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Microbial-Induced Cations Exchange for Sustainable Reclamation of Saline Soils 
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A laboratory incubation study was carried out at TNAU, Coimbatore (2021–2022), to assess the impact of two salt-tolerant microbial inoculants CSR-GROW-SURE (containing Lysinibacillus fusiformis (CSR-A-11), Lysinibacillus sphaericus (CSR-A-16), and Bacillus licheniformis (CSR-M-16) and TNAU culture (consisting Bacillus subtilis) applied at 1, 2, and 3 L ha⁻¹ on saline soils with EC levels of 4.03, 5.01, and 6.02 dS m-1.The study evaluated changes in exchangeable cations such as calcium (Ca2+), magnesium (Mg2+), sodium (Na+), and exchangeable potassium (K+) at 30, 60, and 90 days after incubation (DAI) under 100 % field capacity (FC). At 90 days after incubation (DAI), the application of CSR-GROW-SURE at 3 L ha-1 resulted in reduction of exchangeable cations, with Ca2+ decreasing by (3.50, 4.27 and 5.69 %), Mg2+ (8.01, 4.29 and 5.59 %) and Na+ (26.45, 26.04 and 25.64 %) at salinity levels of 4.03, 5.01, and 6.02 dS m-1 respectively, compared to the control. In contrast, there was a significant increase in exchangeable K+, with improvements of (15.44, 17.03, and 14.72 %) at the same salinity levels, representing enhanced soil nutrient balance. A comparable trend was observed with the TNAU culture at 3 L ha-1, where reductions in Ca2+ (7.63, 4.11 and 5.55 %), Mg2+ (7.83, 4.14 and 5.48 %), and Na+ (25.80, 25.16 and 25.14 %) were recorded, along with increases in K+ (14.99, 16.54, and 14.48 %) across the corresponding salinity levels. These trends suggest that microbial inoculation modifies ionic dynamics by decreasing exchangeable sodicity and enhancing potassium availability under saline stress. These results confirm that both microbial inoculants at higher application rates were effective in improving the chemical properties of saline soil by reducing exchangeable cations (Ca2+, Mg2+ and Na+) and increasing exchangeable K+, with the most significant changes observed at 90 DAI.
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1. Introduction 
Soil salinity is one of the most significant challenges limiting sustainable agricultural productivity, especially in arid and semi-arid regions where evapotranspiration exceeds precipitation (Naorem et al., 2023, Afrooz et al., 2025 and Gelu et al., 2025). As salts accumulate in the soil profile, they hinder plant water and nutrient uptake, eventually reducing crop yields (Abd El Baki et al., 2025 and Demo et al., 2025). Globally, more than 833 million hectares, accounting for approximately 8.7% of the Earth’s land surface, are reported to be affected by salt stress (FAO, 2021; Aadiwal et al., 2025). In India, dryland agriculture constitutes around 51% of total cultivated land, Dryland ecosystems are characterized by limited moisture availability, where evaporation consistently exceeds rainfall, causes prolonged aridity. These regions include approximately 5.36 million km² around 41% of the Earth’s total land are and are inhabited by nearly one-third of the world’s population (Kundu et al., 2025). Soils in such environments frequently exhibits alkaline properties and tend to accumulate higher concentrations of soluble salts such as sodium (Na+), exchangeable (K⁺), and calcium (Ca2+). The build-up of these ions can induce toxicity, disrupt nutrient dynamics, microbial activity in the soil (Saleem et al., 2025 and Verma et al., 2025) and hinder both plant development (Dehtiarov et al., 2021).
Saline soils are characterized by an electrical conductivity (EC) > 4 dS m⁻¹, sodium absorption ratio (SAR) < 13, exchangeable sodium percentage (ESP) < 15%, and a near-neutral pH (Gunarathne et al., 2020; Datta et al., 2019; Ismayilov et al., 2021). These soils are often rich in soluble salts, such as chloride (Cl⁻), bicarbonate (HCO3-), and sulphate (SO42-), along with cations like Na+, Ca2+, Mg+, and K+ (Rai et al., 2021, Datta et al., 2025 and Singh et al., 2025). Though some saline soils have good aggregation due to flocculation, repeated leaching can cause clay dispersion, thereby reducing permeability and water movement (Saleem et al., 2025). Additionally, salt accumulation suppresses microbial activity (Zhang et al., 2024), slows down organic matter decomposition, and restricts nutrient cycling (Zhu et al., 2021; Tripathi et al., 2006; Sahoo et al., 2025).
Conventional management practices, including gypsum application, leaching, and subsurface drainage, though effective, are not always feasible in resource-limited systems due to high water and input demands (Ammu et al., 2025, Guo et al., 2025 and Liu et al., 2025). Hence, there is increasing interest in alternative biological approaches that are cost-effective, eco-friendly (Ali et al., 2022), and adaptable to field-level variability (Bhardwaj et al., 2025; Shelke et al., 2025). Among these, halotolerant plant growth-promoting rhizobacteria (PGPR) have emerged as potential bioinoculants for ameliorating salt stress (Zhao et al., 2023 and Santhosh et al., 2025). These microbes secrete phytohormones, organic acids, exopolysaccharides (EPS), siderophores, and enzymes like ACC deaminase, which not only enhance nutrient availability but also improve microbial colonization and soil structure (Upadhyay et al., 2009; Shanware et al., 2014 and Egamberdieva et al., 2019).
Microbes such as Bacillus, Pseudomonas, and Arthrobacter have been extensively reported for their role in improving salinity tolerance in plants by supporting root architecture, maintaining ion balance, and conserving soil nutrients (Jha and Subramanian, 2014; Bhise et al., 2017 and Sarkar et al., 2018 and Kumar et al., 2024). Particularly, Bacillus spp. are considered highly effective due to their resilience in extreme environments, production of carbonic anhydrase, and facilitation of cation–anion balance under saline stress (Muyzer and Stams, 2008; Abd-Allah et al., 2018 and Deka et al., 2018). In addition, they bind excess Na+ (Chen et al., 2007), solubilize phosphorus and micronutrients, and enhance plant tolerance to abiotic stress (Dey et al., 2021). In this study, halotolerant microbial inoculants were evaluated as a promising approach for the reclamation of salt-affected dryland soils. The effectiveness of two microbial formulations were assessed under salinity levels of 4.03, 5.01, and 6.02 dS m-1, with soils maintained at 100% field capacity (FC). The impact of microbial application on soil cation dynamics was monitored at intervals of 30, 60, and 90 days.
2. Materials and Methods
2.1. Soil sampling and microbial formulations selection 
Soil samples were collected from salt-affected fields in Adivalli village, located in Udumalpet taluk of Coimbatore district. The selected sampling sites exhibited varying salinity levels, with EC values of 4.03, 5.01, and 6.02 dS m-1. The geographical coordinates of the sampling locations latitudes 10°41'44" N, 10°41'33" N, and 10°41'29" N, and longitudes 77°09'21" E, 77°09'18" E, and 77°09'04" E, respectively. The collected samples were air-dried, sieved through a 2 mm mesh, and stored for further analysis and incubation studies. Two microbial formulations were used in the study. Two microbial formulations such as CSR-GROW-SURE, collected from the ICAR-Central Soil Salinity Research Institute (CSSRI), Karnal, Haryana, consisting halotolerant bacterial strains such as Lysinibacillus fusiformis (CSR-A-11), Lysinibacillus sphaericus (CSR-A-16), and Bacillus licheniformis (CSR-M-16), with a cell concentration of 1.0 X 10⁷ CFU mL-1 and another formulation, obtained from Tamil Nadu Agricultural University (TNAU), Coimbatore, contained a salinity-tolerant strain later identified as Bacillus subtilis, with a population density of 2.8 × 10⁷ CFU mL-1. These formulations were used for evaluating microbial efficacy in ameliorating saline soil conditions under controlled incubation experiments.
2.2. Preparation and application of bio-inoculants
To prepare the microbial inoculants for incubation experiment, 10 ml of either the TNAU culture or CSR-GROW-SURE were mixed with 1 liter of water, supplemented with 2 grams of jaggery liter-1 and incubated overnight to enhance the population of viable microbes (CFUs). Soil drenching was performed using the same inoculants at rates of 1, 2, and 3 L ha-1 to ensure effective treatment. 
2.3. Details of Incubation Experiment 
The experiment was designed to assess the efficacy of microbial inoculants in saline soils with EC levels of 4.03, 5.01, and 6.02 dS m-1, maintained at 100 % FC. A total of 250 g of air-dried, 2 mm-sieved soil was used for each treatment. The study followed a factorial completely randomized design (FCRD) with three replications and was conducted over a 90-day incubation period. Treatments included a Control (T1), TNAU Culture at 1 L ha-1 (T2), 2 L ha-1 (T3), and 3 L ha-1 (T4), and CSR-GROW-SURE at 1 L ha-1 (T5), 2 L ha-1 (T6), and 3 L ha-1 (T7). The microbial formulations were applied at concentrations of 2.8 × 10⁷ CFU mL-1 for the TNAU strain and 1.0 X 10⁷ CFU mL-1 for the CSR-GROW-SURE consortium.
Soils were incubated under controlled moisture conditions, with distilled water added every two days to maintain the target moisture content. Destructive sampling was carried out at 30, 60, and 90 DAI to monitor temporal changes in soil cations. Three parallel sets of each treatment were maintained for destructive sampling. All analytical results were standardized and reported on an oven-dry weight basis, applying appropriate moisture correction factors to ensure accuracy and comparability across treatments.
2.4. Methodology
2.4.1. Soil Analysis
In soil the EC was analyzed by the 1:2.5 Soil water extract method (Jackson 1973). Exchangeable cations like Ca2+ and Mg2+ were determined using the Versenate method, which uses EDTA-based complex metric titration to calculate divalent cations. Exchangeable Na+ and exchangeable K⁺ was analyzed using a flame photometer following the procedure outlined by Richards (1968). Three saline soil samples with EC levels of 4.03, 5.01, and 6.02 dS m-1 were collected and analyzed for selected exchangeable cations. The concentrations of exchangeable cations in the soil increased proportionally with rising salinity levels. In soils with EC values of 4.03, 5.01, and 6.02 dS m-1, the exchangeable Ca2+ contents were 10.34, 12.64, and 14.58 meq kg-1, respectively. Exchangeable Mg2+ levels were observed at 5.48, 6.98, and 8.58 meq kg-1 across the same salinity gradients. Similarly, exchangeable Na⁺ concentrations rose from 15.27 to 19.10, and 23.76 meq kg-1. exchangeable K⁺ also exhibited an increasing trend with values of 7.99, 9.89, and 12.04 meq kg-1 in the respective saline soils.
2.4.2. Statistical Analysis
The data obtained from the experiment were analyzed statistically using AGRES software version 7.01. When the F-test showed significance at the 5% probability level (P < 0.05), the Critical Difference (CD) was calculated to determine significant differences among treatment means, as outlined by Gomez and Gomez (1984). The “pheatmap” package in R was used to construct heat map that explain treatment-related variability, with data normalized and grouped through hierarchical clustering to enhance interpretability.
3. Results and discussion
3.1. Impact of microbial inoculants on soil exchangeable calcium 
	Irrespective of the soil EC levels (4.03, 5.01, and 6.02 dS m-1), a consistent decrease in exchangeable Ca2+ was observed following the application of CSR-GROW-SURE at 3 L ha-1, with average values recorded at 9.72, 12.23, and 13.98 meq kg-1 under 100 % FC. These results were statistically on par with those of the TNAU culture applied at the same rate, which yielded comparable mean values of 9.74, 12.26, and 14.00 meq kg-1. In contrast, the control treatment exhibited the highest levels of exchangeable Ca²⁺, with average values of 10.35, 12.65, and 14.58 meq kg-1 corresponding to the respective EC levels (Table 1). A general trend of decreasing exchangeable Ca2+ was observed across all treatments and salinity levels as the incubation period progressed, showing decline from 10.03 to 9.66 meq kg-1 at 4.03 dS m-1, from 12.46 to 12.20 meq kg-1 at 5.01 dS m⁻¹, and from 14.31 to 13.89 meq kg⁻¹ at 6.02 dS m-1. Daniala et al., (2000) similarly observed that the organic acids generated by Bacillus spp. aid in breaking down calcareous minerals, which in turn significantly impacts the distribution and availability of exchangeable Ca2+ in the soil (Muhammad et al., 2025 and Peng et al., 2025).
	The interaction between microbial inoculants and incubation duration revealed that at 90 DAI, the application of CSR-GROW-SURE at 3 L ha-1 led to a reduction in exchangeable Ca2+ by 3.50, 4.27 and 5.69 % at salinity levels of 4.03, 5.01, and 6.02 dS m-1, respectively, compared to the control. Similarly, the TNAU culture at the same dose decreased calcium levels by 7.63, 4.11 and 5.55 % across the same salinity levels. The decline in exchangeable Ca2+ levels is due to the release of organic acids especially carbonic acid produced by Bacillus spp. which promotes the solubilization and mobilization of Ca2+ ions within the soil matrix (Macias-Benitez et al., 2020). Similarly, Neina (2019); (Kaushik et al., 2023) noted that the release of organic acids caused changes in soil pH, which in turn led to a decrease in soil exchangeable Ca2+ levels.
3.2. Impact of microbial inoculants on soil exchangeable magnesium 
In terms of exchangeable Mg2+ dynamics, the application of CSR-GROW-SURE at 3 L ha-1 resulted in a marked reduction in exchangeable Mg2+ concentrations, with mean values of 5.16, 6.76 and 8.22 meq kg-1 under soil EC levels of 4.03, 5.01, and 6.02 dS m-1, respectively (Figure1). These values were statistically on par with TNAU microbial inoculant applied at an equivalent rate, which recorded mean exchangeable Mg2+ contents of 5.17, 6.77, and 8.23 meq kg-1 under the respective salinity conditions (Figure 1). In contrast, the untreated control exhibited significantly higher Mg²⁺ levels, with concentrations of 5.49, 6.99, and 8.58 meq kg-1 under 100 % FC at the corresponding EC levels. Salt-tolerant microbes such as Bacillus and Pseudomonas produce organic acids such as citric, oxalic, and gluconic acid, which acidify the rhizosphere. This lowered pH facilitates cation mobilization and alters exchangeable Mg²⁺, converting it into soluble or non-exchangeable forms, thereby decreasing its availability in saline soils (Sharma et al., 2025 and Zhong et al., 2025)
The greatest decline in exchangeable Mg2+ was recorded at 90 DAI, with average values reducing from 5.32 to 5.12 meq kg-1 (4.03 dS m-1), from 6.88 to 6.74 meq kg-1 (5.01 dS m-1), and from 8.41 to 8.17 meq kg-1 (6.02 dS m-1). This reduction is mainly attributed to microbial-induced soil acidification, particularly through the secretion of organic acids, which modify the soil pH and promote the depletion of exchangeable Mg²⁺ (Stamford et al., 2007).
The interaction effect between microbial inoculants and incubation duration indicated that at 90 DAI, CSR-GROW-SURE with 3 L ha-1 significantly reduced exchangeable Mg2+ by 8.01, 4.29 and 5.59 % at EC levels of 4.03, 5.01, and 6.02 dS m-1 respectively than control. The treatment TNAU culture with 3 L ha-1 also showed a comparable decline of 7.83, 4.14, and 5.48 % in Mg2+ concentrations across the respective salinity levels over control. These observations are identical with the findings of Thomas et al., (2014), who reported that the ability of Bacillus spp. to bind cations contributes to the reduction of exchangeable Mg2+ in soils.
3.3. Impact of microbial inoculants on soil exchangeable sodium
The exchangeable Na⁺ levels consistently decreased with the application of microbial inoculants at different dosages, prolonged incubation enhanced microbial activity, causes greater reduction. The use of CSR-GROW-SURE at a rate of 3 L ha-1 led to average exchangeable Na⁺ concentrations of 12.20, 15.35, and 19.33 meq kg-1 in soils with EC levels of 4.03, 5.01, and 6.02 dS m-1, respectively (Table 2). Similar results were obtained with the TNAU culture at the same application rate, recorded exchangeable Na+ values of 12.34, 15.35, and 19.33 meq kg-1 under the corresponding salinity conditions. In contrast, the control treatment registered the highest levels of exchangeable Na+, with mean values of 15.31, 19.15, and 23.81 meq kg-1 at the respective EC levels. Arora et al., (2016), reported that the effectiveness of microbial inoculants in reducing soil exchangeable Na+ levels and enhancing soil chemical properties under saline conditions.
A constant decline in exchangeable Na⁺ content was recorded over the 90-day incubation period, with levels decreasing from 13.82 to 12.67 meq kg-1 (4.03 dS m-1), from 17.25 to 15.03 meq kg⁻¹ (5.01 dS m-1), and from 21.78 to 18.70 meq kg⁻¹ (6.02 dS m-1) under 100 % FC. This reduction is likely attributed to the displacement of Na+ ions by organic acids such as sulfuric acid produced by Bacillus spp. during microbial activity (El-Atrony et al., 2025). Similar findings have been reported in earlier studies (Sarathambal & Ilamurugu, 2013). The combined effect of microbial inoculant type, application rate, and incubation duration had a significant impact on exchangeable Na⁺ levels. At 90 DAI, the application of CSR-GROW-SURE at 3 L ha-1 led to a reduction in exchangeable Na+ by 26.45, 26.04 and 26.64 % at salinity levels of 4.03, 5.01, and 6.02 dS m-1, respectively, compared to the control. Similarly, the TNAU culture at the same dose decreased calcium levels by 25.80, 25.16 and 25.14 % across the same salinity levels. Supporting these findings, Damodaran et al., (2013) reported that Bacillus subtilis and Bacillus pumilus effectively reduced soil Na⁺ through active uptake mechanisms, achieving concentrations of 1.271 and 1.122 meq L-1, respectively, under 1 M NaCl stress.
3.4. Impact of microbial inoculants on soil exchangeable potassium
Soils treated with the bio-inoculant CSR-GROW-SURE at 3 L ha-1 showed an increase in exchangeable K+ content, with average values of 9.01, 11.39, and 13.51 meq kg-1 under EC levels of 4.03, 5.01, and 6.02 dS m-1, respectively. These results were statistically similar to those recorded with the TNAU culture at the same rate of application, which yielded mean exchangeable K+ concentrations of 8.96, 11.33, and 13.46 meq kg-1 across the corresponding salinity levels. In comparison, the control plots exhibited the lowest exchangeable K+ levels, with mean values of 7.97, 9.87, and 12.02 meq kg-1 under the respective EC conditions at 100 % FC (Table 3). The enhanced exchangeable K+ availability is likely attributed to the release of organic acids such as lactic, pyruvic, and butyric acids by Bacillus spp, which promote the solubilization of non-exchangeable forms of soil K⁺ (Ashrafi et al., 2025; Kaushik et al., 2025 and Teja et al., 2025).
The exchangeable K+ content showed a steady increase with prolonged incubation, rising from 8.38 to 9.16 meq kg-1 (4.03 dS m-1), 10.60 to 11.54 meq kg-1 (5.01 dS m-1), and 12.66 to 13.75 meq kg-1 (6.02 dS m-1). This enhancement in K⁺ levels is attributed to the solubilization of native soil K+. Similar findings have been reported by (Gao et al., 2025 and Parmar et al., 2016) 
The interaction between the type of microbial inoculant and incubation period significantly influenced the exchangeable K⁺ content, showing noticeable improvements over the control. The highest exchangeable K⁺ levels were observed in soils treated with CSR-GROW-SURE at 3 L ha-1 at 90 DAI, with percentage increase of 15.44, 17.03 and 14.72 % under EC conditions of 4.03, 5.01, and 6.02 dS m-1, respectively. These results were statistically equivalent to those obtained with the TNAU culture at the same application rate, which also recorded increase in K⁺ content of 14.99, 16.54 and 14.48 % over control. The increased availability of exchangeable K⁺ is likely due to microbial-mediated solubilization of native soil K+, facilitated by the production of organic acids such as citric and gluconic acids (Cooney et al., 2025; Kaur et al., 2024 and Wang et al., 2025).

4. Conclusion
The results of the incubation study indicated a consistent decline in cation concentration (exchangeable Ca2+, Mg2+, and Na+) following the application of both microbial inoculants, regardless of dosage or duration, in saline soils with EC levels of 4.03, 5.01, and 6.02 dS m-1 maintained at 100 % FC. The magnitude of reduction in these cations increased proportionally with higher application rates and longer incubation periods. Among the cations, Na+ exhibited the highest reduction. In contrast, both microbial treatments led to a more increase in exchangeable K+, which also intensified with higher application rates and extended incubation durations. Among the treatments, CSR-GROW-SURE with 3 L ha-1 consistently resulted in the greatest reduction in exchangeable Ca2+, Mg2+, and Na+ across all salinity levels, and its performance was statistically comparable to TNAU culture with 3 L ha⁻¹ at 90 DAI. Furthermore, CSR-GROW-SURE also significantly enhanced the concentration of exchangeable K⁺, which was again on par with the TNAU culture at 3 L ha-1 across all EC levels under the same moisture condition. These findings underscore the efficacy of halotolerant microbial inoculants in ameliorating saline soils and enhancing soil cationic balance, thereby supporting the restoration of soil health and sustainable agricultural productivity under salt-affected conditions.
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Table 1. Interaction effect of soil salinity and microbial inoculant dose on soil exchangeable Ca2+ concentration (meq kg-1)
	Treatments 
	4.03 dS m-1
	5.01 dS m-1
	6.02 dS m-1

	
	30 DAI
	60 DAI
	90 DAI
	Mean
	30 DAI
	60 DAI
	90 DAI
	Mean
	30 DAI
	60 DAI
	90 DAI
	Mean

	T1 - Control
	10.34
	10.34
	10.36
	10.35
	12.64
	12.64
	12.66
	12.65
	14.58
	14.58
	14.59
	14.58

	T2 -TNAU Culture @ 1 L ha-1
	10.02
	9.77
	9.61
	9.80
	12.45
	12.27
	12.15
	12.29
	14.31
	14.01
	13.81
	14.04

	T3 - TNAU Culture @ 2 L ha-1
	9.99
	9.75
	9.57
	9.77
	12.44
	12.26
	12.14
	12.28
	14.27
	13.99
	13.78
	14.01

	T4 - TNAU Culture @ 3 L ha-1
	9.97
	9.73
	9.52
	9.74
	12.42
	12.23
	12.12
	12.26
	14.25
	13.98
	13.76
	14.00

	T5 - CSR-GROW-SURE @ 1 L ha-1
	9.99
	9.75
	9.57
	9.77
	12.44
	12.26
	12.14
	12.28
	14.27
	13.99
	13.78
	14.01

	T6 - CSR-GROW-SURE @ 2 L ha-1
	9.97
	9.73
	9.52
	9.74
	12.42
	12.23
	12.12
	12.26
	14.25
	13.98
	13.76
	14.00

	T7 - CSR-GROW-SURE @ 3 L ha-1
	9.95
	9.71
	9.50
	9.72
	12.40
	12.22
	12.09
	12.23
	14.23
	13.97
	13.75
	13.98

	Mean
	10.03
	9.83
	9.66
	 
	12.46
	12.30
	12.20
	 
	14.31
	14.07
	13.89
	 

	 
	Cultures(C)
	Duration(D)
	C × D
	
	Cultures(C)
	Duration(D)
	C × D
	
	Cultures(C)
	Duration(D)
	C × D
	

	SEd
	 0.01
	 0.04
	0.05 
	
	 0.02
	 0.04
	0.06 
	
	0.02
	   0.03
	   0.04
	

	CD @ 5 %
	 0.03
	0.08
	0.11 
	
	 0.04
	0.07 
	 0.11
	
	0.03 
	0.05 
	0.08 
	


Table 2. Interaction effect of soil salinity and microbial inoculant dose on soil exchangeable Na+ concentration (meq kg-1)
	Treatments 
	4.03 dS m-1
	5.01 dS m-1
	6.02 dS m-1

	
	30 DAS
	60 DAS
	90 DAS
	Mean
	30 DAS
	60 DAS
	90 DAS
	Mean
	30 DAS
	60 DAS
	90 DAS
	        Mean

	T1 - Control
	15.27
	15.27
	15.39
	15.31
	19.10
	19.10
	19.24
	19.15
	23.76
	23.76
	23.91
	23.81

	T2 -TNAU Culture @ 1 L ha-1
	13.76
	12.43
	11.52
	12.57
	17.18
	15.70
	14.55
	15.81
	21.64
	19.51
	18.03
	19.73

	T3 - TNAU Culture @ 2 L ha-1
	13.64
	12.31
	11.42
	12.46
	17.01
	15.53
	14.40
	15.65
	21.52
	19.38
	17.90
	19.60

	T4 - TNAU Culture @ 3 L ha-1
	13.53
	12.17
	11.32
	12.34
	16.86
	15.36
	14.23
	15.48
	21.40
	19.23
	17.78
	19.47

	T5 - CSR-GROW-SURE @ 1 L ha-1
	13.64
	12.31
	11.42
	12.46
	17.01
	15.53
	14.40
	15.65
	21.52
	19.38
	17.90
	19.60

	T6 - CSR-GROW-SURE @ 2 L ha-1
	13.53
	12.17
	11.32
	12.34
	16.86
	15.36
	14.23
	15.48
	21.40
	19.23
	17.78
	19.47

	T7 - CSR-GROW-SURE @ 3 L ha-1
	13.39
	12.04
	11.18 
	12.20
	16.72
	15.20
	14.13
	15.35
	21.23
	19.12
	17.63
	19.33

	Mean
	13.82
	12.67
	11.94
	 
	17.25
	15.97
	15.03
	 
	21.78
	19.94
	18.70
	 

	 
	Cultures(C)
	Duration(D)
	C × D
	
	Cultures(C)
	Duration(D)
	C × D
	
	Cultures(C)
	Duration(D)
	C × D
	

	SEd
	 0.08
	 0.21
	 0.29
	
	 0.09
	 0.32
	 0.39
	
	 0.08
	 0.20
	 0.28
	

	CD @ 5 %
	 0.17
	 0.41 
	 0.58
	
	 0.18
	0.64 
	0.79 
	
	 0.16
	0.40
	0.56
	





Table 3. Effect of different microbial cultures on soil exchangeable K⁺ (meq kg-1) under various salinity levels
	Treatments 
	4.03 dS m-1
	5.01 dS m-1
	6.02 dS m-1

	
	30 DAS
	60 DAS
	90 DAS
	Mean
	30 DAS
	60 DAS
	90 DAS
	Mean
	30 DAS
	60 DAS
	90 DAS
	Mean

	T1 - Control
	7.99
	7.99
	7.94
	7.97
	9.89
	9.89
	9.84
	9.87
	12.04
	12.04
	11.99
	12.02

	T2 -TNAU Culture @ 1 L ha-1
	8.37
	8.93
	9.29
	8.86
	10.62
	11.23
	11.72
	11.19
	12.69
	13.44
	13.97
	13.37

	T3 - TNAU Culture @ 2 L ha-1
	8.42
	8.97
	9.34
	8.91
	10.69
	11.29
	11.79
	11.26
	12.74
	13.49
	14.02
	13.42

	T4 - TNAU Culture @ 3 L ha-1
	8.46
	9.02
	9.39
	8.96
	10.75
	11.38
	11.86
	11.33
	12.78
	13.53
	14.06
	13.46

	T5 - CSR-GROW-SURE @ 1 L ha-1
	8.42
	8.97
	9.34
	8.91
	10.69
	11.29
	11.79
	11.26
	12.74
	13.49
	14.02
	13.42

	T6 - CSR-GROW-SURE @ 2 L ha-1
	8.46
	9.02
	9.39
	8.96
	10.75
	11.38
	11.86
	11.33
	12.78
	13.53
	14.06
	13.46

	T7 - CSR-GROW-SURE @ 3 L ha-1
	8.51
	9.07
	9.44
	9.01
	10.81
	11.45
	11.90
	11.39
	12.85
	13.57
	14.11
	13.51

	Mean
	8.38
	8.85
	9.16
	 
	10.60
	11.13
	11.54
	 
	12.66
	13.30
	13.75
	 

	 
	Cultures(C)
	Duration(D)
	C × D
	
	Cultures(C)
	Duration(D)
	C × D
	
	Cultures(C)
	Duration(D)
	C × D
	

	SEd
	 0.04
	 0.07
	 0.11
	
	 0.03
	 0.06
	 0.09
	
	 0.04
	 0.08
	 0.12
	

	CD @ 5 %
	 0.06
	0.15 
	0.19
	
	 0.05
	0.11
	0.15 
	
	 0.07
	0.16
	0.23 
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Figure 1. Heat map of microbial bio inoculant application on exchangeable Mg2+ (meq kg⁻¹) under various salinity levels of soil. Darker shades showed the high intensity of exchangeable Mg2+ and the less intensity has appeared by lighter shades.
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