil profile and deep groundwater; (B) Elevated ground water dissolves
the salt and solutes are transported upward by capillary flow towards the root zone; (C) Water is
evaporated and consumed by the plants while the salts precipitate close to soil surface, resulting in
soil salinization.
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On top of climatic changes, the transition from the natural grassland of the prairies to cropland
also negatively impacts soil salinization as it affects infiltration and evaporation processes at the root
zone. Soil tilling for cultivation tends to decrease the hydraulic conductivity of the upper soil by almost
an order of magnitude compared with the natural grassland conditions [70]. Consequently, infiltration
and washing of the salts from the upper soil surface downward is reduced. Moreover, most cropland
root systems are shallower than those of natural vegetation [70,75], thus shallower evapotranspiration
fronts are developed and salt accumulates closer to the ground surface.

2.3. Salt Originating from Shallow and Salt Rich Groundwater

A major cause of soil salinization worldwide is the presence of shallow groundwater under
agricultural fields, which contains a certain amount of solutes within. Gradually, as water flows
upward by capillarity from the water table to replenish evaporative and root water uptake, the solutes
accumulate close to the soil surface.

This process is the cause of the formation of many of the salinized soils found in dry areas around
the world [43,76-78], with an estimated total area of about 350 x 10* km? [9]. An example of soil
salinization in an agricultural region, due to the presence of shallow and salty groundwater can be
seen in the Gerar wash basin in the Northern Negev desert, Israel (Figure 3).

Figure 3. (A) Map of Israel and locations of the Gerar wash basin and associated major aquifers.

The black star indicates the region where shallow and saline groundwater is found and a satellite image
of this region is seen in (B). The white contours designate areas where ground water is shallower than
2 m and soil salinization is observed.

The Gerar wash basin (GWB) flows during episodic flood events in winter towards the
Mediterranean Sea in the west. The regional climate is semi-arid with an average evaporation of
~2000 mm/year and low precipitation, in the order of 200 mm/year concentrated in winter months
(data from the Israeli Meteorological Service). The GWB overlies two major aquifers: (1) the Coastal
Aquifer in the west; and (2) the Yarquon-Taninim Aquifer in the east. These aquifers are salinized to
some extent, mainly in a few sections of their southern parts as a result of sea water intrusions from
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the west and penetration of saline water from the east [79]. In the central and eastern parts of the GWB,
groundwater is relatively close to the soil surface and groundwater seepage (springs) can be found in
the main flow channel [45]. Water samples from the springs and wells in the basin indicate high salt
concentration with Cl concentration in the order of 5000 mg/L [79,80] and EC of about 12 dS/m [45].
The regional topography is undulating and most of the area is cultivated, primarily for wheat, corn and
other annual crops. However, while most of the region is fertile and supports a thriving agricultural
industry, in the low lands, adjacent to the main stream channel, soil salinization is widely observed
where vegetation is absent and in many places an efflorescence salt crust covers the soil (Figure 4).

R Y e

Figure 4. Efflorescence salt crust in the Gerar Basin. Image was taken at the lower parts of a cultivated
field adjacent to the main stream channel, which is ~30 m to the south.

The mechanism that leads to soil salinization in the GWB is capillary rise of the shallow and saline
groundwater to the soil surface where the water evaporates and is consumed by plants. Consequently,
solute concentration in porewater increases until reaching threshold concentration and precipitation
begins. The common soil in the GWB is loess with a sandy clay loam texture which has a typical air
entry pressure in the order of 0.5-1 m and hydraulic conductivity in the order of 1.5 x 107 m/s at
a matric potential of —1 to —1.5 m [81]. Therefore, in the low lands, mainly along the main stream
channel where groundwater is approximately 1-2 m below ground surface, the soil is salinized and
salt crust is visually observed at the soil surface. In Figure 3B groundwater levels (data from the Israeli
Water Authority for summer 2016), were superimposed onto a digital elevation map of the region [82]
and onto a satellite image. The white contours designate regions where groundwater is shallower than
2 m and salinized soil is found. It is evident that currently, the soils that are salinized or under risk of
salinization are in the lower parts of the landscape, while the uplands, where most of the agriculture
takes place are not affected by the salt. However, measurements done by the Israeli Water Authority
over the last 60 years, have shown a continuous rising of groundwater levels at a rate of 1 m every
decade with quick responses in extreme rainy winters. If this trend, whose cause is not clear, does not
cease then it is expected that larger and elevated parts of the landscape will be salinized in the near
future. Figure 5 presents a conceptual scheme of soil salinization by elevated and saline groundwater.
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Figure 5. Soil salinization by elevated and saline groundwater. (A) Initial conditions of salt free soil,
at the root zone, with deep and salty groundwater. (B) Soil salinization following groundwater rising
and transport of solutes to the soil surface by capillary flow.

2.4. Soil Salinization by Irrigation Water

In dry areas irrigation is crucial to ensure high yields and profitable agriculture [83]. Currently,
almost 90% of global water consumption is for irrigation purposes, and more than 40% of crops are
produced in irrigated croplands [84]. Modern agriculture in dry areas consumes about 500-1000 mm
of water per year while extreme cases may consume up to 2000 mm [84]. Globally, and in particular
in dry areas, high quality water is in short supply and the use of marginal quality water such as
brackish groundwater and treated wastewater for irrigation is becoming ever more common [85].
On top of that, overuse of fertilizers through irigation systems (fertigation) may also increase solute
concentration in the irrigation water as farmers frequently add fertilizers in quantities much higher
than plant demand [86-89]. Consequently, the risk of soil salinization due to unsustainable irrigation
practices with water rich in salt is rising [9].

Maximization of crop yields when salinity of irrigation water is high depends on providing plant
water needs and evaporative losses, as well as on maintaining minimum soil solution salinity through
leaching [90]. The excessive water used to remove salts from the root zone is called the leaching
fraction (LF) and is defined as the fraction of water entering the soil and infiltrating beyond the root
zone, washing the solutes downward [91]. The minimal LF that will keep the soil salinity below
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a required level is defined as the leaching requirement (LR). LR is a function of irrigation water EC
(ECy) and required EC of the saturation extract water from the root zone soil (EC7) to ensure a yield

depression lower than 10% [92]:
EC;

~ 5ECT — EC;

ECy values for the different crops are found in the literature [36,93,94].

An example of soil salinization by irrigation is observed in the Hetao Irrigation District (HID),
in Inner Mongolia, China (Figure 6). The HID is one of the three largest irrigation districts in China,
covering an area of 11.2 x 10° km?, the major part of which (5700 km?) is irrigated land [95]. At the HID,
irrigation water consumption is almost 98% of total water consumption and the region produces more
than 35% of wheat, sunflower and sugar beet in the Inner Mongolia Autonomous Region [96,97], thus
it is the most important food base in the region. The HID climatic conditions are arid to semi-arid
with mean annual precipitation in the order of 155 mm, 70% of which occurs from July to September
and the mean annual pan evaporation is about 2000 mm [96]. Consequently, the major water source

LR )

for agriculture in the region is the Yellow River water, where about 5.2 billion cubic meter of water
is diverted each year from the river to irrigate this area, through a complex canal system [96,98].
The Yellow River is the second largest river in China (Figure 6) and it supplies water to about 130 million
people in nine provinces in Northwest and North China [96,99]. The Yellow River water is fairly good
with total dissolved soilids (TDS) and chlorine concentrations in the order of 500 mg/L and 70 mg/L,
respectively [100]. These values are well within the range allowed for irrigation and even drinking.

[ Inner Mongolia ]

Figure 6. The Hetao irrigation district (HID) in Inner Mongolia, China.

Despite the relatively good quality of the Yellow River water, severe soil salinizationis taking place
in the HID, mainly since the 1960s following a great expansion of the irrigation system [95]. The reason
for this is the high volume of irrigation water in the region, combined with a high evaporation rate and
poor drainge. Due to deficit rainfall in the area, irrigation is required during the entire crop growing
season, the dominant irrigation method being surface flood irrigation. The irrigation requirements
are in the order of 500 mm per year [95,96]. Considering the TDS of 500 mg/L measured in the
Yellow River water, this means that every year 250 g of salt is imported to a single square meter of
the HID with a total of more than 2.5 million tons of soluble salt imported to the entire HID. Local
groundwater level in the region is relatively high, about 1-2 m below ground surface, as a result of
seepage from the canal system, percolation from agricultural fields, poor artificial drainage systems
and negligible natural deep percolation and lateral flow [96,98]. Consequently, the imported salts from
the Yellow River are not washed away from the vadose zone, resulting in salinization of the shallow
groundwater and soil, as presented in Figure 7. The elevated groundwater levels and the fine texture
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soils of the region [96,101] also lead to soil waterlogging, on top of their negative contribution to soil
salinization [96,98].
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Figure 7. Soil salinization by irrigation water. (A) Initial conditions of salt free soil where irrigation
with salty water begins; (B) Soil porewater becomes enriched with solutes; (C) Solutes circulate between
the shallow groundwater and soil surface where evapotransporation leads to salt accumulation.

The local farmers at the HID apply technical irrigation at the end of winter (October—-November)
in order to leach down the salts that accumulated at the root zone during the previous growing season
and to enable crop growth during the next growing season [102]. This approach is effective over short
time scales but in the long run it is not sustainable as it leads to high transport of solutes into the
region and groundwater elevation. More sustainable approaches may include the use of irrigation
approaches such as drip irrigation and draining of the fields, as detailed below in Section 4.2.

3. Key Factors in Soil Salinization

The examples presented above of soil salinization differ from one another mainly in respect to the
source of the salt, which originates from the local parent geological matter, groundwater, or irrigation
water. However, even though the three examples are from different parts of the world, they have
three fundamental similarities: (i) they are all from dry climatic regions; (ii) soil in all sites has
a relatively fine texture and low hydraulic conductivity, which result in limited drainage; and (iii)
the groundwater is relatively shallow. Soil salinization can definitely be generated in other setups
but these three conditions are the most common features that lead to soil salinization, especially in
cultivated regions [9,103].

3.1. Climatic Conditions

Dry climate where precipitation is limited and evaporation is high is a key factor for soil
salinization. The high evaporative demand results in capillary flow of porewater with the dissolved
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solutes towards soil surface, where evapotranspiration takes place. As the water evaporates or is
consumed by plants, the salt accumulates in the soil and precipitates. Rainfall, which in humid regions
results in washing of the solutes from the root zone downward, is limited in dry regions. Therefore
percolation of rainwater through the soil and the resulting solute leaching downward is limited [6,24].
In the rare occasion of strong rain events, some of the solutes may be leached downward to a limited
depth, but as rain ceases porewater flow will be reversed upward to replenish evaporative demands
and the solutes will accumulate again at the evaporation front, close to soil surface.

3.2. Soil Properties

Soil hydraulic conductivity has a great deal of importance in respect to salt leaching as highly
permeable soils such as sandy soil enable effective water percolation and solute leaching, whereas,
fine texture soils with low permeability restrict deep perculation and solute transport [104]. In respect
to water availability for the plants, fine texture soils are favorable due to their high water holding
capacity but they also hold solutes with the water. Additionally, the high capillarity of the fine texture
soils results in more effective flow of water from the deeper parts of the soil to the root zone, where
evapotranspiration is maximal, thus salt accumulation is elevated [9]. Moreover, fine texture soils tend
to swell and disperse (deflocculate) in sodic environments, when wetted during rain and irrigation
events [45,50,51]. Consequently their permeability is further reduced, surface runoff increases and
solute leaching out of the root zone is further reduced [24].

3.3. Groundwater Levels

Soil salinization is tightly linked to two groundwater properties: (i) groundwater chemistry;
and (ii) groundwater level. Soil salinization occurs in areas of groundwater discharge or elevated
water table when salt rich porewater at or near the ground surface, originated from groundwater,
continually evaporates and causes minerals to precipitate [105]. The depth of the water table below the
surface, together with hydraulic properties of the soil and potential evaporation, control the amount of
evaporation at the evaporation front, as they affect capillary water flow from the water table upward.
Usually, for groundwater levels deeper than 2-3 m, depending on soil properties, evaporation and
resulted salt accumulation will be minor as capillary rise to the evaporation front is negligible [9,105].
The chemistry of groundwater is important as the chemical composition of groundwater and solute
concentrations will affect the rates of salt accumulation in the root zone and salt mineralogy.

4. Coping with Soil Salinization in Agricultural Regions

Like many other problems, the best way of coping with soil salinization is to prevent it by using
good quality water and good quality soils. However, as aforementioned, good quality water and
soil are in short supply in many areas, especially in dry areas, where the need for irrigation is high,
precipitation is low and surpassed by evapotranspiration. Therefore, there is a real need to find ways to
improve agricultural and irrigation practices in order to enable flourishing and sustainable agriculture
in salt rich environments.

4.1. Leaching

Currently, the common practice to cope with salty water irrigation is to leach the salts downward
beyond the root zone, by the use of excess water [90,91]. While high LF leads to favorable growing
conditions for the plant and maximizes yield, it has negative impacts associated with water conservation
and groundwater pollution [106], therefore it is crucial to use optimal LR values. Recently, several
models have been developed and are in use to evaluate the effect of leaching on yield, solute transport
and optimization of LR, such as SWAP (Soil-Water—Atmosphere-Plant) [107], HYDRUS [108,109], and
ANSWER (Analytical Salt-Water) [34]. Nevertheless, in practice most farmers do not use these models
as they are too complicated for the layman.
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A recent work by Berezniak et al. [110] has shown that when using drip irrigation with salty
water, solute leaching from the root zone can be improved by replacing a limited volume of soil
(~20 x 20 x 20 cm?), with soil of a coarser texture compared to the environment, just below the
dripper emitter, where the roots are developing. The coarse soil volume provides a region in which
the roots can develop in relatively salt free conditions due to the high permeability (thus leaching) of
the coarse domain. In regular field conditions, the soil is homogeneous and water and solutes from
beyond the root zone may flow by capillarity into the root zone to replenish evapotranspiration. In the
manipulated texture setup, as proposed by Berezniak et al. [110], the sharp interface between the fine
texture soil (ambient) and the coarse texture soil, that acts as a capillary barrier, prevents the return of
solutes back into the central part of the root zone. This method is still not in practical use but with more
study, and development of the needed agro-technical machines, it may be a possible management
practice for controlling water and salinity in irrigated fields, while reducing LR, saving water, and
reducing the risk of soil (and groundwater) salinization [111].

4.2. Drainage

As demonstrated in the examples above, restricted drainage, which may be caused by the low
permeability of the soil or the presence of a high groundwater table, usually contributes to soil
salinization [9,112]. Consequently, artificial subsurface drainage of salinized croplands may improve
and even reclaim salinized soils, as well as solving associated problems of waterlogging [10,113,114].

An artificial drainage system may consist of any combination of horizontal and vertical subsurface
drainage pipes, relief wells, pumping wells and digging of drain ditches, in order to control
groundwater levels and to impose efficient drainage of the root zone following rain and irrigation
events [114-116]. It is now well understood that appropriate drainage may significantly improve
soil salinization problems in irrigated croplands. Nevertheless, more than two thirds of the areas
worldwide needing drainage have not been drained yet [114,117]. The use and installation of drainage
systems has to be promoted by the nation and decision makers, as many farmers do not have the
resources for implementing such a system, especially in developing countries [113,118]. Scientifically,
more research is needed to better understand the connections between soil salinity, water salinity;,
depth of drainage, groundwater levels and crop yield [114].

In clayey-sodic soils, rain water infiltration and drainage could be restricted due to soil swelling
and dispersion, as a result of the high concentrations of Na in the soil solution or the exchange
phase [119,120], which results in aggregate breakdown and soil crusting [51-53]. Reclamation of sodic
soils and drainage improvement are done by removal of Na from the soil exchange sites into soil
solutions by divalent cations, usually Ca [119,121,122].

Gypsum (CaSO4-2H;0) is the most common soil amendment used to reclaim sodic soils [123,124]
as it contributes Ca to the system when being dissolved into porewater. Nevertheless, many other
chemicals are being used to supply cations to the soil by various means, such as sulfur, sulfuric
acid [125,126], and polyhalite [112,119]. Recently, phytoremediation has been considered as an
alternative to chemical amendments. This method works on the principle of dissolution of native calcite
to supply soluble calcium by facilitating changes in root zone partial pressure of CO; by plants [127].
Organic soil amendments such as biochar, biosolids compost, and green waste compost [119] are also
used to improve the soil’s structure, aggregate stability, hydraulic conductivity and as contributors
of Ca.

4.3. Biological Solutions

Another approach to cope with soil salinization is not to invest resources in reducing and
preventing soil salinization, but rather to use halophyte species for agriculture. This includes
domestication of wild species that are resilient to salinity and produce edible yield and valuable
biomass [128], and developing and breeding of crops known to be more salt-tolerant [129]. For
example, a potential oil-seed crop that can be used in salty water is Salicornia bigelovii, which can be
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irrigated with ocean water and may produce a yield almost two times greater than sunflower [128].
Salicornia bigelovii is considered one of the most promising halophytic species to be grown in salt
rich environments such as coastal lines. However, a suitable germplasm still needs to be identified,
domesticated and developed in order to be widely used in modern agriculture [130]. The development
of halophytic species to produce food, fiber, and fuel has great potential as it will generate new
croplands in areas that currently are not suitable for agriculture such as the coastal lines and very
saline inland areas. Nevertheless, the research and development of these species is in its infancy and
more work is needed [128-131].

Another use of halophyte plants is to reclaim saline soil. This relies on the concept that some
plants may extract salt from the soil with the consumed water and accumulate it in their tissues [11,132].
This type of soil reclamation, termed phytoremediation, has the potential to become a cost-effective
and environmentally sound technology for remediation of salt impacted soils, if it is properly
developed [11]. For example, Ravindran et al. [132] demonstrated that the plants Suaeda maritima
and Sesuvium portulacastrum removed approximately 500 kg of NaCl from a 0.01 km? salinized field
over a period of 4 months. As for acclimation of the common agricultural crops to salt conditions;
this is also a promising field, yet there is still a lot to develop and study before transgenic plants and
developed species will be resilient enough to salinity and productive enough to be considered for use
in modern agriculture [129,131,133].

4.4. Water Desalination and Blending

Saline water desalination is growing rapidly with a marked improvement in the technology’s
efficiency during the last decade [134]. Water desalination technologies offer a potential remedy to soil
salinization in irrigated croplands by allowing farmers to use treated saline water from various sources,
including saline groundwater, ocean water, or treated waste water [135,136]. Nevertheless, the cost of
desalinized water may be too high and not justified to be used for economic reasons. However, a recent
study of Kaner et al. [34], conducted in Israel, has shown that for salinity-sensitive and high value
crops the use of desalinized water justifies the cost of desalination, even in small scale and private
desalinization systems. Similar conclusions were reported also for banana plantations where the use of
the desalinated water resulted in increased yield, even compared to the use of the local tap (drinking)
water that contained a small amount of solutes [137].

Another option to improve water quality in a simple manner is to blend water with different
degrees of salinity, in order to generate an irrigation water composition that will not result in soil
salinization [118]. The blend can be applied by mixing relatively good quality water with salty water
prior to irrigation or by irrigating the field with water at different degrees of salinity at different times.
By doing so, salt that accumulated at the root zone while irrigating with the salty water is leached
down when applying irrigation with good quality water [138].

4.5. Cultivation Practices

Soil salinization can be moderated by proper field cultivation practices. Crop rotation, which is
the practice of growing a series of different types of crops in the same area in sequenced seasons may be
a sustainable approach to cope with soil salinization [87,118]. By alternating crops, different irrigation
and fertilization regimes are implemented and by that the farmers can reduce the amount of solutes
transported into the field. Moreover, by including rain fed crops in the rotation, effective leaching of
the solutes can be achieved by the rain events while no more solutes are transported into the field by
irrigation water. Another practice that may help to accommodate soil salinization is the addition of
organic matter to the soil [139,140]. Organic matter stabilizes soil structure, prevents dispersion and
swelling processes and maintains a high infiltration capacity [141], which improves soil leaching and
solute transport beyond the root zone.

For raised beds irrigated with salty water, a recent study by Devkota et al. [142] showed that
flood irrigation at every second furrow supports salt removal from the root zone due to preferential
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water flow from the wet region to the dry region. The authors have shown that irrigation in alternating
furrows could possibly be more beneficial to farmers if cultivating salt-sensitive crops on the side of the
irrigated furrows and a salt-tolerant crop, cotton for example, on the side of the dry furrows. However,
further research is still needed in order to better understand and optimize this method. In general, any
cultivation practice that maintains high infiltration capacity of the soil is favorable in respect to soil
salinity, ensuring effective leaching of the solutes from the root zone.

5. Summary

As detailed in this manuscript, soil is a valuable and limited resource with a very long formation
period, in the order of thousands of years [143], therefore, if not treated in a sustainable manner, in few
decades it will be in short supply. Consequently, the world population will not have sufficient fertile
soils to grow the food it needs. Among the many soil degradation and fertility loss processes, such as
soil erosion, loss of soil organic carbon, compaction and urbanization; soil salinization and alkalization
are major processes that have to be addressed.

Hydrological processes greatly affect solute transport and salt accumulation in soils, and
understanding of these processes is crucial. Since hydrological and growing conditions are varied for
different fields, worldwide, it is impossible to formulate a generic strategy to manage and cope with
soil salinization. Nevertheless, common guidelines to cope with salinized soil, to reduce the risk of
soil salinization and sometimes even to remediate salinized soils can be drawn, as detailed in Figure 8.
The basic concept is to detect the origin of the salt and its transport mechanisms and to find plausible
ways to either eliminate the salt at its origin or to prevent it from reaching the root zone.
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Figure 8. Decision making flow-chart to cope with soil salinization.
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The examples presented in this paper of soil salinization from around the world, demonstrate
the basic and common concepts of soil salinization in cropland regions and indicate that dry climatic
conditions, high groundwater levels, and the quality of irrigation water are key factors affecting soil
salinization. Nations, politicians, and decision makers have to take the management of soil resources
more seriously in order to avoid a fatal situation where in the near future we might have not enough
soils to grow our food in.
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