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Abstract 

 

Soil salinity, which poses one of the greatest threats to sustainable crop production worldwide, can 

be ameliorated through various approaches, such as leaching, mulching, and amendment 

application. The effects of leaching and amendments on saline soil reclamation have been studied 

separately, but their interaction is poorly elucidated. Therefore, a column experiment was designed 

with soils that were subjected to leaching with 2 and 4 pore volume (PV) of water and compared 

with non-leached soils (NLS) to observe the effects of leaching on saline soil and leachate 

characteristics under different organic (vermicompost [VC] and wood ash [WA]) and inorganic 

(zeolite) amendments at two different rates (1 and 2 g 100 g−1) and their combinations. Results 

revealed that the electrical conductivity (EC) of the soil decreased, whereas the EC of the leachate 

increased as the PV of water increased. Regardless of the treatments, the concentrations of sodium 

(Na+), potassium (K+), calcium (Ca2+), and magnesium (Mg2+) in the leachate increased. By 

contrast, their concentrations in the leached soils decreased as the PV of water increased. WA 

contributed to a significant increase (p < 0.01) in the EC and the concentrations of cations, 

especially K+ and Ca2+, in the soils and leachates. The higher the rates of the amendment, the 

greater the increment in the EC and cation concentrations. Incorporating amendments could be 

important sources of cations, thereby limiting the entry of Na+ into the exchange complex and 

facilitating leaching with percolating water. The response of spinach (Spinacia oleracea) in terms 

of yield parameters to 2 PV of leached soils was significantly better than that of NLS, suggesting 

that soil leaching could significantly influence plant functioning in highly saline soils. This study 

suggested that the irrigation of saline soils under different organic and inorganic amendments 

before cultivation might affect salt leaching and soil nutrient dynamics, thereby influencing plant 

growth and yield. 

 

Keywords: Amendments; Leaching; Pore volume; Reclamation; Soil salinity. 

 

1. Introduction 

Salt stress is one of the most significant abiotic stresses adversely affecting crop production (Alam, 

1999; Gull et al., 2019; Roy & Chowdhury, 2020a) and threatening global food security (Wicke et 

al., 2011). Salt-affected soils occupy more than 20% of agricultural lands worldwide (Etesami & 
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Noori, 2019; Khan & Duke, 2001), especially in Asia, Australia, and South America, covering 

approximately more than 900 million hectares (Doula & Sarris, 2016; Roy & Chowdhury, 2020b; 

Wicke et al., 2011). Saline soils contain appreciable amounts of soluble salts of cations such as 

sodium (Na+), calcium (Ca2+), magnesium (Mg2+), and potassium (K+), together with anions such as 

chloride (Cl−), sulfate (SO4
2−), carbonate (CO3

2−), and bicarbonate (HCO3
−); consequently, soil 

electrical conductivity (EC) is greater than 4 dS m−1 in saturated paste extract (Alam, 1999; Brady 

& Weil, 2005; Hardie & Doyle, 2012; Qadir et al., 2005). 

In Bangladesh, more than 1.06 million hectares of land are affected by various degrees of soil 

salinity (SRDI, 2010). Most of the agricultural lands in coastal areas are not being utilized for crop 

production, mainly because of soil salinity, and the situation is expected to worsen due to climate 

change (Uddin, 2011). High salt concentrations in the root zone inhibit plant growth and yield by 

adversely affecting physiological and biochemical functions either through osmotic or nutritional 

imbalances (Roy & Chowdhury, 2020a). The reclamation of saline soils has become increasingly 

important to enhance crop production worldwide. Saline soils can be effectively reclaimed by 

leaching salts, and this process requires a large amount of water. Over the years, leaching as an 

effective approach for the reclamation of salt-affected soils has been widely explored 

(Khoshgoftarmanesh et al., 2003; Mostafazadeh-Fard et al., 2008). 

Leaching allows excess dissolved salts to move downward from the root zone with percolating 

water (Ayers & Wescot, 1985; Harker & Mikalson, 1990). However, removing salts from the root 

zone through leaching is often impractical in areas with water scarcity. Therefore, a minimum 

amount of water should be used to reduce the soil salinity so that crops can be cultivated 

sustainably. 

Organic amendments have been widely studied for their astounding influences on physical, 

chemical, and biological properties (Ding et al., 2020; Leogrande & Vitti, 2019; Roy et al., 2018; 

Roy & Chowdhury, 2020a; Tejada et al., 2006). Improvements in soil physical properties, such as 

bulk density, aggregate stability, and permeability, can facilitate the leaching of soluble salts with 

percolating water. The application of organic amendments is effective in enhancing salt leaching, 

thereby reducing EC and improving the physical properties of salt-affected soils (Chaganti et al., 

2015; Premanandarajah, 2017; Yue et al., 2016). The response of plants to vermicompost (VC) 

(Zhang et al., 2020), wood ash (WA) (Boh et al., 2013), and zeolite (Al-Busaidi et al., 2008) has 

also been studied in salt-affected soils. 

Although the effects of leaching and amendment application in saline soils have been studied 

separately, their interaction is poorly understood. Moreover, the effect of WA alone or in 
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combination with other organic amendments, such as VC, and inorganic amendments, such as 

zeolite, on the reclamation of acidic saline soils through leaching has not yet been studied. Thus, 

this research was conducted to observe the effects of leaching on the magnitude of the reclamation 

of saline soils under the individual and combined applications of two organic amendments, namely, 

VC and WA, and an inorganic amendment, namely, zeolite. Their interactions should be understood 

to assess nutrient turnover in saline soils crucial for their sustainable use and rehabilitation. Their 

interactions should also be explored because of climate change likely results in an increase in soil 

salinity in the southeastern part of Bangladesh, where soil salinity is a major constraint to 

sustainable crop production. 

Therefore, this study provided insights into the appropriate measures for the restoration of saline 

soils through leaching in combination with applying different organic and inorganic amendments so 

that sustainable crop production in saline areas could be ensured. We hypothesized that the 

integrative leaching and amendment incorporation approaches would reduce soil salinity severity 

and increase nutritive values by supplying K+ and Ca2+ in soils. 

 

2. Methods 

Soil-filled columns were subjected to 2 and 4 PV of water and compared with amended soils that 

were not subjected to leaching to observe the effectiveness of different volumes of water on the 

extent of salt leaching under different organic and inorganic amendments. 

 

2.1. Collection and processing of soil samples 

Bulk soil samples from a depth of 0–15 cm were collected from Anwara Upazila (N 22.151382 and 

E 91.840534) in Chattogram District in the southeastern part of Bangladesh. The soils in this area 

had a history of being previously cultivated and were abandoned without any crop cultivation for 

more than 15 years because of high salinity. They have a clay loam texture and belong to the 

Raozan soil series of the USDA soil taxonomy. The collected soil samples were crushed with a 

wooden hammer. Visible plant detritus and gravels were removed from the soil and then passed 

through stainless steel sieve with 2 mm openings and mixed thoroughly to obtain homogeneous 

samples. Subsamples were gathered randomly for the analysis of the physical and chemical 

parameters of the soils. 
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2.2. Collection and processing of amendments 

Cow dung vermicompost (hereinafter referred to vermicompost) and WA were used as organic 

amendments, and calcium-type zeolite (CaAl2Si4O12·nH2O) was utilized as an inorganic 

amendment. Zeolite was collected from a market distributed by National Agricare, Indonesia. 

Vermicompost was collected from an organic farm and prepared by using earthworm Eisenia fetida 

(Amouei et al., 2017) to compost cow dung and banana plants (80:20, w/w). WA was prepared by 

burning woods in mud stoves. The organic amendments were passed through a 2 mm sieve. 

 

2.3. Leaching experiment setup 

A leaching experiment was conducted at the Department of Soil Science, University of Chittagong. 

The layout of the leaching experiment is shown in Figure 1. In this experiment, 200 g (on oven dry 

weight basis) of 2 mm sieved soil samples were weighed with an electric balance and placed on a 

paper sheet. The required number of amendments for the rates of 1 and 2 g 100 g−1 were weighed, 

thoroughly mixed individually, and combined with the previously weighed soil samples, and placed 

in PVC tubes. After the soil and amendments were homogeneously mixed, the samples were placed 

in the PVC plastic tubes (12 cm in height and 5 cm in diameter) in triplicates. Therefore, 13 

treatments, including the control (without amendment), were prepared. 

 

T1: Control 

T2: Soil + VC (1 g 100 g−1) 

T3: Soil + WA (1 g 100 g−1) 

T4: Soil + Zeolite (1 g 100 g−1) 

T5: Soil + VC (1 g 100 g−1) + WA (1 g 100 g−1) 

T6: Soil + VC (1 g 100 g−1) + Zeolite (1 g 100 g−1) 

T7: Soil + WA (1 g 100 g−1) + Zeolite (1 g 100 g−1) 

T8: Soil + VC (2 g 100 g−1) 

T9: Soil + WA (2 g 100 g−1) 

T10: Soil + Zeolite (2 g 100 g−1) 

T11: Soil + VC (2 g 100 g−1) + WA (2 g 100 g−1) 

T12: Soil + VC (2 g 100 g−1) + Zeolite (2 g 100 g−1) 

T13: Soil + WA (2 g 100 g−1) + Zeolite (2 g 100 g−1) 
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Soils were packed in such a way that a uniform bulk density (1.13 g cm−3) was maintained in all 

the soils (amended soils and control soil). The bottom of the cylinders was tightly sealed with a 

cotton cloth and rubber band. An initial amount of 20 g (~0.5 cm) of acid-washed sand was placed 

at the bottom of the tubes. Soils were leached with distilled water by 2 and 4 times of the PV. The 

PV was adjusted to 96 cm3 for all the soil columns. The PV of the soil column was calculated with 

the following formula (Kirkham, 2004): 

PV = Vs × Φs,       (1) 

where Vs is the volume of the soil in the column, and Φs is the porosity. 

 

Soil-filled columns were initially subjected to wetting from the bottom. After complete 

saturation from the bottom occurred, the direction of the flow was kept in reverse order by 

constantly maintaining water at about 2 ± 0.5 cm on top of the soil. Then, 192 and 384 mL of 

distilled water were passed through the soil column for 2 and 4 PV, respectively. 

 

Figure 1. Layout of the experiment 

 

The leachates were collected in a conical flask and analyzed in terms of pH, EC, Na+, K+, Ca2+, 

and Mg2+. After the water was completely leached, the soil samples were removed from the PVC 

tubes, air dried, and sieved through 2 mm openings. The leached and NLS samples were examined 

in terms of pH, EC, Na+, K+, Ca2+, and Mg2+. 

 

2.4. Cultivation of plants 

A trial pot experiment was conducted with spinach (Spinacia oleracea) in November 2019 to 

observe plants' growth at minimum irrigation levels of soils. Its seeds were individually sown in 
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plastic pots containing 2 kg (on oven dry weight basis) of nonbleached and 2 PV leached soils in 

triplicates. Recommended doses of N-P-K fertilizers were applied. In each pot, five plants could 

grow after germination with the necessary care. After 35 days of sowing, yield parameters such as 

the number of leaves, fresh weight, and height of shoots and roots were measured. 

 

2.5. Laboratory analysis 

Soil pH and EC were measured in the suspension prepared at a soil-to-water ratio of 1:5 (w/v). 

Organic amendments were measured at a ratio of organic matter to the water of 1:10 (w/v) (Yue et 

al., 2016) by using a glass electrode pH meter (Seven CompactTM pH/Ion S220) and an EC meter 

(Adwa AD 330). The soil sample's particle size was analyzed with a hydrometer (Huq & Alam, 

2005). The bulk density and particle density of the soil samples were determined with the core 

method (Wilke, 2005) and the pycnometer method (Ramulu, 2003), respectively. Organic carbon 

(OC) was determined with Walkley–Black wet oxidation method. Organic matter (OM) content was 

estimated indirectly by multiplying the OC content by the van Bemmelen factor of 1.724 (Nelson & 

Sommers, 1982). 

Cation exchange capacity (CEC) was determined by extracting the soil with 1 N NH4OAc (pH 

7.0) and rinsed with ethyl alcohol; afterward, the adsorbed NH4
+ was replaced and determined 

(Chapman, 1965). Exchangeable Na+ and K+ were determined with an atomic absorption 

spectrometer (Agilent Technologies 200 Series AA), and exchangeable Ca2+ and Mg2+ were 

identified with the ethylene diamine tetraacetic acid method after the samples were extracted with 1 

N NH4OAc at pH 7.0. For the analysis of the total concentrations of the elements, 0.5 g of the 

sample was first digested from a starting temperature of 50°C to a final temperature of 350°C with a 

digestion mixture solution prepared by carefully adding 420 mL of concentrated H2SO4 with 

continuous swirling and cooling to 350 mL of H2O2, 0.42 g of Se powder, and 14 g of LiSO4·H2O 

(Parkinson & Allen, 1975). 

 

2.6. Statistical analysis 

Duncan’s multiple range test was performed using SPSS version 16 to determine the statistical 

differences between pairs of means. Correlation analyses were also conducted with the same 

software. Standard deviations were determined with Microsoft Excel 2010. 
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3. Results and Discussion 

The initial characteristics of the collected soil sample are given in Table 1. The soil texture was clay 

loam composed of 31% sand, 42% silt, and 27% clay. The collected soil sample was categorized to 

be extremely saline in terms of EC. WA contained the highest amounts of total K, Ca, and Mg of all 

the amendments. 

 

Table 1. Physicochemical properties of soil and amendments 

Parameters Soil Zeolite VC WA 

pH 5.22 7.47 7.89 11.77 

EC (mS cm−1) 4.38 3.09 1.92 11.27 

OC (%) 1.11 0.17 18.06 0.17 

OM (%) 1.91 0.29 31.14 0.29 

Bulk density (g cm−³) 1.22 - - - 

Particle density (g cm−³) 2.49 - - - 

CEC (Cmol kg−1) 34.49 - - - 

Total Na (%) 0.67 0.47 - 0.11 

Total K (%) 2.17 1.81 2.34 4.13 

Total Ca (%) 0.31 3.04 2.56 10.40 

Total Mg (%) 0.63 0.88 0.42 1.28 

 

3.1. pH of soils and leachates 

The pH of soils treated with different amendments and the control without leaching and after 

leaching is shown in Figure 2a. The pH of the soils treated with the amendments was high. Among 

the treatments, WA had the highest responses, whereas VC and zeolite had the lowest responses. 

The pH increased and differed significantly (p < 0.01) when WA was incorporated either alone or in 

combination with other amendments. Under NLS, 2 PV, and 4 PV leached conditions, the pH in T9 

increased by 45.10%, 46.11%, and 33.54% compared with that of T1, respectively. Similarly, the 

second-highest response of soil pH to amendments was observed in T3. The increments of soil pH 

in nonleached, 2 PV, and 4 PV leached soils were 37.62%, 37.20%, and 29.53% in T3 compared to 

T1, respectively. Conversely, treatment T2 resulted in the lowest soil pH response, i.e., 3% and 6% 

higher than that of the T1 in the nonleached and 2 PV leached soils. In 4 PV leached soils, pH in T6 

and T8 increased by 7% compared with that of T1. 
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Soil pH was significantly higher (p < 0.01) in 2 PV and 4 PV leached soils in all the treated soils 

than in the NLS. The leaching of soils with 2 PV of water caused a minimum of 0.66% pH increase 

in T1 and 6.32% pH increase in T8, whereas 4 PV leaching resulted in a 9.69% increase in pH in 

T11 and 32.17% increase in pH in T2. These values were higher than those in the NLS. 

Furthermore, 4 PV leaching increased the soil pH from 8.62% in T11 to 26.86% in T2 compared 

with that in 2 PV leaching. 

The leachates' pH increased when the soils were treated with WA either separately or in 

combination, and the variations in the treatments with 2 and 4 PV leachates were statistically 

significant (p < 0.01; Figure 2b). The highest pH of the leachates was observed in T9, i.e., their pH 

was 16.65% and 14.97% higher than that in the soils without amendments under 2 and 4 PV 

conditions. On the contrary, the pH of the leachate of T1 was the lowest under both leaching 

conditions. 

 

 

Figure 2. pH of (a) soils and (b) leachates under different treatments. Means followed by the same letter (s) among the 

same-colored bars did not differ significantly from each other at 5% significance level 

 

3.2. EC of soils and leachates 

The EC of the nonleached and leached soils treated with different amendments are shown in Figure 

3a. Regardless of the leaching conditions, the EC of all the treated soils was significantly higher 

than that of control (p < 0.01). The EC of the soil treated with WA either alone or in combination 

was higher than that of the soil with other treatments. The higher the rate, the higher the EC. 

Conversely, the EC of NLS slightly increased after the addition of VC alone or in combination at 1 

and 2 g 100 g−1. In case of the NLS, the EC increased by 6.62% and 6.84% in T2 and T8, 

respectively in comparison to T1. By comparison, the soil EC increased by 9.07% and 12.57% in 

T3 and T9, respectively. 

(a) (b) 
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However, the soil EC was significantly reduced by leaching compared with that in the NLS (p < 

0.01). In T1, EC decreased by 12.42% and 91.57% because of the leaching of 2 and 4 PV of water 

compared with that of NLS. When soils were subjected to leaching with 2 PV, EC decreased from 

the lowest value of 5.58% to the highest value of 25.50%. By contrast, EC decreased from a 

minimum of 86.15% to a maximum of 93.35% in the case of 4 PV of water leaching. When 4 PV of 

water was passed through the soils, the maximum decrease (i.e., 93.35%) in EC was found in T2. 

The EC of leachates is shown in Figure 3b. The leachate EC significantly differed (p < 0.01) 

when the soils treated with amendments were subjected to leaching with 2 or 4 PV of water. The 

EC of the leachates were high at high rates of incorporation either individually or in combination. 

The EC was 74.92% higher in T11 than that of T1 because of 2 PV of water leaching. By contrast, a 

maximum EC of 35.39% was observed in T9 compared to T1 under 4 PV of water leaching. 

 

 

Figure 3. EC (mS cm−1) of (a) soils and (b) leachates under different treatments. Means followed by the same letter 

(s) among the same-colored bars did not differ significantly from each other at 5% significance level 

 

3.3. The concentration of Na+ in soils and leachates 

In general, under the leached and non-leached conditions, the lowest concentration of Na+ was 

observed in VC-amended soils, whereas the highest content was found in zeolite-incorporated soils 

either at 1 and 2 g 100 g−1 rates alone or in combination (Figure 4a). In the NLS, the highest Na+ 

concentration was observed in T10. When soils were leached with 2 PV, the maximum Na+ 

concentration was found in T13. However, no significant difference (p > 0.05) in the Na+ 

concentration was observed in all the treated soils and T1 in the non-leached, and 2 PV leached 

soils. Conversely, the highest Na+ content was detected in T1, and the Na+ concentration in all the 

treatments was significantly lower (p < 0.01) in 4 PV leached soils. In the NLS, incorporating the 

amendments except for T2 and T8 resulted in an increase in the Na+ concentration from a minimum 

(a) (b) 
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of 0.08% in T6 to a maximum of 5.72% in T13 compared with that of T1. The concentration of Na+ 

was found to be lower in T2, T3, T4, and T8 relative to T1 in the case of 2 PV of water leaching. In 

4 PV leached soils, the concentration of Na+ in T5 was 45.15% lower than that of T1. 

The concentration of Na+ in the leached soils was significantly lower (p < 0.01) in all the 

treatments than in the NLS. The concentrations decreased by 14.07% and 80.87% due to the 

leaching of soils with 2 and 4 PV of water, respectively, compared with that under the non-leached 

condition. The leaching of the soils with 4 PV of water resulted in a minimum of 61.31% decline in 

T1 and a maximum of 78.25% reduction in T5 compared with that of the soils with 2 PV. 

The concentration of Na+ in the leachates differed significantly (p < 0.01) among the treatments 

(Figure 4b). The leachates contained as low as 2.12 times and as high as 2.48-fold Na+ 

concentration when the soils were leached with 4 PV of water compared with that when the 

leachates were collected after 2 PV of water passed through the soils. The accumulation of Na+ in 

the leachates was significantly high (p < 0.01) when the soils were treated with amendments at high 

rates (Table 2). 

 

Figure 4. Concentration of Na+ in (a) soils and (b) leachates under different treatments. Means followed by the same 

letter (s) among the same-colored bars did not differ significantly from each other at 5% significance level 

 

3.4. The concentration of K+ in soils and leachates 

The concentration of K+ was higher and statistically significant (p < 0.01) in the organic and 

inorganic amended soils compared with that in control. Regardless of the variations in the quantity 

of leaching, WA either alone or in combination at 1 and 2 g 100 g−1 resulted in the high 

concentration of soil K+ (Figure 5a). However, the concentrations increased as the rate of WA 

increased. In the NLS, the concentrations of K+ in T3 and T9 were 115.78% and 204.61% higher 

than that of T1, respectively. When the soils were washed with 2 PV of water, the concentrations of 

K+ were 104.31% and 194.46% higher in T3 and T9 than that of T1, respectively. Similarly, the 

(a) (b) 
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soils leached with 4 PV of water had 97.06% and 149.75% higher concentrations of K+ in T3 and 

T9 than that of T1. However, the maximum concentrations of K+ were found in T13, i.e., 244.37%, 

231.36%, and 204.08% higher for non-leached, 2 PV, and 4 PV leached soils, respectively. 

The concentrations of K+ were lower in the leached soils of all the treatments than that in the 

NLS, and the rate was higher as the volume of water increased. With the exceptions of T1, T4 and 

T10, non-leached, 2 PV, and 4 PV leached soils significantly differed (p < 0.01). Leaching the soils 

with 2 and 4 PV of water resulted in maximum values of 14.95% and 37.14% reductions in T8 and 

minimum values of 2.89% and 8.89% in T1 compared with those in the NLS. 

The K+ concentration of the leachates of 2 and 4 PV at 1 and 2 g 100 g−1 WA incorporation 

either alone or in combination were higher than that of T1(Figure 5b). The difference in the K+ 

concentration of the leachates among the treatments was statistically significant (p < 0.01) under 

both leaching conditions. The maximum K+ concentrations in the leachates were found in T11, i.e., 

465.78% and 315.69% higher than that of T1 when the soils were leached with 2 and 4 PV of water, 

respectively. The accumulation of K+ in leachates was also significantly higher (p < 0.01) when the 

soils were leached with 4 PV water and when WA was applied in soils at 1 and 2 g 100 g−1 either 

alone or in combination with other amendments (Table 2). 

 

 

Figure 5. The concentration of K+ in (a) soils and (b) leachates under different treatments. Means followed by the 

same letter (s) among the same-colored bars did not differ significantly from each other at 5% significance level 

 

3.5. The concentration of Ca2+ in soils and leachates 

In Figure 6a, the incorporation of the amendments resulted in high Ca2+ concentrations in soils. The 

Ca2+ concentration was significantly lower (p < 0.01) in T1 than in the amended soils except T2 in 

cases of NLS and 2 PV. Like the maximum K+ concentration, the maximum Ca2+ concentration was 

found in the WA-treated soils applied either alone or in combination with other amendments. The 

(a) (b) 
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concentration increased as the rate increased. When the soils were not allowed for leaching, T3 and 

T9 resulted in 152% and 180% more Ca2+ compared with that of T1. Conversely, when the soils 

were leached with 2 PV of water, the concentrations were 244.12% and 270.69% higher in T3 and 

T9 relative to T1, respectively. After the soils were leached with 4 PV of water, the Ca2+ 

concentrations in T3 and T9 were 288.57% and 303.57% higher, respectively, compared to T1. 

In NLS, the maximum Ca2+ concentration significantly varied (p < 0.01) from all the other 

treatments was observed in T13. Likewise, the Ca2+ concentrations in 2 and 4 PV were high in T13 

followed by T11. These treatments did not differ significantly (p > 0.01) from one another. The 

treatment T13 resulted in 214%, 300%, and 339% more Ca2+ concentrations in the nonleached, 2 

PV, and 4 PV leached soils than in T1, respectively. 

The Ca2+ concentrations in the leachates were significantly high (p < 0.01) in the WA-treated 

soils at 1 and 2 g 100 g−1 either alone or in combination (Figure 6b). In 2 and 4 PV leachates, the 

leachates' maximum concentrations were found 100% and 74.29% higher in T13 than in T1. By 

contrast, a minimum of 10% and 2.86% concentrations were observed in T2 compared to T1. 

Leaching the soils with 4 PV yielded 146.59% more Ca2+ in the leachates than in the soils leached 

with 2 PV of water. The application of WA resulted in high Ca2+ accumulation in the leachates, and 

the accumulation level increased as the PV of water increased (Table 2). 

 

 

Figure 6. Concentration of Ca2+ in (a) soils and (b) leachates under different treatments. Means followed by the same 

letter (s) among the same-colored bars did not differ significantly from each other at 5% significance level 

 

3.6. The concentration of Mg2+ in soils and leachates 

The Mg2+ concentration was higher in the amended soils than in control (Figure 7a). In the NLS, the 

Mg2+ concentration was almost double at 2 g 100 g−1 compared with that at 1 g 100 g−1 incorporated 

either individually or in combination. The concentrations of Mg2+ significantly differed (p < 0.01) 

(a) (b) 
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among the treatments in the NLS and 2 PV leached soils. In the NLS, the highest Mg2+ content was 

found in T11, i.e., it was 17.03% higher than T1 and significantly varied from that in the other 

treatments. When the amended soils were leached with 2 PV of water, the highest Mg2+ 

concentration was observed in T5, i.e., 13.68% greater than that of T1. 

Leaching resulted in significantly lower (p < 0.01) Mg2+ concentrations in the soils than in the 

NLS in the respective treatments. The concentrations of Mg2+ decreased by 20.21% and 43.30% 

compared with that in the NLS because of leaching with 2 and 4 PV of water, respectively. This 

finding was observed in T11 and T4. Conversely, the Mg2+ concentration in the soils declined by 

4.12% in T6 and 22.22% in T1 because of 2 and 4 PV of water that leached through the soils. 

When the concentration of Mg2+ in the leachates was analyzed, the maximum concentration was 

observed in T11, whereas the minimum value was detected in T1. The concentrations in T11 were 

29.03% and 30.67% high in 2 and 4 PV leachates, respectively. The concentrations of Mg2+ in 2 

and 4 PV leachates were significantly different (p < 0.01). The accumulation of Mg2+ in the 

leachates was higher in the soils treated with organic or inorganic amendments than in the control. 

The accumulation increased as the rate of amendments and PV of water increased (Table 2). 

 

 

Figure 7. Concentration of Mg2+ in (a) soils and (b) leachates under different treatments. Means followed by the same 

letter (s) among the same-colored bars did not differ significantly from each other at 5% significance level 

 

Table 2. Accumulation (mg) of Na+, K+, Ca2+, and Mg2+ in the leachates under different treatments. 

Treatments Na+ K+ Ca2+ Mg2+ 

2 PV 4 PV 2 PV 4 PV 2 PV 4 PV 2 PV 4 PV 

T1 10.52de 92.92ef 1.14f 7.95g 9.16f 43.87h 12.77c 56.40h 

T2 10.26e 92.17ef 1.76e 8.70g 10.02ef 45.48h 12.85c 62.91e 

T3 10.53de 91.65ef 2.31d 15.35d 11.23e 58.55f 13.87c 68.81c 

T4 12.41ab 92.06ef 1.26f 6.89g 10.31ef 53.02g 13.65c 59.94efg 

(a) (b) 
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Treatments Na+ K+ Ca2+ Mg2+ 

2 PV 4 PV 2 PV 4 PV 2 PV 4 PV 2 PV 4 PV 

T5 11.09bcde 96.15de 2.73c 19.14c 12.64d 63.17de 15.18b 72.02a 

T6 10.95cde 92.57ef 1.94e 7.23g 10.31ef 51.80g 13.04c 58.46fgh 

T7 12.67a 99.07cd 2.70c 16.78d 13.48cd 66.42cd 13.64c 72.95ab 

T8 10.52de 91.01f 2.04de 10.23f 10.47ef 47.25h 13.82c 61.17ef 

T9 11.95abc 100.94abc 5.58b 26.19b 16.15a 67.84bc 15.22b 69.56bc 

T10 12.25abc 100.27bcd 1.76e 8.07fg 13.13cd 53.74g 13.93c 57.00gh 

T11 11.76abcd 104.58ab 6.44a 33.35a 17.40a 71.99b 16.48a 74.29a 

T12 11.37abcde 103.69abc 2.78c 13.03e 13.96c 59.38ef 15.11b 65.95d 

T13 12.65a 105.20a 6.26a 27.46b 18.31a 76.45a 15.38b 71.43abc 

ANOVA 

(P value) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Means followed by the same letter (s) among the treatments did not differ significantly from each other at 5% 

significance level. 

 

The correlation coefficients (r) of the different parameters of the NLS, 2 PV, and 4 PV leached 

soils are shown in Table 3, 4, and 5, respectively. In Table 3, the relationships of EC with that of 

Na+, K+, Ca2+, and Mg2+ were positive and significant (p < 0.05) in the NLS. Conversely, in 2 and 4 

PV leached soils, the relationships of EC with that of Na+ were positive but not significant (p > 

0.05), possibly because of the contribution of Na+ and other cations (e.g., K+ and Ca2+) in either 

increasing or lowering ECs. 

 

Table 3. Correlation coefficients (r) among different parameters of NLS. 

 pH EC Na+ K+ Ca2+ Mg2+ 

pH 1      

EC 0.718** 1     

Na+ 0.264 0.305* 1    

K+ 0.924** 0.664** 0.263 1   

Ca2+ 0.984** 0.714** 0.268* 0.915** 1  

Mg2+ 0.562** 0.671** 0.373** 0.621** 0.534** 1 

**Correlation is significant at the 0.01 level (one-tailed Pearson correlation) 

* Correlation is significant at the 0.05 level (one-tailed Pearson correlation) 
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Table 4. Correlation coefficients (r) among different parameters of 2 PV leached soils. 

 pH EC Na+ K+ Ca2+ Mg2+ 

pH 1      

EC 0.332* 1     

Na+ 0.159 0.196 1    

K+ 0.934** 0.440** 0.202 1   

Ca2+ 0.981** 0.273* 0.188 0.920** 1  

Mg2+ 0.183 −0.249 −0.108 0.010 0.228 1 

**Correlation is significant at the 0.01 level (one-tailed Pearson correlation) 

* Correlation is significant at the 0.05 level (one-tailed Pearson correlation) 

 

Table 5. Correlation coefficients (r) among different parameters of 4 PV leached soils. 

 pH EC Na+ K+ Ca2+ Mg2+ 

pH 1      

EC 0.528** 1     

Na+ −0.323* 0.165 1    

K+ 0.911** 0.683** −0.093 1   

Ca2+ 0.952** 0.691** −0.191 0.949** 1  

Mg2+ −0.017 0.253 0.306* 0.120 0.012 1 

**Correlation is significant at the 0.01 level (1-tailed Pearson correlation) 

* Correlation is significant at the 0.05 level (1-tailed Pearson correlation) 

 

3.7. Yield of plant 

The response of plants under nonbleached and leached soils was evaluated in terms of yield 

parameters. From the trial pot experiment, no seeds were germinated in the nonbleached pot soils. 

The yield parameters of the plants grown in the soils leached with 2 PV of water are shown in 

Figure 8. 

The leaching of soils in the presence of different amendments remarkably changed the pH, EC, 

Na+, K+, Ca2+, and Mg2+ of soils and leachates. In addition, the application of amendments to the 

NLS significantly changed the physicochemical properties of soils. The pH of saline soils is nearly 

neutral or slightly alkaline. In the present study, the collected soil sample was acidic in nature. The 

acidic nature of saline soils in different parts of the coastal areas in Bangladesh was also observed 

by other authors (Chowdhury, 2016; Haque, 2018; Jamil et al., 2020). In the present study, the 

acidic nature of saline soils could be ascribed to the dominance of SO4
2− (e.g., 530.83 ± 5.30 mg 
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kg−1) and Cl− (e.g., 627.17 ± 5.12 mg kg−1) as the associated anions of Na+. When SO4
2− dominates 

over Cl− in saline soils, the pH declines correspondingly. Similar observations were reported by 

other authors (Gunarathne et al., 2020 and Li et al., 2006). 

 

 

Figure 8. Yield parameters of plants 

 

Regardless of the types and rates of amendments, leaching increased the pH of soils as the 

leaching amount increased, possibly because SO4
2− was washed out as leaching increased. The 

higher pH of soils amended either with organic or inorganic amendments was consistent with 

previous findings (Mkhabela & Warman, 2005; Ouni et al., 2013; Tejada et al., 2006; Wang et al., 

2014; Wu, et al., 2014). On the other hand, Chaganti et al. (2015) found no significant differences 

in pH when anthracite coal powder-treated soils were subjected to leaching. The application of WA 

significantly increases the soil pH, and this observation was consistent with other studies (Gómez-

Rey et al., 2012; Ohno & Erich, 1990; Saarsalmi et al., 2004). The increase in the pH of the 

amended soils compared with that of the control might be the direct contribution of amendments 

through releasing alkaline components. Similar observations were reported by Yu et al. (2015). 

Mkhabela and Warman (2005) also reported that the increase in pH in organic amended soils can be 

attributed to the release of basic cations, such as K+, Ca2+, and Mg2+, and the production of OH− by 

ligand exchange. 

The EC of the amended and nonamended soils decreased as the PV of water increased. This 

finding agreed with that of Kahlon et al. (2013). However, the extent of salt removal through 

leaching depends on the nature and amount of salt, initial EC, expected EC after leaching, depth of 

soil to be reclaimed, soil properties (especially texture, structure, infiltration, and permeability), 

quality and quality of water for leaching, methods and frequency of water application, and other 
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factors (Abrol et al., 1988; Rhoades, 1982). Soils containing large amounts of fine fractions usually 

require more water to remove the same amount of salts from soils having a high amount of coarse 

fractions (Gaines & Gaines, 1994; Hoseini & Delbari, 2015). Regardless of leaching, the 

incorporation of organic and inorganic amendments increased soil EC, and this observation was 

consistent with other findings (Ouni et al., 2013; Roy & Kashem, 2014; Wang et al., 2014). 

The high ECs of WA-amended soils and their leachates were likely due to the high EC of WA 

compared with that of VC and zeolite. Moreover, the high ECs of the soils and leachates at high 

rates of incorporation compared with those at low doses might be due to the presence of high 

amounts of Ca2+, Mg2+, and K+ in amendments (Leogrande & Vitti, 2019; Wang et al., 2014). Ding 

et al. (2020) and Yu et al. (2015) reported that the response of EC to organic amendments depends 

on the rate and duration of the incorporation of amendments. 

The lower content of Na+ in the amended soils than in the control receiving 4 PV of water could 

be attributed to the higher release of K+ and Ca2+ from the amendments, which displaced more Na+ 

from the exchange sites of soils. A similar result was found by Chaganti et al. (2015). The decrease 

in Na+ in the amended and nonamended soils with the increasing volume of water could be due to 

the increasing solubility and the displacement of Na+ from the exchange sites and its subsequent 

washing out with percolating water through leaching. Several authors reported a high amount of 

Na+ leaching with an increasing volume of irrigation (Oo et al., 2015; Qadir & Oster, 2004). 

However, the high concentration of Na+ in soils treated with WA and zeolite in combination under 

leaching and nonleaching conditions could be ascribed to the added Na+ from these amendments. A 

considerable amount of Na+ in soils was also found when the soils were treated with zeolite (Al-

Busaidi et al., 2008). 

The significantly high concentrations of Mg2+ and exchangeable K+ and Ca2+ before and after the 

leaching of the soils treated with organic amendments could be due to the inherent concentrations of 

these elements. Several authors reported a significant increase in Ca2+, Mg2+, and K+ in soils treated 

with WA (Demeyer et al., 2001; Füzesi et al., 2015; Ohno & Erich, 1990). Chaganti et al. (2015) 

observed higher concentrations of exchangeable Ca2+ in initial and post-leaching saline-sodic soils 

amended with different organic amendments, such as biochar, bio-solid compost, and green waste 

composts than that in the control. The higher WA-Ca2+:control-Ca2+ ratio of soils despite the 

increasing leaching might be a reason of a divalent character that results in the slow release of Ca2+ 

from WA-amended soils. Walker and Bernal (2008) also observed the saturation of the exchange 

sites of soils mainly with Ca2+, Mg2+, and K+ in saline soils amended with organic amendments. 

The higher concentrations of Na+, K+, Ca2+, and Mg2+ in leachates with increasing PV of water were 

https://doi.org/10.7454/jessd.v3i2.1075


Journal of Environmental Science and Sustainable Development 3(2): 329-354 

  

DOI: https://doi.org/10.7454/jessd.v3i2.1075            346 

 

consistent with the findings of Hussain et al. (2016), i.e., the concentrations of these cations 

significantly increased in the leachates as the amount of irrigation water increased. However, 

irrigation water quality should be considered in the reclamation of saline soils through soluble salts' 

leaching. In most cases, irrigation water in coastal areas either from surface or underground sources 

contains considerable Na+ and Cl, which may worsen the prevailing soil salinity (Roy et al., 2020; 

Spark, 2002). 

High soil salinity adversely affected seed germination, and this finding agreed with that of 

Panuccio et al. (2014). Wu et al. (2015) also found that salt stress inhibits seed germination and 

seedling emergence and affects the length of roots and shoots and the fresh and dry weights of 

plants. Leaching is an effective approach to reclaim and restore the productivity of saline soils. The 

removal of salts, especially Na+, through leaching and the concomitant decrease in EC before plants 

were grown was effective in seed germination and plant growth. Khoshgoftarmanesh et al. (2003) 

similarly demonstrated that the addition of more water than that required by barley before planting 

declines soil salinity and increases plant yield. 

 

4. Conclusion 

Salinity in the leached soils decreased compared with that in the NLS. As leaching progressed, the 

soil EC in all the treatments decreased, whereas the leachate EC increased. Moreover, VC, WA, and 

zeolite served as important sources of cations, especially K+ and Ca2+, thereby limiting the entry of 

Na+ into the exchange complex and facilitating leaching with percolating water. The removal of 

salts through leaching and the concomitant decrease in EC before plants grew were effective in seed 

germination and plant growth. Thus, experimental results provided further insights into saline soil 

management through the integrative approaches of leaching and amendment application for crop 

production's long-term planning. However, some facts should be considered in reclaiming saline 

soils. 

The application of irrigation water can contribute to a significant loss of valuable nutrients such 

as K+, Ca2+, and Mg2+, consequently affecting their turnover in saline soils. The quality of irrigation 

water is another concern because poor-quality irrigation can worsen soil salinity problems in salt-

affected areas. Though our research answered several questions regarding the reclamation of saline 

soils through the application of organic and inorganic amendments under varying water contents, 

further studies should address some research questions on the effectiveness of leaching on saline 

soil reclamation and plant growth under different organic and inorganic amendments through 

greenhouse and field experiments. 
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