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Received: 3 November 2025 Abstract: Coastal saline soils severely limit agricultural productivity due to high
Revised: 5 December 2025 salinity, elevated pH, low organic matter, and scarce freshwater resources. To
Accepted: 9 February 2026 evaluate seawater irrigation and gypsum amendment effects, a field experiment was
Published: 9 March 2026 conducted with varying gypsum dosages under seawater irrigation, focusing on rice

growth and soil properties. The results revealed that gypsum application
significantly enhanced rice grain yield by improving key yield components, while
seawater irrigation alone reduced them. Gypsum also effectively lowered soil
electrical conductivity (EC.) and available potassium (AK), while markedly
increasing organic carbon (OC), alkali-hydrolysable nitrogen (AN), Olsen
phosphorus (OP), bacterial diversity (bactH), fungal diversity (fungH), and total
phospholipid fatty acids (PLFA). Seawater irrigation alone obviously elevated soil
pH, EC., and AK but significantly decreased OC, AN, OP, bactH, fungH, and total
PLFA, though it increased fungal PLFA (fungPLFA). Combining gypsum with
seawater irrigation noticeably reduced soil pH, EC., OC, AN, OP, bactH, fungH,
and total PLFA, while markedly increasing AK, the fungPLFA to bacterial PLFA
ratio (F/B), and the Gram-positive to Gram-negative bactPLFA ratio (G'/G").
Regression analysis indicated soil pH drove bactH, fungH, total PLFA, bactPLFA,
fungPLFA, and G* bactPLFA, whereas soil salinity dominated G~ bactPLFA, F/B,
and G*/G™ under gypsum-seawater irrigation. This study concluded that soil pH and
salinity jointly govern microbial community structure, while gypsum improves soil
chemical properties and microbial diversity. These findings provide valuable
insights for optimizing gypsum and seawater irrigation strategies to remodel
microbial communities and enhance soil fertility, thus promoting sustainable
agriculture in coastal saline regions.
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1. Introduction

Coastal saline soils are typically characterized by elevated salinity and pH levels, low organic matter content,
and limited freshwater availability in coastal regions. High soil salinity and pH not only significantly alter soil
physicochemical properties and biological characteristics but also adversely affect plant growth [1,2].
Additionally, freshwater scarcity in coastal areas restricts the application of traditional leaching techniques for
saline soil remediation [3]. During the growing season, insufficient rainfall and freshwater shortages often compel
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farmers to adopt seawater irrigation for crop cultivation. To mitigate salt accumulation in the soil, amendments
such as gypsum (CaSO4-2H,0) are recommended. Gypsum supplies Ca" ions to displace exchangeable Na®,
thereby facilitating the leaching of excess soluble salts through irrigation for reducing soil salinity and pH [4].
While seawater irrigation and gypsum amendments have been extensively studied for their effects on crop growth,
their combined impact on soil microbial communities remains largely unexplored [5,6]. Understanding how soil
salinity and pH influence microbial communities is critical for assessing soil ecological functions and developing
effective strategies to enhance fertility in saline soils [7].

Numerous studies have demonstrated that irrigation with diluted seawater can enhance both crop yield and
quality [6,8]. Previous research indicated that seawater with a salinity below 5 g-L ™! was suitable for irrigating crops
such as barley, wheat, corn, cotton, and sunflowers without causing significant soil salinization, provided that rainfall
leaching occurs at reasonable levels [8—13]. However, continuous seawater irrigation may lead to salt accumulation
and soil salinization during the evaporation of surface soil moisture, adversely affecting soil-crop systems [6,10,14—
21]. Long-term excessive use of seawater can further exacerbate salt accumulation in soil, with sodium ions increasing
not only soil salinity [8,20,22] and pH [6] but also water-soluble nitrogen content [23], soil carbon storage, and
mineralization rates [24]. Additionally, sodium presence disrupted soil microbial biomass [23], reduced microbial
diversity [25-27], and altered community structure [28] and composition [14,16,21]. These findings suggest that
seawater irrigation can indirectly alter soil nutrient availability by affecting microbial communities. Contrary to these
concerns, some studies indicated that seawater irrigation, due to its slightly acidic pH and low salinity, had minimal
impact on soil microbial biomass when seasonal heavy rainfall effectively leached excess salts [6,23]. Despite
extensive research on the physical, chemical, and biological effects of seawater irrigation on soils, the mechanisms
and factors governing soil microbial community dynamics remain unresolved and contentious.

Gypsum application has been widely recognized as an effective agricultural practice to mitigate the adverse
effects of seawater irrigation on soils [2,3,14,29-31]. This efficacy stemmed from gypsum’s ability to enhance
Ca?" activity through the dissolution of calcium carbonate (CaCOs;) [32]. Additionally, calcium sulfate (CaSOa)
reacted rapidly with sodium salts (e.g., NaCl, Na,COs, and NaHCQO3) in seawater irrigation, forming sodium sulfate
(Na»S0s), which could be efficiently leached from the soil [33,34]. A common practice for improving soil sodicity
involved surface application of 5-10 Mg-hm™ gypsum every 3-5 years [35]. For complete neutralization of
sodicity, however, 22.7 Mg-hm 2 gypsum was required [36]. Research corroborated that gypsum could ameliorate
saline soils in arid and semiarid regions by replacing exchangeable Na* with Ca®* [37], facilitating the transport of
excess Na' from surface to deeper soil layers [38], reducing soil salinity and pH [3,37,39], enhancing soil physical
properties in seawater irrigation systems [40], increasing organic carbon (OC) content [38], and promoting soil
microbial biomass, fungi, bacteria, Gram-positive (G") bacteria, and Gram-negative (G) bacteria [41]. However,
some studies indicated that gypsum addition may not significantly affect soil microbial biomass under long-term
seawater irrigation [42,43]. While most research has focused on gypsum’s role in improving arid and semiarid
soils, its application in coastal saline soil remains significantly understudied. Moreover, the mechanistic linkages
between gypsum addition and soil microbial community dynamics—particularly in the context of combined
gypsum and seawater irrigation—have not been well documented or understood in coastal saline environments.

To mitigate the harmful effects of seawater irrigation and enhance gypsum’s ability to leach soluble salts
from root zones in coastal saline soils, simultaneous application of gypsum and seawater irrigation is essential [4].
The present study aims to evaluate the impacts of seawater irrigation, gypsum application, and their combined use
on soil microbial communities in coastal saline soils using denaturing gradient gel electrophoresis (DGGE)
fingerprinting and phospholipid fatty acid (PLFA) profile analysis. We hypothesized that seawater irrigation would
negatively affect soil chemical properties and microbial communities. Specifically, we anticipated that soil salinity
would independently or interact with soil pH to shape microbial communities, as both factors were critical
regulators of soil microbial diversity [44-46]. Additionally, we proposed that gypsum would improve soil pH,
salinity, and nutrient availability, thereby altering soil microorganisms. This hypothesis was supported by evidence
that gypsum was negatively correlated with soil pH and salinity [24,31,39,47-50]. More specifically, we expected
gypsum to increase soil nutrients, enhance microbial biomass, and modify microbial community structure. Finally,
we hypothesized that the combined use of gypsum and seawater irrigation would significantly regulate soil
chemical properties and microbial communities. Here, we anticipated that soil salinity would exert a stronger
influence than pH on microbial community composition, as salinity was the primary environmental determinant
of microbial communities across diverse ecosystems worldwide, outweighing the effects of pH and other
physicochemical factors [51].
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2. Materials and Methods
2.1. Experimental Site Description

The experimental site was situated in Cixi City, Zhejiang Province, China (latitude 121°12" N, longitude
30°21" E). The soil at this location originated from modern marine and fluvial deposits in Hangzhou Bay and was
classified as coastal solonchak. Its composition included 7.4% sand, 7.7% clay, and 84.9% silt. The soil exhibited
a pH of 8.2, an electrical conductivity of saturated paste extracts (ECe) of 6.2 dS‘m™!, and contained 5.06 g-kg™!
0OC, 1.88 g-kg! salt content, 30.8 mg-kg ! alkali-hydrolyzable nitrogen (AN), 3.5 mg-kg! Olsen phosphorus
(OP), and 407.9 mg-kg ! available potassium (AK). The site’s climate falls within the subtropical monsoon zone,
characterized by an average annual temperature of 16.3 °C and an average annual precipitation of 1325 mm.

2.2. Experimental Design
2.2.1. Experimental Treatment

The experiment was conducted with twelve treatments and three replicates, arranged in a randomized block
design. These treatments involved three different gypsum application rates (0, 5, and 10 Mg-hm™2) and four levels
of irrigation water salinity (0, 1.5, 2.5, and 3.5 g-L™"). The twelve treatment combinations were as follows: (i)
Untreated soils irrigated with freshwater (GoSo); (ii) Soils treated with 5 Mg-hm™ gypsum and irrigated with
freshwater (GsSo); (iii) Soils treated with 10 Mg-hm™2 gypsum and irrigated with freshwater (G10So); (iv) Untreated
soils irrigated with water of 1.5 g-L ™! salinity (GoS15); (v) Soils treated with 5 Mg-hm 2 gypsum and irrigated with
water of 1.5 g-L™! salinity (GsS;s); (vi) Soils treated with 10 Mg-hm 2 gypsum and irrigated with water of 1.5
gL ! salinity (G10S15); (vii) Untreated soils irrigated with water of 2.5 g-L! salinity (GoS2.s); (viii) Soils treated
with 5 Mg-hm? gypsum and irrigated with water of 2.5 g-L ™! salinity (GsS,.5); (ix) Soils treated with 10 Mg-hm2
gypsum and irrigated with water of 2.5 gL salinity (G10S25); (x) Untreated soils irrigated with water of 3.5 g-L™!
salinity (GoS3.s); (xi) Soils treated with 5 Mg-hm™ gypsum and irrigated with water of 3.5 g-L™! salinity (GsSs.s);
(xii) Soils treated with 10 Mg-hm 2 gypsum and irrigated with water of 3.5 g-L™! salinity (G10S35). The gypsum
application rates were selected based on recommendations from previous studies [35,36], while the irrigation water
salinity levels were chosen after comprehensive consideration of prior research [9-11].

2.2.2. Trrigation Water Preparation

The irrigation water was prepared by mixing freshwater from rainwater tanks with natural seawater collected
from ditches. A customized proportional controller, equipped with a variable frequency pump, was used to blend
these two water sources. This system enabled time-based automatic pulse irrigation and provided real-time,
accurate monitoring of the irrigation water’s salinity level. The freshwater had a pH of 7.0 and no detectable
salinity. The natural seawater exhibited a pH of 8.57, an electrical conductivity (EC) of 35.0 dS'm™! (equivalent
to a salinity of 21.22 g-L™"), and contained the following ions: Na" 7.29 g-L™!, Mg?" 0.92 g-L™!, Ca?" 0.27 g-L !,
K*0.27 g'L™!,and CI” 14.64 g- L.

2.2.3. Gypsum Application

Gypsum (CaSO4-2H,0, 98% purity, with particle size <0.3 mm in diameter) was used as a soil amendment. Its
properties included a pH of 7.12, an EC of 2.23 dS'm™!, and the following elemental composition: Ca 229.6 g-kg !,
Mg2.4gkg!,S216.9 g'kg!, and Al 1.0 g'kg !. Gypsum was mixed into the 0-20 cm soil layer before irrigation.

2.2.4. Rice Cultivation

After preparing the soil-gypsum mixture, rice seedlings were transplanted into the plots. The rice variety used
was “Yongyou 1450°. Base fertilizer consisted of compound fertilizer (N: P,Os: KO = 15:15:15) applied at 750
kg-hm™2, supplemented with urea topdressing at 180 kg-hm™2. Each plot measured 5 m x 5 m in size. During the
rice growth period, each plot received a total irrigation volume of 7700 m*-hm2, delivered in seven equal
applications (each application: 110 mm). The irrigation interval was adjusted based on soil moisture content and
rice growth stage requirements. All other necessary agronomic practices (e.g., pest control, weed management)
were uniformly applied across all plots. Rice was harvested on day 153 after transplanting.
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2.3. Data Collection and Measurements
2.3.1. Soil Sampling and Physicochemical Analysis

Soil Sampling and Preparation: On the day following rice harvesting, bulk soil samples were collected from
the 0-20 cm depth layer. For each experimental plot, one composite soil sample was assembled by combining ten
randomly collected cores (each with a diameter of 1.5 cm). After removing visible stones and plant residues, each
fresh soil sample was divided into two equal portions and thoroughly mixed. One portion was immediately frozen
at —20 °C and subsequently freeze-dried for community deoxyribonucleic acid (DNA) extraction and PLFA
analysis. The other portion was air-dried and passed through a 2 mm sieve for physicochemical analysis.

Physicochemical Analysis: Soil texture was determined using the hydrometer method. Soil pH was measured
at a soil-to-water ratio of 1:5 after shaking at 28 °C for 30 min. Soil electrical conductivity (EC;.s) was measured
at 25 °C using a soil-to-water ratio of 1:5 after 1 h of end-to-end oscillation [52]. The EC,.s values were converted
to EC. using the equation: EC. = 0.414 + 8.450 x ECI1:5 [53]. Soil OC was quantified using the dichromate
oxidation method. AN was determined via the diffusion absorption method. OP was measured using the Olsen
method. AK was assessed using the ammonium acetate extract-flame photometric method [54].

2.3.2. DNA Extraction and DGGE

Community DNA Extraction and Polymerase Chain Reaction (PCR) Amplification: Community DNA
extraction and purification were performed using the soil DNA kit (Omega, D5625-01, USA) following the
manufacturer’s protocol. Bacterial 16S rDNA was amplified with the universal primer pair 357F and 518R. To
facilitate separation of PCR fragments in DGGE gels, a GC clamp was attached to the 5’-end of the forward primer.
For fungal 18S rDNA amplification, nested PCR was conducted using the primer pairs ITSIF/ITS4 and
ITSIFGC/ITS2. All PCR reactions were carried out using a Thermal Cycler (Eppendorf, Hamburg, Germany) [55].

DGGE Analysis: The amplified products were analyzed by DGGE on a 10% polyacrylamide gel using the
Bio-Rad D-Code System (Bio-Rad Laboratories, Hercules, CA, USA). For bacterial community analysis, the gel
contained a denaturant gradient of 40% to 60% in a 1x Tris-acetate-EDTA buffer at 60 °C, and electrophoresis
was performed at 110 V for 10 h. For fungal community analysis, the gel contained a denaturant gradient of 20%
to 40% under the same buffer conditions, and electrophoresis was conducted at 150 V for 6 h [52].

Diversity Calculation: Bacterial diversity (bactH) and fungal diversity (fungH) were quantified using the
Shannon index (H) to assess changes in diversity across all treatments. The Shannon index was calculated with
the following equation [52]: H = —(ni/N) In(ni/N).

Where ni is the ith band intensity and A is the total intensity of all bands in a lane sample of DGGE banding
patterns.

2.3.3. PLFA Analysis

PLFA Extraction and Analysis: Soil phospholipid extraction and PLFA analysis were conducted following
the method described by Williams (2007) [56]. Briefly, 4 g of freeze-dried soil samples were extracted overnight
in a mixture of chloroform, methanol, and 50 mM phosphate buffer (pH 7.1). The PLFA fraction was subsequently
separated using a solid-phase silica gel column (Supelco, Inc., Bellefonte, PA, USA) with sequential elusion using
chloroform, acetone, and methanol. Prior to methylation, fatty acid 19:0 was added as an internal standard. The
recovered phospholipid fraction was saponified to yield fatty acid methyl esters (FAMEs), which were analyzed
using the MIDI Sherlock Microbial Identification System (MIDI Inc., Newark, NJ, USA) coupled with an Agilent
7890 gas chromatograph equipped with a flame ionization detector.

Microbial Biomass Estimation: Total microbial biomass was estimated based on the total concentration of
PLFAs (totPLFA) [57]. Gram-positive bacterial biomass (G* bactPLFA) was quantified as the sum of the
following PLFAs: i14:0, i15:0, al5:0, i16:0, al7:0, and i17:0 [58]. Gram-negative bacterial biomass (G~
bactPLFA) was assessed using the sum of PLFAs 16:1w5¢, 16:107c, cyl7:0, 17:108c, 18:1w7c, 18:1w9c, and
cy19:0 [59,60]. Bacterial biomass (bactPLFA) was represented by the sum of G bactPLFA, G~ bactPLFA, and
normal saturated fatty acids 14:0, 15:0, 16:0, 17:0, and 18:0 [60]. Fungal biomass (fungPLFA) was estimated to
be using the PLFA 18:2w6,9¢ [61].

2.4. Data Analysis

All data were processed using Microsoft Excel 2019 and analyzed with SPSS 20.0. Significant differences in
yield and soil chemical and microbial parameters among treatments were assessed using two-way analysis of
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variance (ANOVA), followed by Tukey’s honestly significant difference (HSD) test for post hoc comparisons at
a significance level of p < 0.05 (GenStat for Windows 8.0, VSN International Ltd., Redditch, UK, 2005).

Linear regression analysis was performed using SPSS Statistical Software 16.0 to evaluate relationships
between microbial parameters and abiotic factors. Additionally, stepwise linear regression analysis was employed
to quantify associations between microbial parameters and PLFAs. The stepping criteria for variable entry and
removal were based on the significance level of the F-value, set at p < 0.05, ensuring that all variables included in
the final equation were statistically significant.

3. Results
3.1. Yield

The reproductive growth of rice was visibly influenced by gypsum application and salinity levels (Table 1).
For instance, treatment GjoSo achieved the highest grain yield (10,140.6 kg-ha™'), which was statistically
significantly higher (p <0.05) than yields from all other treatments. Conversely, treatment GoS3 5 yielded the lowest
grain production (3213.6 kg-ha™!), which was statistically significantly lower (p < 0.05) compared to all other
treatments. Furthermore, gypsum application significantly enhanced rice grain yields at the same level of irrigation
water salinity. The yield components responsible for these differences included the number of panicles per unit
area, grains per panicle, the proportion of filled grains, and the thousand-grain weight. Seawater irrigation reduced
these yield components, whereas increasing gypsum application rates markedly improved them. Notably, no
statistically significant differences were observed in rice grain dry matter weight (%) across treatments.

Table 1. Yield components in rice plants subjected to different treatments with gypsum and salinity in the saline
soil in Cixi City, Zhejiang Province, China.

Panicles/m?> Grains/Panicle Thousand-Grain  Filled Grain Dry . 4
Treatment (no.) (no.) Weight (g) Grain (%) Matter (%) Yield (kg-ha™)

GoSo 273.7b 141.6b 25.15b 91.88 ab 83.80a 6006.9 ¢
GsSo 280.0 ab 140.6 b 28.80 ab 94.85a 8333 a 7172.7b
G10So 298.0a 1719 a 31.02a 96.06 a 83.00 a 10140.6 a
GoS15 270.0b 130.1b 23.37c¢ 93.99 ab 82.45a 5091.9 cd
GsSis 280.0 ab 1272 b 25.63 b 90.66 ab 8343 a 5526.4c¢
G10S1s 281.8 ab 156.7 ab 27.42 ab 93.68 ab 8291 a 75273 b
GoSzs 268.4 be 129.1b 21.15cd 86.31b 82.26 a 4164.6d
GsSas 272.5b 147.7b 2392 ¢ 90.53 ab 82.8la 5776.8 ¢
G10S2s 275.0b 140.6 b 23.80 ¢ 90.85 ab 83.33a 5576.1¢
GoSs3s 2389d 120.5¢ 20.97d 80.52 ¢ 82.60 a 3213.6¢
GsSs3s 249.7 c 1262 b 22.65c¢ 87.99 b 81.95a 4119.4d
G10Sss 2513 c 1343 Db 23.23 ¢ 88.85b 84.57 a 4715.2d

Means followed by different letters in each column indicate significant differences according to Tukey’s test (p < 0.05).

3.2. Soil Chemical Characteristics

Seawater irrigation significantly increased soil pH, EC., salt content, and AK while decreasing OC, AN, and
OP as irrigation water salinity rose (Figure 1). Conversely, gypsum markedly reduced soil pH, EC,, salt content,
and AK, while increasing OC and AN with the increase of gypsum dosage. No significant differences were
observed in OP content across treatments in the coastal saline soil. Furthermore, the combined use of gypsum and
seawater irrigation distinctly influenced soil properties, including pH, EC., salt content, OC, AN, OP, and AK.
Increasing the gypsum dosage notably decreased pH, EC., salt content, and AK while strongly boosting OC and
AN at the same level of irrigation water salinity. Meanwhile, seawater irrigation alone significantly reduced OP
content as irrigation water salinity increased.
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Figure 1. Soil chemical properties in the coastal saline soil with gypsum application and seawater irrigation. The
different lowercase letters after the numbers indicate differences between treatments at the 0.05 level (n = 3).

3.3. Microbial Genetic Diversity, Biomass and Community Structure

Significant changes in microbial genetic diversity were observed with gypsum application and seawater
irrigation (Figure 2 and Table 2). Both bactH and fungH decreased as irrigation water salinity increased, while
they significantly increased with higher gypsum application rates. The combined use of gypsum and seawater
irrigation further reduced bactH and fungH compared to treatments where gypsum was applied with freshwater
irrigation, but it still resulted in higher values than those observed in treatments without gypsum.

The effects of gypsum application and seawater irrigation on microbial biomass were also evident (Figure 3
and Table 2). Seawater irrigation with increasing salinity significantly reduced totPLFA, bactPLFA, and G~
bactPLFA, while it increased fungPLFA, F/B, and G'/G". In contrast, totPLFA, bactPLFA, fungPLFA, G*
bactPLFA, G~ bactPLFA, F/B, and G*/G™ significantly increased as gypsum dosage rose. Additionally, the
combined use of gypsum and seawater irrigation markedly reduced totPLFA, bactPLFA, and G~ bactPLFA
compared to gypsum-freshwater irrigation treatments, while greatly enhancing fungPLFA, G* bactPLFA, F/B, and
G*'/G™ compared to treatments without gypsum.
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BactH FungH
—0—G0
G5
G10
S1.5

Figure 2. The bacterial (bactH) and fungal (fungH) genetic diversity indices with gypsum application and seawater
irrigation. The different lowercase letters are significant differences between treatments at the 0.05 level (n = 3).

Table 2. F-values from two-way analysis of variance of the effects of gypsum application and seawater irrigation
on microbial parameters (** p <0.01).

Parameters Gypsum (G) Salinity (S) G xS Parameters Gypsum (G) Salinity (S) GXS

bactH 2047.09 **  277.39 ** 5022 ** 116:0 75.50 ** 15.35 ** 2430 **
fungH 900.55 **  110.13 ** 1254 **  16:105¢ 119.53 ** 321.43 ** 1.86
totPLFA 9826.42 ** 1700.20 ** 85.12 **  16:1w7c 26.63 ** 82.01 ** 2.31
bactPLFA 131.18 ** 52.46 ** 5,94 ** 17:0 352.71 ** 255.59 **  31.63 **
fungPLFA 373.53 ** 23.98 ** 2.09 i17:0 188.38 ** 22.29 **  20.51 **
G* bactPLFA 186.88 ** 3.33 8.97 ** al7:0 3.29 77.23 ** 1.74
G bactPLFA 58.73 ** 126.31 **  7.81 ** cyl7:0 33.64 ** 260.77 ** 2.20
F/B 260.55 **  148.01 ** 420 ** 17:108c 32.25 ** 294 .88 ** 2.49
G'G™ 29.96 ** 196.20 **  8.95 ** 18:1m7c 29.13 ** 112.31 **  5.08 **
i14:0 248.64 **  361.81 ** 2450 ** 18:1w9c 88.00 ** 81.43 ** 2.54
i15:0 86.07 ** 59.28 *¥* 545 ** 18:2w6,9c  373.53 ** 23.98 ** 2.09
al5:0 179.35 ** 22555 ** 21.80 ** cy19:0 197.61 ** 119.13 ** 849 **
] N \'% t! ":‘, . , \‘0 ‘; J & . J . G 3 & g J . \ ‘ i & '
c'q'“’ totPLFA GIQ,J bactPLFA G " c'.“ G' bactPLFA L
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b

Figure 3. Total concentration of phospholipid fatty acids (totPLFA), bacterial PLFA (bactPLFA), fungal PLFA
(fungPLFA), G* bacterial PLFA (G* bactPLFA), G~ bacterial PLFA (G~ bactPLFA), fungPLFA/bactPLFA (F/B)
and G* bactPLFA/G™ bactPLFA (G'/G") of the microbial communities with conjunctive use of gypsum and
seawater irrigation. The different lowercase letters are significant differences between treatments at the 0.05 level.
Error bars indicate standardized deviation (n = 3).
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3.4. Microbial PLFA Composition

Seawater irrigation significantly increased the concentrations of specific PLFAs (e.g., 115:0, a15:0,116:0, and
18:2w6,9¢) compared to freshwater irrigation (Figure 4 and Table 2). Conversely, the concentrations of other
PLFAs (e.g., 114:0, 16:1w5c, 16:1w7c, 17:0, i17:0, al7:0, cyl7:0, 17:18c, 18:1n7c, 18:109¢, and cy19:0)
significantly decreased as irrigation water salinity rose. By contrast, increasing gypsum dosage markedly increased
the concentrations of 114:0, 115:0, al5:0, i16:0, 17:0, i17:0, al7:0, cy17:0, 17:1o8c, 18:1@w9¢, cy19:0, and
18:2w6,9¢, while notably reducing the concentrations of 16:1w5c, 16:107c, and 18:1m7c. Additionally, the
combined use of gypsum and seawater irrigation significantly reduced the concentrations of i14:0, 17:0, i17:0,
18:1w7¢, and cy19:0 compared to freshwater irrigation treatments, while effectively increasing the concentrations
of'i15:0, al5:0, and 116:0. However, no additive effects of gypsum and seawater irrigation were observed on the
concentrations of 16:1w5c, 16:1w7¢c, al7:0, cy17:0, 17:1®8c, 18:1m9c¢, or 18:216,9c¢.
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Figure 4. The concentration of phospholipid fatty acids i114:0, 16:1w5c, 16:1w7c, 17:0, a17:0, cy17:0, 17:1 ©8C,
18:1w7c, 18:1®9c¢, 115:0, a15:0, 116:0, 117:0, cy19:0 and 18:2w6, 9C of the microbial communities with conjunctive
use of gypsum and seawater irrigation. The different lowercase letters are significant differences between
treatments at the 0.05 level. Error bars indicate standardized deviation (n = 3).

3.4. Correlations of the Microbial Parameters to pH and Salinity

Linear regression analysis revealed significant negative correlations between soil pH and several microbial
and fatty acid parameters (Table 3). Specifically, soil pH was negatively correlated with bactH, fungH, totPLFA,
bactPLFA, G* bactPLFA, G bactPLFA, fungPLFA, F/B, G'/G~, and specific fatty acids (e.g., i14:0, 115:0, a15:0,
116:0,17:0,117:0,a17:0,¢cy17:0, 17:1®8c, 18:109¢, 18:216,9¢c, and cy19:0). Conversely, soil pH exhibited marked
positive correlations with 16:1w5c, 16:1w7c, and 18:1@w7c. Similarly, soil EC. showed significant negative
relationships with bactH, fungH, totPLFA, bactPLFA, G~ bactPLFA, i14:0, 16:1w5c, 16:107c, 17:0, al7:0,
cyl7:0, 17:1w8c, 18:1w7c, and 18:1w9c, while it had significant positive relationships with fungPLFA, F/B,
G'/G7, i15:0, al5:0, i16:0, and 18:206,9¢c. No significant relationships were observed between EC. and G*
bactPLFA, i17:0, or cy19:0.
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Table 3. Linear regression analysis results related to the microbial parameters with soil pH and salinity (ECe) (Y =
bo + b1 x pH + b2 X ECe, n = 36; B, standardized regression coefficient; * p < 0.05; ** p < 0.01).

pH EC. 2

Parameters (Y) bo b1 B bs B R F
bactH 10.717 —0.885 —0.881 ** —0.021 —0.392 ** 0.930 220.112 **
fungH 6.142 —0.325 —0.895 ** —0.007 —0.381 ** 0.946 287.356 **
totPLFA 608.300 —63.226 —0.877 ** —1.684 —0.442 ** 0.965 455.058 **
bactPLFA 106.118 —10.302 —0.757 ** -0.416 —0.578 ** 0.906 159.616 **
fungPLFA 51.249 —6.017 —0.848 ** 0.100 0.267 ** 0.791 62.484 **
G* bactPLFA 46.913 —5.036 —0.898 ** 0.040 0.136 0.825 77.762 **
G~ bactPLFA 48.112 —4.14 —0.462 ** —-0.393 —0.829 ** 0.901 149.376 **
F/B 1.589 —0.187 —0.565 ** 0.012 0.656 ** 0.749 49.360 **
GG~ 2.181 —-0.241 —0.278 ** 0.040 0.881 ** 0.853 95.448 **
i14:0 11.444 —1.165 —0.531 ** —0.087 —0.749 ** 0.843 88.528 **
i15:0 8.086 —0.906 —0.647 ** 0.042 0.565 ** 0.739 46.695 **
al5:0 11.819 —1.406 —0.545 ** 0.099 0.727 ** 0.825 77.979 **
i16:0 6.344 —0.682 —0.620 ** 0.019 0.333 * 0.495 16.176 **
16:1w5c¢ —1.180 0.253 0.433 ** —0.022 —0.709 ** 0.691 36.839 **
16:1w7c —2.489 0.539 0.394 * —0.060 —0.828 ** 0.841 87.290 **
17:0 11.166 -1.134 —0.628 ** —0.064 —0.666 ** 0.837 84.881 **
i17:0 7.375 —-0.791 —0.842 ** —0.005 —0.100 0.720 42.338 **
al7:0 1.846 —0.086 —0.147 * —0.028 —0.921 ** 0.870 110.284 **
cyl7:0 2.682 —0.205 —0.275 ** —0.037 —0.928 ** 0.937 244.120 **
17:1o8¢c 2.001 —0.141 —0.242 ** —0.029 —0.939 ** 0.940 256.244 **
18:1w7c -1.399 0.381 0.360 * —0.035 —0.633 ** 0.531 18.666 **
18:1m9¢ 36.612 —3.658 —0.607 ** —-0.207 —0.648 ** 0.788 61.441 **
18:216,9¢ 51.249 -6.017 —0.848 ** 0.100 0.267 ** 0.791 62.484 **
cy19:0 11.884 —1.310 —0.689 ** —0.003 0.033 0.476 15.014 **

In linear regression analysis, the variable with the highest determination coefficient (|B|) is considered the
most influential independent variable [62]. As shown in Figure 5, soil pH had a greater impact than EC. on bactH,
fungH, totPLFA, bactPLFA, fungPLFA, G" bactPLFA, i15:0, i16:0, i17:0, 18:206,9¢c, and cy19:0, as indicated by
its larger determination coefficients. However, soil pH contributed less than EC, to G~ bactPLFA, F/B, G'/G",
i14:0, al5:0, 16:1w5¢c, 16:107c, 17:0, al7:0, cyl7:0, 17:1o8c, 18:1n7c, and 18:1m@9c due to its smaller
determination coefficients.

Stepwise linear regression analysis (Table 4) identified two PLFAs (17:0 and i17:0) as significant
contributors to bactH, with i17:0 having a greater contribution due to its higher determination coefficient.
Additionally, i15:0, 116:0, 16:1w5c, 17:0, and 18:109c significantly contributed to totPLFA, with 18:1w9c
exhibiting the strongest influence (determination coefficient = 0.663). Similarly, 18:1@9c had the largest
contribution to bactPLFA and G~ bactPLFA, while al5:0 dominated in G* bactPLFA and G*/G~. Moreover,
18:2w6,9¢ significantly contributed to fungH and fungPLFA and was the primary driver of F/B.

Table 4. Stepwise linear regression analysis results related to the microbial parameters (Y) with the PLFAs (Xi) (Y
=bo + biXi... + biXi, n = 36; B, standardized regression coefficient; * p < 0.05; ** p <0.01).

Parameters (Y) bo PLFAs (X)) bi B R? F
17:0 0239 0431 % "
Bact H 2.366 17:0 0.707 0.661 ** 0.901 150.330
Fung H 3.289 18:2w6,9¢ 0.033 0.637 ** 0.406 23.204 **
i15:0 —27.859 —0.541 **
i16:0 34.040 0.520 **
Total PLFA 62.409 16:1m5¢ —67.274 —0.545 ** 0.946 106.076 **
17:0 14.495 0.364 **
18:109c¢ 7.922 0.663 **
i14:0 0.937 0.15]1 **
i15:0 2.870 0.295 **
: . sk
BactPLFA 2357 1 7‘:117(;)%0 éggg gégg —— 0995 1020.390 **
18:109c¢ 0.933 0.413 **
cy19:0 0.631 0.088 **
FungPLFA 0 18:216,9¢ 1 ] ** 1 0.000 **
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Table 4. Cont.

Parameters (Y) bo PLFAs (Xi) bi B R? F
i14:0 1 0.391 **
i15:0 1 0.250 **
al5:0 1 0.460 **
G bactPLFA 0 160 1 0.196 ** 1 1.433 x 108 **
il7:0 1 0.167 **
al7:0 1.001 0.104 **
16:105¢ 1 0.065 **
16:107c 1 0.153 **
cyl7:0 1 0.083 **
G~ bactPLFA —2.543 x 1073 17:108c 1 0.065 ** 1 5.641 x 1010 %
18:107¢ 1 0.118 **
18:109c 1 0.673 **
cy19:0 1 0.212 **
i16:0 —0.046 —0.152 **
cyl7:0 —0.201 —0.45 **
F/B 0.218 oy19:0 ~0.018 0.102 0.978 394.789 **
18:2106,9¢ 0.048 1.023 **
al5:0 0.263 0.782 **
18:107¢ —0.240 —0.293 **
GG 0.861 13- To9c 70.029 0201 ** 0.926 96.345 **
cy19:0 —0.112 —0.246 **
-1~ : cyly:v BECe HpH
| ! oC 18:206,9¢
e; : 18:109¢
= 18:10w7¢
S= 17:18¢
g ey17:0
= al7:0
i17:0
= 17:0
! 16:107c
16:1m5c¢
= i16:0
- al5:0
- i15:0
aé i14:0
= G+/G-
== F/B
g G- bactPLFA
= G+ bactPLFA
= fungPLFA
v bactPLFA
-1.0 [1] L0 totPLFA
RDAI (94.70%) fungH
= bactH
0 0.2 0.4 0.6 0.8 1
g The absolute value of p
=
:
&
=
-1.0 0 1.0
RDAIL (51.50%)

Figure 5. Redundancy analysis (RDA) ordination biplot and determination variable based on the effects of soil
properties on microbial parameters. a, the relationships between microbial diversity and soil properties. b, the
relationships between microbial PLFA biomass and soil properties. c, the relationships between 15 PLFAs and soil
properties. d, the variables with the highest determination coefficient (the absolute value of B) of soil pH and ECe.

10 of 18



Fu et al. J. Soil Biol. 2026, 1(1), 1
4. Discussion
4.1. Changes in Soil Properties and Microbial Community under Seawater Irrigation

Seawater irrigation typically introduces more soluble salts into the soil, leading to increased salt accumulation
[8,20,22,63]. Soil EC. and pH are critical chemical indicators of soil salinity and alkalinity [8]. As hypothesized,
this study demonstrated that seawater irrigation significantly elevated soil pH, EC,, and salt content, likely due to
the high sodium (Na*) concentration and elevated pH (8.0-8.5) of the irrigation water. This process, often termed
secondary salinization, is the core chemical change under seawater irrigation. In contrast, previous studies reported
that saline ice irrigation reduced soil salinity and pH [3,30], while seawater irrigation had a relatively minor impact
on soil salinity [6,12]. This discrepancy may stem from increased soil moisture and gradual salinity reduction
caused by saline ice irrigation and heavy rainfall during the growth period. In this study, seawater irrigation
significantly decreased soil OC, AN, and OP, consistent with prior observations [14]. This reduction is likely due
to altered microbial decomposition processes, nutrient leaching, or changes in soil chemistry that make these
nutrients less accessible under seawater irrigation. However, the increase in AK observed here contrasts with the
earlier finding that saline water irrigation reduced AK [14]. This difference may arise from the higher potassium
content in seawater compared to saline water.

Consistent with our hypothesis, bactH, fungH, totPLFA, bactPLFA, and G~ bactPLFA significantly
decreased with rising irrigation water salinity, while fungPLFA, F/B, and G*/G™ increased markedly. One
explanation is that salt stress from seawater irrigation disrupts microbial community structure, reducing microbial
populations by killing sensitive microorganisms. Similar results have been documented: long-term seawater
irrigation decreased soil microbial biomass [63] due to high EC. and pH, deteriorating soil physicochemical
properties and limiting microbial activity. However, a contrasting finding reported no effect of seawater irrigation
on microbial diversity or biomass in sandy soils [6], likely because seasonal heavy rainfall prevented salinity-
induced declines. In this study, seawater irrigation significantly increased the concentrations of115:0, al15:0, 116:0,
and 18:2w6,9¢ while decreasing 114:0, 16:105¢, 16:107c, 17:0, al7:0, cy17:0, 17:108c, 18:1w7c, 18:1w9¢, and
cy19:0. This contrasts with Liu et al. (2019) [6], who observed minimal impact on microbial community
composition, possibly because appropriate rainfall maintained moderate soil pH and salinity without causing
secondary salinization. These results suggest that seawater irrigation increases soil pH and salinity, reduces
nutrient content, and alters microbial communities. However, the extent of these changes can be moderated by
factors like subsequent rainfall, which can leach salts and mitigate the salinity buildup. Since this study did not
investigate soil physicochemical properties or microbial responses when irrigation water salinity exceeds 3.5 gL},
further research is needed to determine the salinity threshold for irrigation water and its effects on soil salinization,
microbial communities, and crop health.

4.2. Improvement of Gypsum in Soil Properties and Microbial Communities

Adding gypsum to salt-affected soils is an effective strategy for reducing soil salinity [3,64]. Consistent with
our hypothesis, gypsum application in the present study significantly reduced soil EC. and salt content. This effect
may be attributed to improved soil structure through cation bridging between clay particles and soil organic matter
[65]. Additionally, the calcium ions (Ca*") released by gypsum replace sodium ions (Na®) in the soil. As gypsum
(CaS0y) dissolves in water, it reacts with NaCl, Na;COs, and NaHCOs to form Na,;SOs, CaCl,, CaCOs;, and
Ca(HCOs3),. Consequently, soil Na* levels decrease, reducing salinity as salt leaching increases due to natural
rainfall and irrigation [31,37,38,64,66]. In saline-sodic soils, gypsum application has been shown to reduce soil
pH [3,64], and this trend was confirmed in this study. Soil pH decrease occurs because Ca®" from gypsum reacts
with bicarbonate (HCOs"), carbonate (CO;?"), and hydroxide (OH") ions in the soil, forming calcite (CaCO;)
precipitates and releasing protons (H': Ca?" + CO, + H,O <> CaCOs + 2H").This process lowers soil pH
[36,38,67,68]. Furthermore, sulfate (SO42") ions also contribute to pH reduction from gypsum [69]. As expected,
gypsum application increased soil OC, AN, and OP in this study, aligning with previous findings [70-72]. This
increase likely stems from enhanced total plant biomass, which raises OC and total nitrogen levels through plant
residue incorporation into the soil. However, AK was reduced in this study, consistent with observations by Yahya
et al. (2022) [49] and Son et al. (2017) [73], due to K leaching after its substitution by Ca?" from gypsum.

Gypsum directly ameliorates soil physicochemical properties by reducing salinity, improving structure, and
modifying pH, and indirectly creates a more hospitable environment that stimulates microbial growth [23,74] and
alters the community structure [41]. In this study, gypsum significantly increased bactH, fungH, totPLFA,
bactPLFA, fungPLFA, G" bactPLFA, G~ bactPLFA, and F/B and G"/G™. These results suggest that certain
microorganisms are more sensitive to gypsum under field conditions, corroborating prior literature [41,71]. A
possible mechanism for gypsum’s stimulation of microbial parameters is its ability to enhance soil aggregates
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through cation bridging between clay particles and organic matter, creating a favorable environment for microbial
survival [65]. This process increases microbial biomass and activity [63]. Additionally, gypsum significantly
increased concentrations of i14:0, i15:0, al5:0, i16:0, 17:0, i17:0, cy17:0, 17:1®8c, 18:1@9c, cy19:0, and
18:2w6,9¢ while reducing 16:1w5c, 16:107c, and 18:1w7c¢ in this study. These changes may be driven by gypsum-
induced shifts in soil pH and salinity [75—77]. In summary, gypsum’s effects on soil microbial diversity, biomass,
community structure, and composition are likely to result from both direct impacts and indirect effects via pH and
salinity changes. By improving soil physicochemical properties and microbial communities, gypsum holds
significant potential for application in seawater irrigation agriculture.

4.3. The Conjunctive Effects of Gypsum Application and Seawater Irrigation

While numerous studies have examined the individual effects of seawater irrigation [2,6,8,23] or gypsum
application [43,63] on soil properties and various crops in saline environments, research on their combined impact
on soil physicochemical and biological properties remains limited. This study demonstrated that the conjunctive
application of gypsum and seawater irrigation jointly and effectively regulated soil pH and salinity in coastal saline
soils, presumably through a series of integrated chemical and physical processes. Chemically, gypsum dissolution
releases calcium ions (Ca*") which displace sodium ions (Na*) from soil colloids, mitigating sodicity. Crucially,
these Ca®" ions react with bicarbonate, carbonate, and hydroxide ions (from the soil and seawater), precipitating
calcite (CaCOs) and releasing protons (H"), directly lowering soil pH. Concurrently, sulfate ions (SO4*") from
gypsum contribute to pH reduction, and gypsum reacts with sodium salts to form more soluble salts like Na,SOs.
Physically, seawater irrigation provides the water vehicle for leaching, while the Ca?* from gypsum promotes soil
flocculation, improving structure and infiltration. This improved physical condition facilitates the removal of the
transformed and displaced salts (e.g., NaCl, Na;SO4) from the root zone. Consistent with our hypothesis, gypsum
application significantly reduced soil EC., pH, and salt content under seawater irrigation. This suggests that the
strategic combination of gypsum amendment and seawater irrigation can mitigate the progression of soil
salinization. The observed decrease in soil pH aligns with previous findings [14,19]. However, the reduction in
soil EC. and salt content reported here contrasts with some earlier observations [14,19], a discrepancy that may be
attributed to differences in soil type, as the efficacy of gypsum is highly dependent on soil characteristics.

Compared to the freshwater irrigation treatment in this study, the combined application of gypsum and
seawater irrigation significantly decreased soil OC, AN, and OP contents, while increasing AK content. This
supports our hypothesis regarding the nutrient dynamics under combined stress. The underlying mechanisms for
these changes are threefold: First, the high salinity associated with seawater irrigation inhibits microbial activity,
thereby slowing the decomposition of organic matter [78,79]. Second, salinity stress reduces plant productivity,
which diminishes the input of organic nitrogen and phosphorus into the soil, leading to lower OC, AN, and OP
levels [80]. Finally, the increase in soil AK is likely due to the direct input of potassium ions (K) from the
irrigation seawater itself.

Diverging from some previous observations [47,71], the combined application of gypsum and seawater
irrigation in this study significantly reduced both bactH and fungH compared to freshwater irrigation treatments.
This discrepancy may be attributed to differences in irrigation water quality, specifically the use of seawater in
this study versus wastewater in the cited works. Furthermore, the combined treatment significantly decreased
totPLFA, bactPLFA, and G~ bactPLFA, while markedly increasing G* bactPLFA, F/B, and G*/G™. Two primary
mechanisms may explain these shifts in microbial biomass and community structure. First, the excessive salinity
stress induced by seawater irrigation can cause cell lysis and death in salt-intolerant microorganisms [81]. It is
well-established that fungi often exhibit greater salinity tolerance than bacteria in saline soils [75,76], and many
G* bacteria possess adaptive strategies, such as spore formation, to survive under high-salinity conditions [82].
Second, gypsum applications may provide a mitigating effect by supplying abundant Ca>" to the soil solution. This
promotes effective proton exchange [24] and helps to prevent a rise in soil pH [68], thereby partially offsetting the
adverse impacts of salt stress on the soil microbial community during seawater irrigation [77,83]. As our
hypothesized, the conjunctive use of gypsum and seawater irrigation significantly altered the soil microbial
community composition, specifically affecting the concentrations of 114:0, 17:0, 117:0, 18:1w07c, cy19:0, i15:0,
al5:0, and 116:0 in this study. However, contrary to our expectations, no additive effect of the combined treatment
was observed on the PLFAs 16:1w5c, 16:1o07¢, al7:0, cy17:0, 17:108c, 18:109c¢, and 18:216,9¢.

In a word, the synergistic mechanism between gypsum and seawater irrigation in coastal saline soils functions
through the coordinated modification of two critical abiotic factors: soil pH and salinity. Their combined
application lowers soil pH and alleviates soil salinity, which together act as direct environmental filters to reshape
the microbial community structure. Given the dynamic nature of soil pH and salinity over the long term and across
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seasons, further multi-scale investigations are urgently needed to elucidate the synergistic effects of gypsum
application and seawater irrigation on coastal saline soils in complex climate conditions. Such research is crucial
for verifying the combined role of soil pH and salinity in shaping microbial communities.

4.4. Linking the Microbial Parameters to pH and Salinity

The diversity, biomass, community structure, and composition of soil microorganisms are closely related to
soil pH and salinity [24,28,41,47,83-85]. Specifically, soil pH was strongly and negatively correlated with a broad
spectrum of microbial vitality indicators, including bactH, fungH, totPLFA, bactPLFA, fungPLFA, G* bactPLFA,
and G~ bactPLFA in this study. This establishes soil pH as the primary environmental determinant for overall
microbial abundance and diversity. This study challenges previous perspectives that salinity was the dominant
environmental factor shaping microbial communities [51], overshadowing pH and other physicochemical
properties, and that pH was the primary determinant of bacterial communities rather than fungal communities [77].
It is noteworthy that a previous study reported a positive relationship between pH and G~ bactPLFA in acid soils
[86]. This discrepancy likely stems from differences in soil type, which appears to be a primary determinant of
microbial community responses to pH shifts induced by amendments like gypsum. Simultaneously, soil salinity
exhibits a more nuanced, pattern-driven influence. While EC. was negatively correlated with general microbial
metrics (diversity, total and bacterial biomass, and notably G~ bactPLFA) in this study, it showed positive
correlations with two key community structural ratios: F/B and G'/G. This pattern indicated that soil salinity
selectively suppressed salt-sensitive G~ bacteria more than the relatively salt-tolerant G* bacteria and fungi. The
observed shifts are consistent with an increase in F/B [75,76] and an overall reduction in microbial biomass and
diversity [24] in coastal areas with high salinity soils, forming independently of soil pH or through interactions
with salinity the microbial communities [81,87,88]. These findings indicate that soil salinity emerges as the
dominant factor driving G~ bactPLFA, F/B, and G'/G™. Consequently, the observed microbial shifts are directly
attributed to the specific modifications in the soil chemical environment (lowered pH and moderated salinity)
brought about by the gypsum-seawater synergy, ultimately selecting for a more stress-tolerant microbial
community that contributes to improved ecological function.

As highlighted in prior studies on the relationship between PLFAs and soil microbiota [16,89,90], our
stepwise linear regression analysis revealed that i17:0 was the primary contributor to bactH, while 18:2w6,9¢ had
the strongest influence on fungH. These findings suggested that shifts in bacterial diversity were predominantly
driven by changes in i117:0, whereas fungal diversity dynamics were primarily governed by 18:2w6,9c¢.
Additionally, our analysis identified key fatty acids as major drivers of other microbial indicators: 18:1@9¢ had
the greatest impact on totPLFA, bactPLFA, and G~ bactPLFA. al5:0 was the dominant contributor to G*/G".
18:2w6,9¢ (also linked to fungH) had the strongest effect on F/B. These results indicated that: Changes in totPLFA,
bactPLFA, and G~ bactPLFA were primarily driven by 18:1w9c; Shifts in G* bactPLFA and G'/G™ were mainly
influenced by al5:0; Variations in fungH and F/B were predominantly caused by 18:206,9¢c. Thus, soil pH
indirectly affects bactH through i17:0 and fungH and F/B via 18:26,9¢, while soil salinity primarily impacts G*
bactPLFA and G*/G~ through al5:0, and influences totPLFA, bactPLFA, and G~ bactPLFA due to 18:1®9c.

5. Conclusions

Improving coastal saline soil is essential for boosting agricultural productivity in these regions. The present
study investigated the combined effects of gypsum application and seawater irrigation on coastal saline soils,
aiming to evaluate their effectiveness in enhancing soil pH, reducing salinity, improving nutrient availability, and
reshaping microbial communities. Our findings demonstrate that gypsum application significantly enhanced rice
grain yield by improving key yield components, while seawater irrigation alone reduced them. The synergistic use
of gypsum and seawater irrigation also successfully improved soil pH, salinity, and nutrient levels, thereby making
significant changes in microbial community structure. These results hold substantial significance for understanding
the mechanistic relationships between microbial parameters and abiotic factors (e.g., pH, salinity, nutrients). Such
insights are critical for developing practical strategies to enhance soil fertility and agricultural productivity in
coastal saline environments. In summary, gypsum plays a pivotal role in reshaping microbial communities by
modulating soil pH and salinity. This underscores the importance of integrating gypsum application with seawater
irrigation as a sustainable approach to improving coastal saline-alkali lands and ultimately increasing crop yields.
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