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Abstract

:

This study assessed the effects of irrigation with desalinated water on the growth of lettuce (Lactuca sativa L.). Two experiments, the first using saline and the second desalinated irrigation water, respectively, were designed to grow lettuce in plots (22 m × 0.4 m × 0.4 m) under controlled greenhouse conditions. Three levels of saline irrigation water and tap water (control) were used for the first experiment. In the second experiment, the three saline levels underwent a desalination process. Each experiment was carried out twice, in succession, with two replications. The results from the first experiment showed that the use of saline irrigation water caused an increase in the salinity level of soil and, consequently, adversely affected lettuce growth and yields. The results from the second experiment showed that the use of desalinated irrigation water does not negatively affect soil salinity and lettuce growth and yield. However, the need for additional application of the elements such as Ca2+ and Mg2+ was also identified since continued use of desalinated water irrigation correlated with a decrease in the sodium adsorption ratio (SAR), leading to increased risk of soil sodicity. This is due to the elimination of nutrients during the desalination process.
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1. Introduction


Farmers increasingly consider desalinated water as a competitive source of irrigation water, particularly for high-value cash crops like greenhouse vegetables and flowers [1,2]. Due to enhanced desalination techniques and reduced costs [3,4,5], desalination has become a viable option for greenhouse cultivation. Desalinated water allows farmers to produce salt-sensitive and often more profitable crops [2], as well as provides quality irrigation water to greenhouse cultivation areas that suffer from freshwater scarcity but are rich in brackish water resources.



South Korea has about 93,551 ha devoted to greenhouse cultivation [6], most of which are located in the estuary and coastal area in order to easily supply irrigation water, mainly from groundwater extraction. Along with increased drought frequency [7], anthropogenic activities, including extensive groundwater extraction and upstream dam construction, have resulted in the salinization of both groundwater and estuarine surface water. Due to the use of saline water for irrigation, with the subsequent restriction in plant physiological activity [4,8,9], farmers have increasingly reported salt damages in greenhouse cultivation in recent years. Furthermore, salinization limits crop species within coastal greenhouse areas. However, desalination of brackish water could likely overcome salinity problems in coastal areas and produce quality irrigation water.



Although the desalination process reduces undesirable salts in saline water, ions including the essential nutrients required for crop growth like calcium (Ca2+), magnesium (Mg2+), and sulfate (SO42) can also be removed [5,8]. Irrigation with desalinated water that lacks essential nutrients can negatively affect crop productivity. As a matter of fact, Mg2+ deficiency symptoms were observed in crop productions (e.g., basil, tomatoes, and flowers) when farmers used desalinated water for irrigation in Israel, thus requiring additional fertilization [5]. In addition, the effects of irrigation with desalinated water on soil-water-plant relations can vary depending on the desalination system and the agricultural environment, which includes the quality of feed water, target crops, soil and weather conditions, and agricultural practices including irrigation methods. Therefore, before introducing a desalination system, it is necessary to evaluate its potential effects on a local agricultural environment. Many studies have been conducted to assess impacts of irrigation with seawater [10,11] as well as wastewater [12,13] or reclaimed water [14]. However, relatively few studies [1,4] have been undertaken to evaluate the impacts of irrigation with desalinated water on crop growth and soil properties.



In this study, we assessed the effects of desalinated water irrigation on lettuce (Lactuca sativa L.) cultivation within a greenhouse in South Korea. To do this, a newly developed small-scale brackish water desalination (BWD) system described in the following section was employed to produce desalinated irrigation water. Tap water (control) and three waters with different saline concentrations were used to irrigate eight experimental plots, resulting in four treatments and two replications for the experiment with saline irrigation water. Tap water as control and desalinated water from the three saline concentrations used in the former trial, processed through the desalination system, were utilized in the experiment with desalinated irrigation water. The chemical properties of soil and irrigation water, and the ways in which the lettuce crop responded to the treatment (i.e., leaf number, length, and width, shoot and plant weights, and sodium accumulation) were analyzed.




2. Materials and Methods


2.1. Experimental Design


The experiment was conducted in a greenhouse at the Pyeongchang Campus, Seoul National University, which is located in Gangwon-do, South Korea (37°32′51′′ N and 128°26′26′′ E). Eight experimental plots (22 m length × 0.4 m width × 0.4 m height) were designed for both saline and desalinated water irrigation experiments in a randomized complete block with four treatments and two replications. Plots were filled with commercial soil (Seoul Bio Inc, Chungcheongbuk-do, Korea). Characteristics of the soil were as follows: loam texture (49.6% sand, 33.8% silt, and 16.6% clay); pH measured in 1:5 soil:water suspension, 5.6; electrical conductivity of the saturated-soil extract (ECe), 8.5 dS m−1; cation exchange capacity (CEC), 73.2 cmol kg−1; total nitrogen (T-N), 0.596%; total phosphorus (T-P), 1676.0 mg kg−1; organic matter (OM), 65.5%; phosphorus pentoxide (P2O5), 1521.5 mg kg−1; calcium (Ca2+), 4534.8 mg kg−1; magnesium (Mg2+), 1935.5 mg kg−1; sodium (Na+), 1042.1 mg kg−1; and potassium (K+), 5478.8 mg kg−1 [15]. Drip irrigation was employed and one drip irrigation lateral was placed on the soil surface in the center of each plot. Irrigation water for each treatment was stored in 100 L plastic containers and was supplied using a metering pump (50 mL per minute) for each treatment. Lettuce (Lactuca sativa L.) is one of the most common vegetable crops grown in greenhouses from South Korea [6]. The lettuce cultivar used for both experiments was ‘Sunpungpochop’. One-month-old lettuce seedlings were transplanted in rows with 30 cm spacing along the drip lateral in each plot. The planting and harvest dates for each experiment are shown in Table 1. Daily temperature and relative humidity in the greenhouse were monitored during the experimental period.



To investigate the effects of irrigation with saline water on lettuce growth and yield, four different levels of saline water were prepared. Tap water was used as a control (BS#01). Saline irrigation water with three salinity levels was prepared by adding sodium chloride (NaCl) to tap water. The salinity levels of irrigation water (ECw) for the three treatments (BS#02, BS#03, and BS#04) were based on the salinity threshold for irrigation water given by Maas and Grattan [16]. The target ECw values were 0.9, 2.1, and 3.4 dS m−1 for BS#02, BS#03, and BS#04, respectively.



The small-scale brackish water desalination (BWD) system (Blue BS Inc., Suwon, Korea) with a capacity of 10 m3 day−1 was installed and operated in order to conduct the experiment with desalinated water (Figure 1). The BWD system consists of a micro-bubble generator, zeta potential floating tower, microfiltration (MF) membranes, reverse osmosis (RO) membranes, and several pumps. The feed water at three different salinity levels (0.9, 2.1, and 3.4 dS m−1) was prepared using the same procedure as described above and was then desalinated by using the BWD system. This desalinated water was subsequently used as irrigation water for the second experiment (AS#02, AS#03, and AS#04). Tap water was used as a control treatment (AS#01).



None of the applied water leached from the plots, and fertilizer was not applied to any of the treatments. In order to investigate the effects of continued irrigation with saline and desalinated water on crop yield and soil quality, the soil in each plot was not changed after completing the first phase of each experiment. After finishing the experiment with saline irrigation water, however, all plots were newly filled with commercial soil before starting the experiment with desalinated irrigation water.




2.2. Water Quality, Soil, and Plant Analyses


Water samples were collected twice during each lettuce-growing season and analyzed according to the standard methods of APHA [17] for pH, T-N, T-P, Ca2+, Mg2+, Na+, K+, chloride (Cl−), and sulfate (SO42−). The sodium adsorption ratio (SAR) was calculated from the analyzed concentrations of Ca2+, Mg2+, and Na+. ECw was measured weekly using an EC meter (Hanna Instruments Inc., HI98192) and determined twice in the laboratory during each lettuce-growing season.



At the end of each experiment, five soil samples from each treatment were collected and then mixed to produce one representative soil sample. Chemical analyses were conducted according to the soil analysis methods of the American Society of Agronomy (ASA) and the Soil Science Society of America (SSSA) [18]. The soil properties determined included pH, electrical conductivity of the saturated-soil extract (ECe), CEC, T-N, T-P, P2O5, OM, and exchangeable cations including Ca2+, Mg2+, Na+, and K+.



At the end of each experiment, the number of leaves, leaf length, maximum leaf width, and fresh weight were measured for twenty different plants that were randomly sampled from each treatment (10 samples from each replicate). To determine the accumulation of Na+ in the leaves, the sampled lettuces were first washed with distilled water in the laboratory to remove soil particles and then oven-dried at 60 °C. Afterward, 0.5 g of the lettuce tissue was dissolved in 10 mL HNO3. The digested solution was filtered into a 25.0 mL volumetric flask through a Whatman No. 40, 125 mm filter paper. In the solution, the Na+ content was measured using inductively coupled plasma optical emission spectrometry (ICP–OES; iCAP 7000, Thermo Fisher Scientific Inc., Waltham, MA, USA).




2.3. Statistical Analysis


One-way analysis of variance (ANOVA) was used to determine the effect of the different treatments on lettuce. Tukey’s honest significant difference (HSD) test was used to detect significant differences between means at p < 0.05. All statistical analyses were conducted using SPSS 21.0 (SPSS Inc, Chicago, IL, USA).





3. Results and Discussion


3.1. Irrigation Water


During the saline irrigation experiment, the average ECw of the irrigation water was about 0.28, 0.88, 2.05, and 3.28 dS m−1 for BS#01, BS#02, BS#03, and BS#04 treatments, respectively (Table 2). As the salinity level increased, the concentrations of both Na+ and Cl− also increased.



The average SAR value of each treatment was 0.42, 5.30, 15.08, and 25.65 for BS#01, BS#02, BS#03, and BS#04, respectively (Table 2). Sodicity impairs the physical properties of soil, resulting in the deterioration of aggregate stability, decreased soil conductivity, and soil compaction. This makes plant growth difficult and, ultimately, affects crop yields [19]. Ayers and Wescot [20] used SAR and ECw to evaluate the sodicity hazards of irrigation water on soil permeability. According to their criteria, all treatments in the first experiment of the current study fell into the “Slight to Moderate” category (Figure 2).



The BWD system dramatically reduced the ECw of the feed water. While the system was operating, the average ECw of the desalinated irrigation water, effluent from the BWD system, was 0.02, 0.06, and 0.11 dS m−1 for AS#02, AS#03, and AS#04 treatments, respectively (Table 2), which were even lower than that of the control treatment AS#01 (0.28 dS m−1). Moreover, the concentrations of phytotoxic elements (Na+ and Cl−) in the desalinated irrigation water were also significantly lower than those of the saline irrigation water used in BS#02, BS#03, and BS#04.



In terms of SAR values, levels within AS#03 (11.39) and AS#04 (12.95) were severely reduced, whereas AS#01 (0.43) and AS#02 (5.07) maintained values similar to those of the saline irrigation water (Table 2). The drastic reduction in the ECw and the relatively small decrease in SAR, due to decreasing Na+, Ca2+, and Mg2+ concentrations caused by the use of the BWD system, increased the risk of soil sodicity. Except for the case of AS#01, which showed a “Slight to Moderate” level of soil sodicity risk, the other treatments showed “Severe” levels of soil sodicity risk (Figure 2). Blending water from different sources must be needed for reducing or mitigating soil sodicity risks [19,21].



Despite the application of the BWD system, Na+ and Cl- concentrations in AS#04 were higher than those in AS#01 (Table 2). The treatment efficiency of the BWD system in reducing Na+ and Cl- concentrations, however, showed a similar range for the three treatments, about 97–98%. The efficiency level lowered slightly as the concentration of both elements in the feed water increased. Moreover, the application of the BWD system not only separated unwanted dissolved salts from the feed water but also caused a reduction in the concentration of all other solutes including essential nutrients (Table 2). In particular, the BWD system removed almost all of the Ca2+, Mg2+, and SO42− in the feed water, demonstrating a treatment efficiency of more than 99% in this respect. The system also showed a relatively high treatment efficiency (more than 80%) in terms of filtering out T-N and K+. Desalinated irrigation water in this study showed lower concentrations of essential nutrients as compared with previous studies [1,19]. This is probably because of the more elaborate treatment process of the BWD system that resulted in cleaner feed water quality.




3.2. Soil


Soil properties were directly affected by irrigation water quality. Saline water increased the salinity level of the soil, especially in the cases of BS#03 and BS#04 which were irrigated with a salinity level above the lettuce’s threshold (0.9 dS m−1) (Table 3). The final ECe values of BS#03 and BS#04 were 30.8 and 34.8 dS m−1, respectively. Moreover, SAR and N+ concentrations in soil showed similar results. The concentrations of ECe, SAR, and Na+ increased over time in both BS#03 and BS#04. However, there were no remarkable changes in the experiments with desalinated irrigation water (Table 3). ECe, SAR, and Na+ concentrations in the first phase of the experiment were higher than those in the second phase, except for AS#04 where irrigation water with the highest level of Na+ concentration was used.




3.3. Lettuce Growth


The increased salinity level of irrigation water significantly affected the length and width of leaves among the various treatments (p < 0.05) (Figure 3). In both the first and second phases of the experiment, the lowest values of leaf length and width were observed in BS#04. The effect of saline water irrigation on lettuce growth increased with time, as significant differences in leaf length and width were identified in BS#03 during the second phase of the experiment (Figure 3). However, the number of leaves was less affected by saline irrigation water, presumably because the level of salinity, which affects the number of lettuce leaves, is higher than the salinity level that affects leaf length and width. Similarly, Andriolo et al. [22] reported that the number of lettuce (cv. Vera) leaves was not affected by salinity treatments ranging between 0.80 and 4.72 dS m−1. As shown in Figure 4, there were no significant differences in the number, length, and width of leaves among the treatments (p > 0.05) that used desalinated irrigation water. This result suggests that the use of desalinated water does not negatively affect lettuce growth.




3.4. Lettuce Yield


In the experiment with saline irrigation water, significant differences (p < 0.05) in total and shoot fresh weights of lettuce were observed after both the first and second phases of the experiment (Figure 5). In the first phase, there were no significant differences in total and shoot fresh weights between the control and the two treatments with less saline water, i.e., BS#02 and BS#03, and between the control and the treatment #04. In the second phase, however, both fresh weights significantly decreased in the treatment BS#04 with the salinity level above 3.4 dS m−1. This result indicates that the yield of lettuce is affected by continued use of saline irrigation water and that the threshold salinity level for lettuce yield could be about 3.4 dS m−1. Turhan et al. [11] reported that there were no significant differences in fresh and marketable lettuce (cv. Funly) yield at low irrigation water salinity (1.2 and 2.1 dS m−1), whereas the significant decrease was observed above 3.7 dS m−1. The reduction of lettuce yields might be attributed to disturbances in physiological and biochemical activities including water and mineral uptake [15,22]. Ünlükara et al. [23] reported that the average of lettuce (Lactuca sativa var. crispa) fresh weights ranged from 74.6 to 144.8 g with irrigation salinity levels ranging from 0.75 to 3.5 dS m−1 in the greenhouse. In this study, the average of fresh weights ranged from 81.0 to 219.2 g with irrigation salinity levels ranging from 0.9 to 3.4 dS m−1 (Figure 5).



In the experiment with desalinated water, no significant differences in total and shoot fresh weights of lettuce were detected among the treatments (p > 0.05) (Figure 6). This result indicates that irrigation with desalinated water did not negatively affect lettuce yield under the conditions of the current study.




3.5. Sodium Accumulation in Lettuce Leaves


The concentration of Na+ in the lettuce leaves increased with the salinity level of irrigation water in the first experiment Figure 7a; the highest concentration was found in BS#04, whereas the lowest value was observed in BS#01. Significant differences among treatments were found after both the first and second phases of the experiment (p < 0.05). For all treatments, the Na+ concentration during the second phase of the experiment increased as compared with the concentration levels after the first phase. The greatest difference in the Na+ concentration was observed in BS#04 (3185.2 mg kg−1), followed by BS#03 (2720.5 mg kg−1), BS#02 (1996.3 mg kg−1), and BS#01 (1270.3 mg kg−1). These results show that the use of saline water increases the concentration of Na+ in the lettuce leaves and that the continued use of saline water may cause increased Na+ accumulation in lettuce leaves.



In the case of the experiment with desalinated irrigation water, a significant difference in the concentration of Na+ in the lettuce leaves was observed between treatments during the first phase of the experiment, whereas no significant differences were detected during the second phase Figure 7b. As shown in Figure 7, differences between the Na+ accumulation levels within the desalinated irrigation treatments were remarkably less than those present within the saline irrigation water treatments. This indicates that the use of the desalination system can help prevent Na+ accumulation in lettuce leaves.





4. Conclusions


In the current study, the use of saline water for greenhouse irrigation increased the salinity level of soil and in turn decreases lettuce yields. In contrast, the application of desalinated irrigation water did not negatively affect crop growth, crop yield, or soil salinity. In addition, the results from the experiment with desalinated irrigation water seemed to indicate that the additional application of essential nutrients (e.g., Ca2+ and Mg2+) is recommended in order to reduce the soil sodicity risk as well as to compensate for the removal of essential nutrients by the desalination system. The response of crops treated with desalinated irrigation water may change due to environmental factors such as soil composition, weather conditions, agricultural practices including irrigation methods and the use of fertilizers, as well as the quality of desalinated water. Nevertheless, the present study suggests that irrigation with desalinated water could reduce the pressure on water resources without drastically compromising crop yields and soil quality.
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Figure 1. Small-scale brackish water desalination (BWD) system installed in the experimental site and experimental plots planted with lettuce. 
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Figure 2. Soil sodicity potential risk, evaluated using the sodium adsorption ratio (SAR) and the electric conductivity (ECw) of irrigation water. BS: before water treatment using the BWD system, i.e., saline water irrigation; AS: after water treatment using the BWD system, i.e., desalinated water irrigation. 
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Figure 3. Effect of saline irrigation water on (a) number of leaves, (b) leaf width, and (c) leaf length. Bars represent the mean ± standard deviation, n = 20. Different letters indicate significant differences among treatments by Tukey’s honest significant difference test at p < 0.05. BS: before water treatment using the BWD system, i.e., saline water irrigation. 
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Figure 4. Effect of desalinated irrigation water on (a) number of leaves, (b) leaf width, and (c) leaf length. Bars represent the mean ± standard deviation, n = 20. Different letters indicate significant differences among treatments by Tukey’s honest significant difference test at p < 0.05. AS: after water treatment using the BWD system, i.e., desalinated water irrigation. 
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Figure 5. Effect of saline irrigation water on lettuce shoot and total fresh weights after the (a) first and (b) second phases of the experiment. Bars represent the mean ± standard deviation, n = 20. Different letters indicate significant differences among treatments by Tukey’s honest significant difference test at p < 0.05. BS: before water treatment using the BWD system, i.e., saline water irrigation. 
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Figure 6. Effect of desalinated irrigation water on lettuce shoot and total fresh weights after the (a) first and (b) second phases of the experiment. Bars represent the mean ± standard deviation, n = 20. Different letters indicate significant differences among treatments by Tukey’s honest significant difference test at p < 0.05. AS: after water treatment using the BWD system, i.e., desalinated water irrigation. 
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Figure 7. Effect of (a) saline and (b) desalinated irrigation water on Na+ concentration in the leaves. Bars represent the mean ± standard deviation, n = 5. Different letters indicate significant differences among treatments by Tukey’s honest significant difference test at p < 0.05. BS: before water treatment using the BWD system, i.e., saline water irrigation; AS: after water treatment using the BWD system, i.e., desalinated water irrigation. 
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Table 1. Planting and harvesting dates, irrigation amounts and daily averages of temperature and relative humidity for each experimental phase.






Table 1. Planting and harvesting dates, irrigation amounts and daily averages of temperature and relative humidity for each experimental phase.





	
Experiment

	
Planting Date

	
Harvest Date

	
Irrigation Amount (L)

	
Daily Temperature (°C)

	
Daily Relative Humidity (%)






	
Saline water irrigation (BS: before water treatment using the BWD system a)




	
First phase

	
20 March 2015

	
10 April 2015

	
100.0

	
30.8

	
18.4




	
Second phase

	
30 April 2015

	
21 May 2015

	
117.5

	
32.2

	
22.8




	
Desalinated water irrigation (AS: after water treatment using the BWD system)




	
First phase

	
17 June 2015

	
8 July 2015

	
97.0

	
30.3

	
40.1




	
Second phase

	
1 September 2015

	
22 September 2015

	
124.0

	
29.8

	
46.1








a indicates the small-scale brackish water desalination (BWD) system.
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Table 2. Properties of saline and desalinated irrigation water for each treatment and experimental cycle.






Table 2. Properties of saline and desalinated irrigation water for each treatment and experimental cycle.





	
Experiment

	
Treatment

	
pH

	
ECw

	
T-N

	
T-P

	
Ca2+

	
Mg2+

	
Na+

	
K+

	
Cl−

	
SO42−

	
SAR




	

	

	
(1:5)

	
(dS m−1)

	
(mg L−1)

	






	
Saline

	
First phase

	
BS#01

	
7.9a

	
0.31d

	
4.55a

	
0.003a

	
36.07a

	
6.29a

	
9.89d

	
2.09a

	
23.1d

	
11.9a

	
0.40d




	
BS#02

	
7.9a

	
0.86c

	
4.54a

	
0.004a

	
36.16a

	
6.31a

	
106.05c

	
2.10a

	
175.7c

	
11.9a

	
4.28c




	
BS#03

	
7.9a

	
1.99b

	
4.52a

	
0.005a

	
36.26a

	
6.33a

	
310.64b

	
2.13a

	
516.1b

	
11.9a

	
12.52b




	
BS#04

	
7.9a

	
3.14a

	
4.56a

	
0.002a

	
36.23a

	
6.32a

	
520.92a

	
2.10a

	
842.2a

	
11.9a

	
21.00a




	
Second phase

	
BS#01

	
8.2a

	
0.24d

	
3.80a

	
0.004a

	
29.54b

	
5.29a

	
9.68d

	
2.10a

	
18.8d

	
10.5a

	
0.43d




	
BS#02

	
8.1a

	
0.90c

	
3.83a

	
0.003a

	
29.84a

	
5.33a

	
142.48c

	
2.10a

	
220.4c

	
10.5a

	
6.31c




	
BS#03

	
8.0a

	
2.10b

	
3.88a

	
0.005a

	
29.99a

	
5.36a

	
398.94b

	
2.17a

	
613.8b

	
10.6a

	
17.63b




	
BS#04

	
8.0a

	
3.41a

	
3.84a

	
0.001a

	
30.02a

	
5.37a

	
686.04a

	
2.22a

	
1059.0a

	
10.6a

	
30.29a




	
Desalinated

	
First phase

	
AS#01

	
7.9a

	
0.28a

	
2.85a

	
0.004a

	
31.12a

	
5.55a

	
8.86b

	
1.83a

	
15.8ab

	
10.6a

	
0.38b




	
AS#02

	
6.7b

	
0.02d

	
0.24c

	
0.003a

	
0.01b

	
0.01b

	
2.97b

	
0.28b

	
2.9c

	
ND

	
5.02ab




	
AS#03

	
6.6b

	
0.05c

	
0.33bc

	
0.004a

	
0.05b

	
0.01b

	
8.49b

	
0.26b

	
11.0.bc

	
ND

	
9.59a




	
AS#04

	
6.6b

	
0.11b

	
0.41b

	
ND

	
0.14b

	
0.02b

	
16.88a

	
0.45b

	
24.3a

	
ND

	
12.23a




	
Second phase

	
AS#01

	
8.7a

	
0.28a

	
2.87a

	
ND

	
23.37a

	
5.87a

	
9.99b

	
1.80a

	
16.3ab

	
10.9a

	
0.47b




	
AS#02

	
8.0a

	
0.02d

	
0.21b

	
ND

	
0.01b

	
0.01b

	
3.03c

	
0.02b

	
3.5c

	
ND

	
5.12ab




	
AS#03

	
8.0a

	
0.06c

	
0.33b

	
ND

	
0.04b

	
0.01b

	
10.28b

	
0.05b

	
12.8b

	
ND

	
13.18a




	
AS#04

	
8.1a

	
0.10b

	
0.36b

	
ND

	
0.09b

	
0.01b

	
16.15a

	
0.05b

	
21.7a

	
ND

	
13.67a








Means with the same letter in each phase are not significantly different among treatments by Tukey’s honest significant difference test at p < 0.05. ECw: electric conductivity of irrigation water; T-N: total nitrogen; T-P: total phosphorus; SAR: sodium absorption ratio; BS: before water treatment using the BWD system, i.e., saline water irrigation; AS: after water treatment using the BWD system, i.e., desalinated water irrigation.
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Table 3. Chemical properties of the sampled soils from each experiment.






Table 3. Chemical properties of the sampled soils from each experiment.





	
Experiment

	
Treatment

	
pH

	
ECe

	
CEC

	
O.M.

	
T-N

	
T-P

	
P2O5

	
Ca2+

	
Mg2+

	
Na+

	
K+

	
SAR




	

	

	
(1:5)

	
(dS m−1)

	
(cmol kg−1)

	
(%)

	
(%)

	
(mg kg−1)

	






	
Initial soil

	
5.6

	
8.5

	
73.20

	
66.5

	
0.60

	
1676.04

	
1521.47

	
4534.83

	
1935.54

	
1042.14

	
5478.84

	
3.26




	
Saline

	
1st

	
BS#01

	
5.4

	
15.4

	
72.02

	
38.6

	
0.52

	
1288.19

	
1275.72

	
4632.07

	
1482.61

	
1001.26

	
4402.62

	
3.28




	
BS#02

	
5.3

	
19.1

	
76.49

	
51.9

	
0.66

	
1539.14

	
1239.64

	
5045.08

	
1478.67

	
1307.24

	
4309.38

	
4.16




	
BS#03

	
5.4

	
20.6

	
72.21

	
45.6

	
0.60

	
1548.49

	
1158.85

	
4230.28

	
1255.74

	
1861.18

	
5691.48

	
6.45




	
BS#04

	
5.4

	
25.0

	
69.46

	
53.0

	
0.68

	
1542.49

	
1311.66

	
4562.05

	
1382.54

	
2112.87

	
4503.81

	
7.03




	
2nd

	
BS#01

	
5.0

	
14.3

	
62.98

	
58.6

	
0.58

	
1269.38

	
873.23

	
5712.24

	
1562.14

	
783.95

	
2910.64

	
2.37




	
BS#02

	
5.2

	
15.1

	
72.31

	
64.4

	
0.63

	
1032.37

	
593.57

	
4749.03

	
1245.23

	
1434.42

	
3227.31

	
4.79




	
BS#03

	
5.1

	
30.8

	
74.13

	
65.2

	
0.60

	
934.71

	
768.36

	
6078.54

	
1594.83

	
5482.92

	
3033.99

	
16.17




	
BS#04

	
5.0

	
34.8

	
75.31

	
66.2

	
0.55

	
955.22

	
809.55

	
5562.00

	
1400.86

	
8225.07

	
2785.87

	
25.52




	
Desalinated

	
1st

	
AS#01

	
5.7

	
13.8

	
65.78

	
62.3

	
0.60

	
1317.75

	
958.96

	
6475.56

	
1739.61

	
1254.90

	
3465.75

	
3.57




	
AS#02

	
5.6

	
18.3

	
67.10

	
62.3

	
0.77

	
1621.00

	
1380.52

	
6830.55

	
1945.71

	
1666.51

	
4717.29

	
4.58




	
AS#03

	
5.8

	
13.7

	
77.71

	
56.9

	
0.64

	
1119.45

	
844.55

	
6737.94

	
1750.41

	
1164.33

	
3548.91

	
3.27




	
AS#04

	
5.6

	
11.4

	
61.36

	
58.8

	
0.65

	
883.20

	
498.29

	
6996.66

	
1788.36

	
1176.33

	
3111.33

	
3.25




	
2nd

	
AS#01

	
6.0

	
9.7

	
65.83

	
65.4

	
0.71

	
907.93

	
497.39

	
8161.89

	
2163.45

	
1107.33

	
2676.24

	
2.81




	
AS#02

	
5.8

	
10.8

	
79.78

	
65.1

	
0.67

	
1022.57

	
668.31

	
6551.91

	
1696.20

	
869.55

	
2490.48

	
2.48




	
AS#03

	
5.9

	
8.5

	
75.90

	
66.7

	
0.63

	
762.93

	
471.04

	
6363.93

	
1584.57

	
781.50

	
2528.16

	
2.27




	
AS#04

	
5.8

	
11.2

	
59.59

	
65.4

	
0.69

	
891.57

	
388.81

	
6587.28

	
1899.66

	
1206.78

	
2830.80

	
3.37








ECe: electric conductivity of soil; CEC: cation exchange capacity; O.M.: organic matter; T-N: total nitrogen; T-P: total phosphorus; SAR: sodium absorption ratio; BS: before water treatment using the BWD system, i.e., saline water irrigation; AS: after water treatment using the BWD system, i.e., desalinated water irrigation.
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