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Abstract

:

Salinity and sodicity have been a major environmental hazard of the past century since more than 25% of the total land and 33% of the irrigated land globally are affected by salinity and sodicity. Adverse effects of soil salinity and sodicity include inhibited crop growth, waterlogging issues, groundwater contamination, loss in soil fertility and other associated secondary impacts on dependent ecosystems. Salinity and sodicity also have an enormous impact on food security since a substantial portion of the world’s irrigated land is affected by them. While the intrinsic nature of the soil could cause soil salinity and sodicity, in developing countries, they are also primarily caused by unsustainable irrigation practices, such as using high volumes of fertilizers, irrigating with saline/sodic water and lack of adequate drainage facilities to drain surplus irrigated water. This has also caused irreversible groundwater contamination in many regions. Although several remediation techniques have been developed, comprehensive land reclamation still remains challenging and is often time and resource inefficient. Mitigating the risk of salinity and sodicity while continuing to irrigate the land, for example, by growing salt-resistant crops such as halophytes together with regular crops or creating artificial drainage appears to be the most practical solution as farmers cannot halt irrigation. The purpose of this review is to highlight the global prevalence of salinity and sodicity in irrigated areas, highlight their spatiotemporal variability and causes, document the effects of irrigation induced salinity and sodicity on physicochemical properties of soil and groundwater, and discuss practical, innovative, and feasible practices and solutions to mitigate the salinity and sodicity hazards on soil and groundwater.
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1. Introduction


Irrigation water usually contains salts that accumulate in the soil over time, causing various problems, including plant growth inhibition, changes in soil properties, and groundwater contamination. Approximately 25% of the land (≈2000 million acres) worldwide is affected by high salt concentration, making them commercially unproductive [1,2,3]. Cations such as magnesium, calcium, iron, and so forth are common sources of salinity; however, the predominant cause of salinity in soils is sodium salts [4]. In arid and semi-arid areas, deposition of salts released from the parent rock, ancient drainage basins, and inland seas and a lack of proper natural drainage are major reasons for relatively higher impacts of salinity and sodicity in the region [5]. In humid areas, salinity and sodicity impacts, if any, are generally seasonal; nonetheless, the leached salts could percolate and contaminate the groundwater [6]. In the early 1930s, salinity or salt concentration was commonly expressed in terms of percentage or parts per million (ppm), and later, electrical conductivity (EC) in deciSiemens per meter, total dissolved solutes (TDS) in milligrams per liter, or total soluble salts (TSS) in milliequivalent per liter were widely used to express salinity. However, in recent times, salt concentrations are often expressed in terms of molarity units, such as millimole per liter (mmolc L−1). Sodicity, on the other hand, is described in terms of the exchangeable sodium percentage (ESP) or sodium adsorption ratio (SAR). A soil with EC greater than or equal to 4 deciSiemens per meter (dS m−1) at 25 °C is said to be saline; a soil with SAR > 13 (mmolc L−1)0.5 is termed as a sodic soil, and soils with EC greater than or equal to 4 dS m−1 and SAR > 13 (mmolc L−1)0.5 is considered to be saline-sodic [7,8]. Further, few researchers consider soils with lower values (6–8%) of ESP as sodic soils [4,9]. Refer to Table 1 for the classification of salinity and sodicity affected soils based on EC, SAR, and pH.



Although salinity and sodicity can be detected by measuring EC and SAR or ESP, respectively, in laboratory conditions, several visual indicators can also be used to qualitatively assess salinity and sodicity of soils [12]. Some of the most common visual indicators of salinity are the formation of white crusts or stains on the soil surface; slow or no germination; reduced growth rate and patchy growth of crops; foliage, discoloration, and disfiguration of leaves; growth of halophytic plants and waterlogging [13,14]. Common visual indicators of sodicity are inhibited vegetation growth, variability in the growth rate of plants, surface ponding of rainwater (decreased infiltration), shallow plant root penetration into the soil, formation of puddles with turbid water, and difficulty in tillage [15,16]. Additionally, sodicity can also be measured in the field using turbidity tests [16].



The direct environmental impacts of soil salinity and sodicity include increased soil erosion due to decreased vegetative cover; groundwater contamination; ecosystem fragmentation; reduced weathering rates and natural release of nutrients; decreased fertility; reduced crop yield; decreased organic matter and the destruction of host-ecosystems [17,18,19,20,21,22]. The impacts of salinity and sodicity on various crop’s growth have been extensively studied. For instance, sugarcane yield is closely tied with optimal soil conditions and pH; the crop yield could be significantly reduced under saline and sodic conditions [23,24].



Irrigation-induced salinity and sodicity also increases the plant water requirement due to reduced root penetration in the soil and causes overexploitation of groundwater in regions where there are no other alternative sources of water for irrigation, while in areas where surface water is used for irrigation and has a water table at shallow depths, waterlogging is generally observed [25,26]. The increase in the plant water requirement (is generally offset by increasing the duration of irrigation) to ameliorate the shunting of plant growth and to achieve optimum crop yield (growth) under saline-sodic conditions varies widely with the extent of salinity and sodicity levels, the type of crop, and soil characteristics [27]. Furthermore, apart from impacting the productivity or yield of irrigated land, salinity and sodicity also have broad implications on socio-economic growth and food security, which includes lower profit margins, poverty, and migration of farmers to urban areas in developing countries, increased fertilizer requirement, and the unlikelihood of land reclamation [28,29]. The extrapolation of global loss due to irrigation-induced salinity is roughly estimated as USD ~27.3 billion in a year caused by reduced crop production (approximating USD 441 loss per hectare of land) [30,31]. Recent studies indicate that the economic loss could be as high as USD 1604 and USD 2748 per hectare if the salinity levels rise from low to medium and medium to high, respectively, and the gross profit in undertaking any migratory measures might be too low for the farmers to adopt sustainable irrigation strategies [32]. Comparable to the above inference, a study in Australia estimated that an expenditure of AUD 65 billion over 10 years would be required to reclaim the land degradation caused by salinity and sodicity in the country [33]. Mitigation of salinity and sodicity in irrigated soils is crucial for soil conservation, socio-economic upliftment of farmers, as well as the protection of agriculture-dependent ecosystems and groundwater quality [34].



Although there are several studies in the literature that have comprehensively studied various aspects and impacts of soil salinity and sodicity on the environment (mainly soil), a systematic study analyzing the hazards of irrigation-induced salinity and sodicity on soil and groundwater is yet to be conducted [15,16,17,18,19,35,36]. In this paper, the causes and management (mitigation strategies) of irrigation-induced soil salinity and sodicity, as well as their effects on soil properties and groundwater (subsurface aquifers), are discussed. In addition, this overview provides a catalogue of practically feasible integrated soil fertility management practices and innovative/modern solutions to mitigate the salinity and sodicity risks to soil and groundwater.




2. Global Distribution of Irrigation-Induced Salinity and Sodicity


Accurately quantifying and identifying irrigation-induced salinity and sodicity hotspots is quite challenging because of the high geographic variability and net changes in the salinity and sodicity levels; nonetheless, certain regions mostly in semi-arid and arid regions are at higher risk because of the inherent saline and sodic nature (chemical composition) of the soil [37]. On a country scale, salinity and sodicity are pervasive in both arid and semi-arid countries throughout the world, including few humid countries such as Bangladesh and Malaysia [38,39]. Unfortunately, for most countries except Australia and the United Arab Emirates [3,40], an up-to-date national level inventory of irrigated areas affected by salinity and sodicity is not available. The most recent assessments of saline and sodic soils in several countries globally are discussed below.



In developing countries with extensive irrigated land, about one-third of the irrigated land is affected or potentially at high risk of being affected by salinity [41]. In India, about 6.73 million ha of land has been degraded due to salinity and sodicity, which were mainly catalyzed by the introduction of irrigation in western parts of the country [42]. It is also a major threat in irrigated arid and semi-arid regions of Latin America [43]. In the Pampa region of Argentina, huge volumes of saline and sodic soils (>13 million ha) exist due to poor irrigation practices leading to land degradation [43,44]. A study over Mongolia highlights a decrease in salinity in its cropping areas due to improvements in dry drainage and deployment of artificial drainage systems; however, the fallow areas are still affected by increased salinity due to long-term accumulation [45]. Salinity and sodicity are also major problems in Pakistan where about 6.3 (out of the 16.3) million hectares of its irrigated land is naturally saline-sodic, which is further exacerbated by unsustainable and inappropriate land use and management practices [46]. In Iran, 4.1 million hectares of land is affected by irrigation-induced salinity and sodicity, and the annual losses incurred is likely greater than USD 1 billion per year [47]. In central Asia, salinity affects 47.5% of irrigated land (with 95.9% of irrigated land affected in Turkmenistan, 50.1% in Uzbekistan, and 33% in Kazakhstan) and thus poses a significant threat to crop production and food security in these regions [48]. In South Africa, irrigation-induced salinity and sodicity are major threats (about 13–18% of the area under regular irrigation is affected), especially in the western parts of the country since there is severe biological degradation driven by soil organic matter decline [49]. In Russia, the majority of the irrigated lands in the southern part of the country are confined to salt-affected soils [50].



In the developed world, one-fourth of the irrigated land in the United States of America (USA) is affected by salinity [51,52]. In Colorado, USA, about 25–35% of the irrigated land (980,000 ha) is affected by saline, sodic, and saline-sodic soils, especially in the Arkansas river valley and the Colorado river basin, costing USD 750 million in economic impact [53,54]. Similarly, in North Dakota (USA), about 1.9 million and 0.7 million acres of land in 34 out of 52 counties are affected by salinity and sodicity, respectively [55]. In Europe, about 3.3 Mha. of land is affected by salinity and sodicity, of which North, Central, and Eastern Europe are significantly affected by irrigation-induced salinity and sodicity hazards [36]. Increased irrigation losses (particularly in the crop root zone), variations in the seasonal pattern of salt leaching (accumulated during irrigation) over the cultivation season, and an increase in aquifer salinity are some of the factors contributing to worsening saline-sodic conditions in Europe (notably in Italy) [36,56,57]. About 68% of the agricultural land in Australia is reported to have transient-salinity and sodicity problems (i.e., the occurrence is seasonal), while about 16% of the land is affected by irrigation and groundwater-induced salinity [4,58]. Sodicity hazard in Australia has scaled up above 60% of the cultivable land (20 million ha) even though farming is practiced without irrigation under dry conditions [9,59]. Practices such as wastewater irrigation (sewage farming) have further exacerbated the problems associated with salinity and sodicity in Australia as it significantly deteriorates the quality of soil and the integrity of the ecological systems [60,61,62].




3. Soil Salinity and Sodicity: Causes


The natural weathering of rocks or the parent material is the major source of salinity and sodicity in soils. Other sources include the use of saline or brackish water for irrigation, seawater intrusion in coastal areas, inadequate drainage and a rise in the groundwater table, restricted surface evaporation, and seawater sprays (moisture) near coastal areas [15,63]. Anthropogenic inputs, such as the discharge of partially or untreated industrial and domestic effluents over land, can increase soil salinity and sodicity (also referred to as secondary salinity) [64,65]. The primary source of irrigation-induced soil salinity and sodicity includes the use of fertilizers and minerals (such as gypsum, potash, etc.) and salt-intensive groundwater without adequate treatment [63,66]. Salinization is a cyclic process when, once salt water is used for irrigation, the accumulation of salt begins, increasing the water requirements of the crops, limiting leaching, and, through capillary movement and evaporation processes, leads to increased salt build-up in the soil column [67,68]. Furthermore, due to the ionic imbalance developed mainly through high sodium concentrations, soil permeability is also affected [69]. In areas with a rising water table (mainly in less irrigated drylands), high salinity is caused by restricted drainage and long-term cultivation of shallow-rooted crops (leads to salt bed formation in the soil strata), which reduces soil permeability and eventually the groundwater dissolved salts reach the surface and increases salinity [15,70,71].



In regions where water is scarce, particularly in arid or dry regions where no substitute for saline or sodic water exists, repeated usage of such water for irrigation over time leads to the salinity of both surface and sub-surface formations [72]. Such a type of salinity is often referred to as ‘secondary salinity’ and has severe effects on soil quality [73,74]. Management of secondary salinity is crucial because, over the past decade, most countries have been affected due to the repeated practice of using saline groundwater and fertilizers, causing salinity and sodicity to sustain or improve the agricultural yield [65,75].




4. Impacts of Salinity and Sodicity on Physicochemical Properties of Soil


Salinity greatly affects the soil pH (increases the pH above the ideal pH range of 6.5–7.5 for optimum growth in the majority of crops) and, as a result, interferes with nutrient availability for plants [76]. Some of the major plant nutrients, such as potassium, nitrogen, and sulphur, are comparatively less affected by higher pH (salinity); however, some nutrients such as phosphorus are considerably affected by salinity even at small levels (for e.g., phosphate at pH > 7.5 reacts with magnesium and calcium to form less soluble compounds) [77].



Salinity and sodicity affect the physical and hydraulic properties of soil [78,79]. Although salinity improves the stability and aggregation of soil, at high concentrations, it imposes osmotic stress on plants because soil water uptake by roots is hindered by the retention of water in the soil [80]. As opposed to salinity, sodicity leads to soil dispersion, structural instability, and swelling of aggregates [81]. The accumulation of sodium in the soil leads to a loss of soil organic carbon through carbon mineralization and also impedes the nitrogen cycle [82]. Soil dispersion is especially seen in clays due to sodicity. When the exchangeable sodium percentage (ESP) exceeds 15%, the higher concentration of sodium ions in the exchangeable soil matrix sites may result in the collapse of soil aggregates [83,84].



Salinity and sodicity also significantly reduce the hydraulic conductivity and infiltration rates, which could significantly affect the vadose zone water availability [78,85]. The irrigation water with higher SAR values > 9 can have severe consequences on the permeability of the soil depending on the type of soil and extent of surface sealing [34,86]. For example, a SAR value of 9 would create severe restrictions on permeability in textured clays; however, in the case of sandy soils, it has insignificant impacts [87]. In sodic soils, once the soil structure has collapsed, water movement through the compacted soil profile is greatly reduced, which ultimately reduces the infiltration potential of the soil [88,89].



Salinity causes the soil to flocculate, whereas sodicity causes the soil to disperse [90]. The soil stability is highly dependent on the extent of soil salinity and sodicity, which is readily determined by the salinity to sodicity ratio referred to as ‘the swelling factor’ [91]. The soil with a high swelling factor would have a stable soil structure, while the likelihood of soil structural problems increases as the swelling factor value decreases. Both salinity and sodicity have a combined effect on the infiltration rates (Figure 1), and the swelling factor is used to assess the potential impact of irrigation water quality on the infiltration rate. For example, soil with low salinity and high sodicity would have a severe infiltration problem [19]. Increased surface runoff and erosion potential (during rainfall) are secondary impacts on land affected by salinity and sodicity [3,19].




5. Impacts of Salinity and Sodicity on Biological Activities in Soil


Biological activities, mainly the microbiological processes, which are largely concentrated in the topsoil, play a vital role in the biogeochemical cycling of soil nutrients and their availability to the plants [94,95]. The population, activity, and community structure of microbes in saline soils are influenced by the soil water potential (osmotic potential + matrix potential). Specifically, when the salt concentration in the soil solution increases, the water content reduces, leading to low osmotic potential, which makes it difficult for microorganisms to utilize the soil water content. Thus, soil salinization affects the composition of the microbial community and its metabolism, as the tolerance to low osmotic potential differs from one microbial genotype to another [96]. Highly saline soils inhibit the growth of the microbial population and enzyme activities [84,95,97], reduce carbon and nitrogen mineralization [98,99], reduce the ability of microbes (enzyme producers) that decompose cellulose [100,101], and impact soil respiration and organic matter dynamics [102,103,104]. Many researchers posit that fungi are less tolerant to osmotic stress (induced by salinity) than bacteria [95,96,105]. However, Rath et al. (2016) observed that the fungi growth is more resistant to salt exposure than bacteria [103]. In sodic soils, the extent of organic matter is directly related to microbial biomass carbon, soil nitrogen, and N mineralization rates [106]. The carbonate salts in saline or sodic soils complicate the carbon (C) dynamics and fluxes, which affect the microscale microbial metabolism [107]. In highly saline grassland soils, Yang et al. (2020) observed paradoxical behavior of bacterial and fungal diversity, with a relative decrease in the Proteobacteria and Firmicutes population and the abundance of the ascomycetes [108]. Some haloalkaliphilic bacteria are able to sustain and expand, even in saline environments, promoting plant growth [109]. Soil salinity was found to be a stress factor hindering biological nitrogen fixation by free-living diazotrophic microbes and heterotrophic bacteria [110]. Enzymes present in soil could also function as an indicator of saline and sodic soil fertility, and microbial amendments of soil effectively improve the fertility of the soil [111].




6. Effects of Irrigation-Induced Salinity and Sodicity on Groundwater


Salinity and sodicity in irrigated areas could be caused by a higher concentration of salts and sodium either in soil or irrigation water (either from a surface or groundwater source). Irrigation-induced salinity and sodicity can adversely affect both the chemical and the physical properties of a groundwater system through multiple and often interconnected pathways (Figure 2) that can lead to long-term groundwater contamination [6].



When the saline- and sodic-irrigated water infiltrates and reaches the groundwater table, it first increases the water’s pH and, over time, contaminates the aquifer. The groundwater salinity could further affect the water quality regionally, as connected aquifers can result in regional impacts [112]. The extent and severity of the contamination, however, could vary with the type of salt, concentration, and climate geography. Alternatively, the use of saline/sodic groundwater for irrigation could affect the soil by altering its physio-chemical properties and structure [113]. Hence, the presence of salinity or sodicity either in soil or groundwater could contaminate each other while, at the same time, could have an equally negative impact on crop growth [114,115].



In semi-arid regions, developments in pumping technologies have exponentially increased groundwater-based irrigation, which has subsequently decreased the salinity caused by waterlogging [116,117]; however, the resulted overdependence has negatively impacted the former. Globally, this trend of increasing groundwater salinity with decreasing water table depth is observed in regions that predominantly use groundwater for irrigation [95,118]. In the Indian state of Punjab and Haryana, the overexploitation of groundwater for irrigation pumping has led to declining groundwater levels and an increasing salt concentration in groundwater [119], while, in Pakistan, using groundwater for irrigation improves the soil and crop yield since it acts as artificial-drainage, which controls waterlogging and water table rise [117].



During dry seasons, the impact of irrigation-induced salinity and sodicity on groundwater can be especially elevated as the water table is generally low; therefore, the extent and concentration of salt contamination could be high [95]. In coastal regions, additional pumping of groundwater to offset the irrigation demand increases the risk of seawater intrusions [38,70]. Repeated irrigation with saline and sodic water leads to the formation of an impermeable layer along the capillary fringe (a layer in which the groundwater seeps up from the water table to fill pores in the overlying region by capillary action) since the pores in the overlying layer becomes occupied with salts [120]. This affects the water cycle by obstructing the interaction between the groundwater table with the sub-surface flows and surface water, reducing the evapotranspiration potential by preventing the saturation of the soil (by groundwater) above the capillary fringe, etc. [121]. Further formation of such layer along the aquifer boundary could affect the aquifer storage properties, for example, by decreasing the specific storage or specific yield of the aquifer [121]. In addition, pumping of saline groundwater, in the long run, could cause the accumulation of salts along the column of the bore well (commonly ~10–25 cm in diameter), which could affect the casing and cause further groundwater contamination (more severe in the case of steel casings since the saline environment acts as a catalyst to corrosion and leads to higher iron content) [70,122].




7. Traditional Strategies for Mitigating High Soil Salinity and Sodicity


The major challenge in the reclamation of soil affected by salinity and sodicity is the removal of salts from the root zone, which is also the most effective way to minimize or completely overcome the detrimental effects of salinity and sodicity [17,123]. Globally, soil reclamation activities are challenging due to lack of awareness, high implementation costs and inaccessibility to well-developed technologies [124]; however, there have been several traditional strategies that are being widely followed to minimize or mitigate soil salinity and sodicity (Table 2).



The most common and the best strategy to manage irrigation-induced salinity and sodicity in soils include proper tillage and seedbed preparation before planting, levelling of land to ensure uniform water distribution, cyclic irrigation with fresh and saline water, shifting to organic manures, and implementing soil conservation practices [73,126,127,128].



Potential mitigation strategies for irrigation-induced salinity in arid and semi-arid climatic areas (also referred to as dryland salinity) includes safely disposing saline groundwater, creating artificial drainage mechanisms, mulching with crop residue, opting for alternate saline-friendly plants such as halophytes and deep-rooted trees (deep-rooted trees utilizes the groundwater and creates bio-drainage), and inducing salinity tolerance through molecular approaches [129,130].



In soils with poor soil drainage and shallow water table depths, artificial drainage structures might be effective; however, this is generally not completely feasible in all geographic regions due to physical constraints and high implementation and maintenance costs [28,131]. In such regions, the usage of synthetic fertilizers (a major contributor to salinity) should be minimized, and the application of organo-mineral fertilizers, organic manures, or chlorine-free (less saline) fertilizers should be preferred. Simple strategies such as the application of fertilizers by mixing them with irrigation water have been suggested to decrease salinity and sodicity, as this practice improves the efficiency of fertilizer usage and increases nutrient availability [132].



As an indirect strategy, salt tolerance of crops can be improved by adding certain nutrients; for example, nitrate, calcium, potassium, and salicylic acids can enhance the salt tolerance of crops, such as pepper, tomato, bean, and a variety of other commonly consumed fruits and vegetables [28,133]. Humic acids and non-essential nutrients, such as silicon, have been shown to reduce the deleterious effect of soil translocation of ions from root to shoot, improve the mineral intake and increase root growth [134,135]. Routine leaching (water applied with irrigation accounting for the drainage below the root zone) can be performed in saline and sodic soils with long-term vegetable cropping [136]. Depending on the type of crops and the extent of the crop’s sensitivity to salinity and sodicity of the soil, the frequency of maintenance leaching could vary between two times a week to daily [28,137]. Furthermore, it is important to manage the relationships between the average root-zone salinity, the electrical conductivity of irrigation water, and the leaching fraction under conditions of higher irrigation frequency [138,139,140,141].



While the use of chemicals, fertilizers, or conditioners might improve the short-term yield under saline/sodic conditions, these amendments cannot truly reclaim the soil [142]. The most effective mitigation strategies involve a combined hydro-bio-physio-chemical approach [25,143]. Although all of the above methods could be used to mitigate the effects of salinity and sodicity, integrated soil management, i.e., a combination of multiple strategies ranging from the selection of salt-tolerant crops to drainage and irrigation systems, and making operation and maintenance decisions (e.g., fertilizer usage, surface preparation) have been shown to be the most effective strategy [144,145]. Since saline and sodic soils are distributed across a vast range of hydro-physiological conditions, different irrigation regimes, agricultural practices (vary with geographic settings), and socio-economic conditions, the success of even the integrated soil management effort primarily relies on the farmer’s ability to adopt the right technique and adapt multiple approaches at a given time [25,146]. In addition to effective management techniques, routine and periodic soil testing might be crucial to maintaining the productivity of the soils affected by irrigation-induced salinity and sodicity hazards [147]. Mitigating the effect of salinity and sodicity hazards requires region-specific studies, educating the farmers about the possible remediation strategies, and providing them with financial and physical resources to implement the mitigation plan.




8. Innovative Solutions to Manage Irrigation-Induced Salinity and Sodicity Crisis


Modern technologies provide many opportunities to overcome the shortcomings and drawbacks in traditional approaches to mitigate soil salinity and sodicity and could play a critical role in managing irrigation-induced salinity and sodicity hazards. Innovative solutions are the management strategies that are economical, eco-friendly, and efficient (in terms of both resource and time) in mitigating the irrigation-induced salinity/sodicity hazards. With the emerging advancements in remote sensing in the past decade, several techniques have been developed to map salinity and sodicity-affected regions (hotspots) and create indices (e.g., salinity index, soil salinity and sodicity index, etc.) using multi-spectral satellite data [148,149]. A recent study in Ethiopia over a sugarcane irrigated farm has successfully managed to model and map spatial variations in salinity using remote sensing and Geographic Information Systems, which demonstrates that it is plausible to study irrigation-induced salinity using modern geospatial techniques [150]. Recently, an innovative leaching solution has been developed to manage salinity and sodicity crisis worldwide, which has successfully managed to transport the salts below the rhizosphere (root zone) by percolating salt through the soil without affecting the crops [151]. This innovative leaching is achieved by applying a low-frequency electromagnetic field through the irrigation water before it is applied to the crops, which enables the crops to absorb the water at the same time and enables the salt to be transported below the root zone [152]. In Uzbekistan, where the problem is pervasive, an innovative study relied on a community-based use of an electromagnetic induction meter (EM) to rapidly assess soil salinity. This approach highlighted the use of an EM device in quantifying soil salinity as well as demonstrated the importance of creating a dialogue in the community to improve the management and reclamation of saline lands more efficiently [153]. A recent study by Nickel (2017) [154] suggests that in highly saline areas, planting of perineal grasses such as alfalfa (11 varieties of which are salt-tolerant) over time can improve/reduce the soil salinity. Under this method, complete reclamation of soil in five to ten years is possible with periodical monitoring and timely management modifications (e.g., planting perennial grass over six years showed declining ECs from 7–10 to 4–8) [154].



A good drainage system is critical for removing saline irrigated water [155,156]. While traditional drainage structures, such as surface canals and sub-surface pipes, are effective, they cannot be successful in all regions due to terrain constraints. Recently, bio-drainage, ‘the process of pumping excess soil water by deep-rooted plants’, has been highly useful and a good alternative to the traditional drainage systems as 98% of the water is absorbed by the plants [157,158]. Moving from typical agricultural practices to new cropping systems, such as agroforestry (e.g., switching from shallow-rooted annual cropping to planting deep-rooted vegetation), has been proven effective in regions affected with extensive irrigation-induced salinity [159]. The development of multi-stress tolerant crops using modern genetic engineering techniques with salt-tolerant genes would play a major role in achieving high crop yield since the salinity problem is becoming common in many regions of the world with unsustainable irrigation practices [125,160]. However, such bio-engineered crops which are completely salt-tolerant have not been invented yet, and it might take a long time to make them commercially available to farmers [161].



Advancements in understanding the biochemical, physiological, and molecular processes of plant growth will enable the development of novel biochemical techniques to improve salt tolerance in crops. One example of such development is the inoculation of plants with growth-promoting rhizobacteria, which has been successfully documented to increase salt stress tolerance by inducing systemic tolerance [162]. Recent research also draws emphasis on the usage of ‘Biochar’ (solid carbonaceous residue) as a sustainable ameliorant since it is highly effective in reclaiming physico-chemical and biological properties of salinity and sodicity affected soils [163,164].




9. Conclusions


Salinity and sodicity affect the productivity of irrigated lands and pose one of the major environmental and resource-related challenges facing the world today. Unscientific cultivation practices and soil degradation by salinization and sodification alter the physio-chemical properties of the soil, reduce infiltration rates, increase the surface runoff, and significantly reduce agricultural yield. Salinity and sodicity affect the underlying aquifers through the leaching of salts, contaminating groundwater both locally and regionally. The management of saline and sodic soils requires several resources and strategies, including the usage of non-saline or less saline water for irrigation, development of proper drainage facilities (artificial drainage), inorganic or mineral amendments, the addition of soil ameliorants, and cultivation of salt-tolerant crops. Integrated soil fertility management practices (based on agronomic principles for sustainable agriculture) show promising prospects in mitigating the hazardous effects of salinity and sodicity on soil and groundwater than conventional unsustainable irrigation practices. Modern technological solutions, such as Electromagnetic Induction sensors, can rapidly analyze the extent of in situ salinity, and satellite remote sensing approaches can aid in the large-scale mapping of salinity-affected lands. There is a need for a basic understanding of processes contributing to salinity and sodicity of soils regionally and involve relevant stakeholders, principally the farmers and public institutions (government agencies and research institutions) for the expansion, adoption, and awareness about available technologies for the remediation or reclamation of affected lands. Early realization of symptoms (either visual, physical, biological, chemical, or integrative) of salt-affected soils aid in locating areas where potential fertility issues could occur. Large-scale land reclamation projects and the adoption of sophisticated methods of water application could partially or solely inhibit the risk of salinity hazards. Additionally, its equally important to quantify the ecological, agricultural, and socio-economic impacts of soil degradation due to salinity/sodicity and develop novel technologies to efficiently manage and mitigate the hazardous effects of salinity and sodicity on soil and groundwater for sustaining future food and water sustainability.
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Figure 1. The relationship between soil salinity and sodicity on soil structure and infiltration (based on Hanson et. al, 1999 [92] and ANZECC, 2000 [93]). 
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Figure 2. Effects of irrigation-induced salinity and sodicity hazards on groundwater. 
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Table 1. Classification of salinity and sodicity affected soil based on physio-chemical properties (modified from Scherer, 1996 [10] and Alonge et al., 2019 [11]).
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Soil Classification

	
Electrical Conductivity

(EC, dS/m)

	
pH

	
Sodium Adsorption Ratio (SAR)

(mmolc L−1)0.5

	
Description






	
Normal soil

	
EC < 4

	
<8.5

	
<13

	
No visible salt accumulation on soil surface, uniform crop growth.




	
Saline soil

	

	

	

	




	
Slightly saline

	
4 < EC < 8

	
<8.5

	
<13

	
Visible salts on soil surface, patchy and uneven crop growth.




	
Moderately saline

	
8 < EC < 15

	
Fairly visible salt layer on soil surface, restricted and very patchy crop growth.




	
Strongly saline

	
EC > 15

	
Fluffy soil surface, fairly visible salt accumulation on surface, slow or no germination, patchy and highly restricted plant growth, etc.




	
Sodic soil

	
EC < 4

	
8.5–10

	
>13

	
Shallow plant root penetration, puddle formation with turbid water on soil surface, variability in crop growth rate, etc.




	
Saline-sodic soil

	
EC > 4

	
<8.5

	
>13

	
Combined characteristics of saline and sodic soils.




	
Degraded sodic soils

	
0.5 < EC < 2

	
5.5–8.5

	
>14

	
Contain excess exchangeable sodium and appreciable quantities of exchangeable hydrogen. ESP < 15.
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Table 2. Mitigation options for salinity and sodicity hazard (Adapted from Vargas et al., 2018 [125]).
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Category

	
Types/options

	
Techniques






	
Agronomic measures

	
Hydro-technical

	




	
 (a) Irrigation System

	
Sprinkling, drip irrigation, surface and sub-surface irrigation




	
 (b) Drainage Systems

	
Horizontal and vertical drainage




	
Agro-technical

	




	
 (a) Surface regulation

	
Levelling, Ridging, Furrowing




	
 (b) Subsurface regulation

	
Slitting, Moiling, Deep tilling




	
Bio-chemical- Nutrient and manure application, soil acidification, etc.

	
Overall application, scattering, local, green manure, organic carbon sequestration




	
Structural- amend the surface structure mainly in plough layer

	
Sand and clay application, Ditching, Deep ploughing




	
Engineering

	
Increase storage

	
Construct supplemental water storage structures such as dams and reservoirs (e.g., ponds and tanks)




	
Improve drainage infrastructure

	
Develop artificial drainage structures (both surface and sub-surface), bio-drainage (e.g., planting eucalyptus)




	
Reduce losses

	
Improve distribution systems (e.g., reduce canal seepage through the lining, opt for drip or sprinkler irrigation, etc.), reuse the drained water, find alternate discharge methods for the drainage effluent, employ rain water harvesting




	
Policy

	
Regulation measures

	
Introduce soil health monitoring, water and power pricing, transferable water entitlements, set limits to groundwater pumping and recharge




	
Incentives

	
Increase the cost of hazardous fertilizers, provide funds to encourage soil reclamation, develop public water supply infrastructure (e.g., canal network) in hotspot regions




	
Management

	
Optimal operation

	
Improve the operation of existing irrigation and drainage systems, manage irrigation logs, adopt innovative technologies, regularly monitor soil and groundwater




	
Technology application

	
Use sensor-based devices (e.g., soil moisture sensors), weather predictions, follow irrigation planning and forecasting




	
Maintenance

	
Desilt the irrigation channels and drainage network
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