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Soil provides essential nutrients for plant growth, but excess salts hinder 
development, making crops more vulnerable under climate change conditions. 
Soil microorganisms play a significant role in nutrient cycling. However, limited 
information is available on microbial behavior/community changes, and 
functional diversity in different soil types (normal, sodic, and highly sodic) and 
cropping systems [rice-wheat (RW); rice-wheat-mungbean (RWMb); maize-
wheat-mungbean (MWMb)] and management practices in the north-western 
Indo-Gangetic Plains of India. We  investigated the influence of different soil 
types on physical and chemical properties at the surface level (0–15  cm) in 
relation to soil microbial population, activities, and functional diversity, focusing 
on community-level physiological profiling (CLPP) under different agriculture 
systems. Seven treatment combinations of soil types, cropping systems, and 
management practices were evaluated. Soil pHs were found to be lower in zero-
till (ZT)-based sodic soil than in conventional-till (CT) sodic soil. Soil organic 
carbon (SOC) (0.91 and 0.90%) content and available N (154.46 and 132.74  kg  ha−1) 
were higher with the ZT-based system under normal (N) soils (ZT-RWMb-N and 
ZT-MWMb-N) than in CT-based normal soil (0.67 and 121.04  kg  ha−1). Similarly, 
higher SOC and N (0.85 and 76.11  kg  ha−1) were found under ZT management in 
sodic soils (S) than under CT management (0.73% and 121.05  kg  ha−1). Substrate 
utilization (amino acids, amines, carbohydrates, carboxylic acids, phenolic 
compounds, and polymers) increased with the incubation period. During 
0–120  h of incubation, the highest utilization of amino acids, amines, carboxylic 
acids, phenolic compounds, and polymers was observed for ZT-MWMb-S 
soils, while the lowest was recorded for ZT-MWMb-N soils. Under high salt 
conditions, soil enzymatic activities (dehydrogenase, acid phosphatase, alkaline 
phosphatase, etc.) declined significantly compared to normal soils, affecting soil 
chemical and physical conditions. Microbial population and enzyme activities 
decreased with increasing salt stress across all cropping systems. These findings 
suggest that adopting efficient crop management practices can help mitigate 
the adverse effects of soil salinity on microbial diversity and soil health, thereby 
enhancing sustainable agricultural productivity in salt-affected regions.
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1 Introduction

The escalation of salt-affected soils (SASs) over time is well-
documented, with climate change further exacerbating this 
phenomenon. These soils pose significant challenges to crop 
production, leading to substantial agricultural yield losses and 
threatening food security. SASs encompass approximately 20% of 
cultivated land and 33% of irrigated agricultural lands worldwide 
(Srivastava and Kumar, 2015). The extent of salt-affected areas is 
expected to increase even further by 2050 due to the aggregating 
effects of climate change (Central Soil Salinity Research Institute, 
2014). Salt concentration profoundly influences soil structure, 
infiltration rate, nutrient availability, and soil biodiversity, thereby 
regulating the microbial populations and enzymatic activities, which 
ultimately influence plant metabolic activities and growth (Wang 
et  al., 2020; Mukhopadhyay et  al., 2021; Choudhary et  al., 2023). 
Globally, agriculture is facing the multiple challenges of meeting the 
food demands of a growing population from limited land resources. 
Addressing salinity issues and maximizing the productive use of SAS 
is imperative. In South Asia, saline areas are typically rain-fed, 
characterized by mono-cropping during the rainy season (July to 
October). The high evaporative demand and subsequent salt flux 
toward surface soil during the dry winter season restrict the feasibility 
of incorporating a second crop into the rotation. Experiments have 
demonstrated that in conjunction with conservation tillage, mulching, 
and deficit irrigation, the intensive cropping systems beyond rain-fed 
mono-cropping can increase profitability, improve soil health, and 
increase overall food production (Li et  al., 2013; Mosaffa and 
Sepaskhah, 2019; Mutsamba et al., 2020).

The Indo-Gangetic Plains (IGP) of South Asia, spanning over 13.5 
million hectares (Mha), are pivotal in sustaining the livelihoods of 
over 400 million people through the rice-wheat (RW) agricultural 
system (Kumar et  al., 2018). Conventional tillage (CT) or farmer 
practices in the IGP have resulted in the overexploitation of 
groundwater, soil, and energy resources, impeding sustainable 
agricultural biodiversity and crop productivity (Choudhary et  al., 
2018a). Conservation agriculture (CA), built on minimum soil 
disturbance, crop rotation, and crop residue retention as soil cover, 
emerges as a sustainable approach to crop production. CA conserves 
soil and water resources while reducing input costs (Margenot et al., 
2017; Jat et al., 2018, 2022) and also mitigates soil sodicity to some 
extent in the IGP (Jat et al., 2022). Maize and wheat crops are well-
fitted and responsive to CA-based practices (Jat et al., 2020; Pooniya 
et al., 2021). A great potential exists to enhance both the yields and 
sustainability in the maize-wheat rotation (MWR) by integrating 
CA-based management practices. Research indicates that these 
practices contribute to improved initial crop establishment with 
greater input efficiency. Moreover, they create opportunities for timely 
seeding of both crops within the rotation, thereby leading to sustained 
yields without compromising the degradation of the natural resources 
(Jat et  al., 2019b; Pooniya et  al., 2022). The adoption of best 
management practices significantly improves crop yields while 
minimizing production costs and sodicity simultaneously (Suhas 
et al., 2017; Wang et al., 2017; Hawes et al., 2018; Jat et al., 2019b, 2022).

Under different research trials in reclaimed or partially alkali/
sodic soils, CA practices showed potential for enhanced soil quality 
and reduced fertilizer nutrient use (Rezapour et al., 2013; Jat et al., 
2018, 2019a,b, 2022; Choudhary et  al., 2018b, 2020). Not only 

management practices but salt type and amount also influence soil 
properties and soil quality (Choudhary et al., 2023; Jat et al., 2023). To 
maintain the sustainability of the cropping system, especially under 
SASs, it is necessary to investigate how all of the soil properties under 
sodic soil interact with one another under different agriculture 
management practices. To know the effect of different management 
practices and other related factors on soil quality and health, studies 
of soil enzyme activities are used as these are very sensitive to any 
change in soil or its surrounding environment (Sumner and Naidu, 
1998; Singh, 2016). The effect of any additive, amendment, or salt can 
be observed on soil biological properties before it is noticed on soil 
chemical or physical properties. Salt stress can be reduced by adopting 
CA-based practices in SASs. Changes in soil properties resulting from 
the adoption of CA practices can be  studied by examining the 
microbial activities of that soil. Different CA-based management 
practices, such as crop residue mulching and efficient management 
practices, have the potential to increase crop yields with a lower risk 
of root zone salt stress. This is due to reduced salt loading, decreased 
evaporation, and improved water distribution. In the current scenario 
of climate change, it is necessary to develop alternative cropping 
systems with matching agronomic practices having a net effect of salt 
leaching for sustained productivity. Several studies have been 
conducted in isolation on the effect of agriculture management 
practices (Choudhary et al., 2022b; Khan et al., 2023; Mondaca et al., 
2024) and also on the effect of salt concentration (Choudhary et al., 
2023; Zhang et al., 2024) on soil microbial properties but the study on 
the agriculture management practices under SASs and their effect on 
soil functional diversity is untouched. Keeping agriculture 
management practices, different salt levels, and their effect on soil 
microbial properties especially on microbial functional diversity 
(CLPP) in mind the following objectives were set for this study: (1) to 
observe the effect of agriculture management practices (crop rotation, 
tillage, and residue management) on soil microbial community 
composition under normal and sodic soils; (2) to assess the 
relationship between soil chemical properties [EC, pH, organic carbon 
(OC), N, P, and K] and soil biological properties under normal and 
sodic soils.

2 Materials and methods

2.1 Experimental details and soil sampling

A study was conducted at the experimental farm of ICAR-Central 
Soil Salinity Research Institute, Karnal (29° 42″20.7′ N latitude, 76° 
57″19.79′ E longitude), India (243 m above MSL). This region has a 
sub-tropical climate characterized by three distinct seasons, i.e., 
summer/Zaid with a hot and dry spell from April to June, a wet 
summer spell from July to September, and a cool and dry winter spell 
from October to March. The annual rainfall is 670 mm, 70–80% of 
which occurs from June to September through the southwest 
monsoon. The soil of the experimental field was silty loam in texture. 
The experiment consists of seven portfolios of different soil types 
(normal, sodic, and highly sodic) with varied management practices 
under three cropping systems [RW, rice-wheat-mungbean (RWMb), 
and maize-wheat-mungbean (MWMb)]. The details of these 
management scenarios are presented in Table 1. The experiment was 
conducted in a completely randomized block design (RCBD) with 
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three replications. In this study, a portfolio of management practices 
has been evaluated under different management systems.

In this study, soil samples were collected from these management 
scenarios at 0–15 cm soil depths after the harvest of rice in 2021 (after 
9 years of zero tillage). The samples were categorized into seven groups 
based on the management practices and sodicity levels, as soil samples 
were collected from CT-RW as normal (CT-RW-N), sodic (CT-RW-
S), and highly sodic (CT-RW-HS); from ZT-RWMb as normal 
(ZT-RWMb-N) and sodic (ZT-RWMb-S); and from ZT-MWMb as 
normal (ZT-MWMb-N) and sodic (ZT-MWMb-S). The details of 
management protocols are given in Table 1. Soil samples were divided 
into two parts. One part is for soil biological analysis, in which fresh 
soil samples were kept in a refrigerator at 4°C until the completion of 
analysis. The second part was air-dried in the shade, ground through 
a 2 mm size sieve, and then stored in plastic boxes for analysis of soil 
chemical properties.

2.2 Analysis of soil physicochemical and 
biological parameters

2.2.1 Analysis of chemical parameters
The standard procedures were used to determine the chemical 

characteristics of the soil samples. The electrical conductivity (ECe) of 
the extract of saturated paste and the soil pHs was measured by the 
procedure (USSL, 1954). The potassium (K+) content in a soil saturation 
extract was measured by a flame photometer (Walkley and Black, 1934; 
Bhargava, 2003). Oxidizable OC was quantified by the wet oxidation 

method (Subbiah and Asija, 1956). The available nitrogen (N) in soil 
was determined by the alkaline permanganate method (Olsen et al., 
1954). The available phosphorus (0.5 M NaHCO3 extractable P) in soil 
was determined colorimetrically following the ascorbic acid reductant 
method as outlined by Lindsay and Norvell (1978). Available (DTPA-
extractable) Fe, Mn, Zn, and Cu of the soil samples were estimated by 
using an atomic absorption spectrophotometer (AAS) following the 
method (Tabatabai and Bremner, 1969).

2.2.2 Analysis of biological parameters
The collected soil samples were examined for enzyme activities, 

microbial colony counts, and CLPP. The dehydrogenase activity was 
calculated in accordance with Moeskops et  al. (2010) description. 
Phosphatase activities in soils were assayed by the method described by 
Garau et al. (2007) which involves the determination of p-nitrophenol 
released by incubation at 37°C for 1 h of 1 g soil with 0.25 mL of toluene, 
4 mL of universal buffer, and 1 mL of 5 Mm substrate. For bacterial and 
fungal colony counts, the serial dilution method was used as described 
(Choudhary et  al., 2018a). For the CLPP analysis, 10 g of soil was 
homogenized in a rotary shaker after being suspended in 100 mL of 
50 mM phosphate buffer (pH 7.0). After the suspension had settled, the 
supernatant was transferred into tubes. After that, the tubes were 
centrifuged twice for 5 min at 5000 rpm at room temperature. From the 
tubes, 150 μL of supernatant was inoculated into 96 wells of BiOLOG 
Eco Plates (BiOLOG, Hayward, CA, United States) and kept in the dark 
at room temperature. The absorbance was measured with a microplate 
reader using the Biolog Micro Station every 24 h for 120 h at 590 nm 
wavelength. The 31 carbon sources and the control well (water) were in 

TABLE 1 Cropping system, tillage, crop establishment method, and residue management protocols under different scenarios.

Treatment Crop rotations Soil type Tillage Crop establishment 
method

Residue 
management

CT-RW-N Rice-wheat Normal Conventional tilled rice 

and wheat

Rice: Transplanting

Wheat: Broadcast

All residue removed

CT-RW-S Rice-wheat Sodic CT-RW Rice: Transplanting

Wheat: Line sowing

Half (50%) rice residue and 

anchored (25–30%) wheat 

residue incorporated

CT-RW-HS Rice-wheat Highly sodic CT-RW Rice: Transplanting

Wheat: Broadcast

All residue removed

ZT-RWMb-N Rice-wheat-mungbean Normal ZT-RWMb Rice: Drill seeding

Wheat: Drill seeding

Mungbean: Drill/relay

Full (100%) rice and 

mungbean; anchored wheat 

residue retained on the soil 

surface

ZT-RWMb-S Rice-wheat-mungbean Sodic ZT-RWMb Rice: Drill seeding

Wheat: Drill seeding

Mungbean: Drill/relay

Full (100%) rice and 

mungbean; anchored wheat 

residue retained on the soil 

surface

ZT-MWMb-N Maize-wheat-mungbean Normal ZT-MWMb Maize: Drill seeding

Wheat: Drill seeding

Mungbean: Drill/relay

Maize (~65%) and full 

mungbean; anchored wheat 

residue retained on the soil 

surface

ZT-MWMb-S Maize-wheat-mungbean Sodic ZT-MWMb Maize: Drill seeding

Wheat: Drill seeding

Mungbean: Drill/relay

Maize (~65%) and full 

mungbean; anchored wheat 

residue retained on the soil 

surface
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triplicate in the 96 well systems of the BiOLOG Eco Plates. For CLPP, 
different parameters were calculated by using the optical density (OD) 
values of the wells of BiOLOG Eco Plates (Garau et al., 2007; Feigl et al., 
2017), with the following equations (1–6):

 
( )Average well color development AWCD iOD

N= Σ
 (1)

where ODi is the measured corrected OD value of each substrate 
containing well and N is the number of substrates; here, the N value is 31.

 

Substrate average well color development

SAWCD( ) = ΣOD N
i

 (2)

where ODi is the measured corrected OD value of the substrates 
within the substrate category and N is the number of substrates in 
the category.

 
Shannon diversity index H P Pi i( ) = − ( )Σ ln

 (3)

where Pi is calculated by using ODi value divided by ΣODi value.

 
Substrate richness SR( ) = ΣODi  (4)

where ODi value is more or equal to 0.15 after 120 h.

 Shannon evenness index
SR

E H( ) =
ln  (5)

 
U ni= ( )Σ 2

 (6)

where ni refers to the relative absorbance value for each of the C 
source wells by subtracting the absorbance value of the control well.

2.3 Statistical analysis

The analysis of variance (ANOVA) method was used by R software 
to statistically analyze the experiment data among the various soil types 
(Gomez and Gomez, 1984). Tukey’s honestly significant difference (HSD) 
at the 5% level of significance was used to compare the treatment means. 
Principal component analysis (PCA) and correlations matrix between 
various soil chemical characteristics, AWCD, and enzyme activity in 
different types of soil were examined by using R software for the existence 
of a significant positive association throughout the whole dataset.

3 Results

3.1 Soil chemical properties

Various soil chemical parameters, such as saturated soil pH (pHs), 
electric conductivity (ECe), OC, and available nutrients (N, P, K, and 

micronutrients), were assessed across seven treatments. These 
treatments involved a combination of two types of soils (normal and 
sodic) and two tillage practices (ZT and CT) in RW, RWMb, and 
MWMb systems (Table 1). The highest pHs (10.19) and ECe (2.49) 
were observed in CT-RW-HS soil, followed by CT-RW-S soil (9.75 and 
2.20). Conversely, the lowest values of pHs (7.21) and ECe (1.22) were 
observed in ZT-RWMb-N and CT-RW-N soils, respectively (Table 2). 
Significant differences in soil chemical properties, such as OC, 
available N, P, K, and micronutrients (Cu, Zn, Fe, and Mn), were 
observed among different management practices and soil types. The 
OC content was found to be higher in ZT-RWMb-N (0.91%) and 
ZT-MWMb-N (0.90%), which were at par with ZT under sodic soils 
(0.86 and 0.85%), while the lowest OC was recorded by CT-RW-HS 
soil (0.61%) (Table 3). A noticeable result was observed for available 
N, available P, and available Cu2+. Available N increased by 82, 74, and 
84%, available P by 42, 22, and 21%; and available Cu2+ was found 50, 
51, and 108% in CT-RW-N, ZT-RWMb-N, and ZT-MWMb-N, 
respectively, compared to the corresponding sodic soil treatments.

The maximum concentration of micronutrients (Fe2+, Zn2+, and 
Mn2+) was recorded in CT-RW-HS soil, except Cu2+, which was the 
lowest at 2.15 mg kg−1. Cu2+ concentration varied from 2.15 to 
5.85 mg kg−1, with the highest found in CT-RW-N soil (5.85 mg kg−1) 
(Table  3). The concentration of Zn2+ varied between 2.03 and 
2.64 mg kg−1 in surface soil, with the maximum found in CT-RW-HS 
soil (2.64 mg kg−1), which was at par with the remaining treatments. 
Despite responding to the application of Zn to the rice, all soils 
exhibited Zn2+ content above the critical limit (0.74 mg kg−1). However, 
the lowest concentration of Mn2+ (0.26 mg kg−1) was observed in 
ZT-MWMb-S soil, which was at par with ZT-RWMb-N and 
CT-RW-N soil.

3.2 Soil biological properties

Significant differences in enzyme activities were observed between 
various salt-affected and normal soils (Table 4). Acid phosphatase 
(ACP) activity was found to be highest in ZT-RWMb-N (190.94 μg 
p-NP g−1 soil h−1), which was at par with ZT-MWMb-N soil (173.27 μg 
p-NP g−1 soil h−1). ACP activity was 16 and 13% higher in ZT-based 
normal soils than in ZT-based sodic soils, respectively. Alkaline 
phosphatase (ALP) activity was found to be the highest (310.89 μg 
p-NP g−1 soil h−1) in CT-RW-HS. Excluding highly sodic soils, ALP 
activity was 70% higher in CT-RW-N, 14% higher in ZT-RWMb-N, 
and 81% higher in ZT-MWMb-N than in their respective sodic soil 

TABLE 2 Soil chemical properties under normal and salt-affected soils.

Treatments pHs ECe (ds m−1)

CT-RW-N 7.65bc 1.22c

CT-RW-S 9.75a 2.20ab

CT-RW-HS 10.19a 2.49a

ZT-RWMb-N 7.21c 1.66abc

ZT-RWMb-S 9.58ab 1.81abc

ZT-MWMb-N 7.66bc 1.44bc

ZT-MWMb-S 9.15abc 1.59bc

*Different letters in the same column represent significant differences at a p-value of ≤0.05.
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counterparts. Similarly, dehydrogenase enzyme activity (DHA) was 
also found to be higher in normal soils than in sodic soils. It was 
approximately five times higher in ZT-based normal soils than in 
ZT-based sodic soils. The highest DHA activity was recorded in 
ZT-MWMb-N (32.78 μg TPF g−1 soil 24 h−1), followed by 
ZT-RWMb-N (31.66 μg TPF g−1 soil 24 h−1) and CT-RW-N soil 
(30.63 μg TPF g−1 soil 24 h−1) (Table 4).

Higher microbial colony counts for both bacteria and fungi 
(Table  4) were observed in normal soils than in sodic soils. The 
bacterial population was 5.9, 5.8, and 6.6 times higher in CT-RW-N, 
ZT-RWMb-N, and ZT-MWMb-N, respectively, than in their 
corresponding sodic soil treatments. Similarly, the fungal population 
was 11.2, 12.4, and 19.6 times higher in CT-RW-N, ZT-RWMb-N, and 
ZT-MWMb-N, respectively, than in their sodic soil treatments. The 
lowest bacterial (7.89 × 105 CFU) and fungal (2.69 × 105 CFU) 
populations were observed in highly sodic soils.

Significant differences in AWCD were observed among normal, 
highly sodic, and sodic soils for days 1, 2, 3, 4, and 5 (Figure 1). AWCD 
increased with incubation time, but this increase was lowest for 
ZT-MWMb-N and highest for ZT-MWMb-S. On the last day of 
incubation, AWCD values for CT-RW-N and ZT-RWMb-N were 
either similar to or higher than those of their sodic soil treatments. 
However, this trend was not observed for ZT-MWMb-N, which had 
exceptionally low AWCD values, while ZT-MWMb-S had 
exceptionally high values. AWCD for different substrates also showed 
significant differences among soils (Figure 2). The utilization of all 
substrates (amino acids, amines, carbohydrates, carboxylic acids, 

phenolic compounds, and polymers) increased over the incubation 
period. During 0–120 h of incubation, substrate utilization was highest 
in ZT-MWMb-S and lowest in ZT-MWMb-N soils. Different indices, 
such as the Shannon diversity index (H), substrate richness (SR), and 
Shannon evenness (E), were derived from AWCD (Table 5). The SR 
was higher in CT-RW-S, CT-RW-HS, ZT-RWMb-N, and 
ZT-MWMb-S soil and lowest in ZT-MWMb-N.

3.3 Multivariate analysis

The PCA was used to identify which variables best explained the 
observed differences in soil properties, AWCD, and enzyme activity 
across different types of soil. From the PCA of 21 variables, two 
principal components (PCs) with eigenvalues >0.9 were extracted, 
accounting for 77.3% of the variance (Figure 3). The first component 
(PC-1) explained 59.1% of the variation, while the second component 
(PC-2) accounted for 18.2%. Since most of the data information 
described by PC-1 (59.1% loadings) was related to soil properties 
(ECe, pH, available K, Mn, and Zn), AWCD (amino acid, phenolic 
compounds, amines, carboxylic acids, polymers, and carbohydrates) 
allowed differentiation between different soil types. However, PC-2 
(18.2%) selected the soil properties (OC, available N, P, and Cu), 
bacteria, fungi, and enzymes (ACP, ALP, and dehydrogenase) in the 
minimum dataset. The correlation results showed a strong and 
positive correlation between soil properties. However, enzyme 
activities were strongly correlated with AWCD (phenolic compound 

TABLE 3 Organic carbon and available nutrients in normal and salt-affected soils.

Treatments OC 
(%)

Available N 
(kg  ha−1)

Available P 
(kg  ha−1)

Available K 
(kg  ha−1)

Cu 
(mg  kg−1)

Zn 
(mg  kg−1)

Fe 
(mg  kg−1)

Mn 
(mg  kg−1)

CT-RW-N 0.67c 121.05b 28.43a 230.60c 5.85a 2.15a 12.16c 0.64c

CT-RW-S 0.73bc 66.56cd 19.97c 282.30b 3.90c 2.54a 15.65ab 3.74b

CT-RW-HS 0.61c 51.04d 24.27b 380.50a 2.15d 2.64a 16.38a 4.95a

ZT-RWMb-N 0.91a 132.74b 25.38b 235.13bc 5.52ab 2.09a 13.65cd 0.32c

ZT-RWMb-S 0.85ab 76.11c 20.80c 270.70bc 3.65c 2.31a 15.35abc 3.51b

ZT-MWMb-N 0.90a 154.46a 30.10a 240.23bc 5.12b 2.03a 13.91bcd 0.26c

ZT-MWMb-S 0.86ab 83.79c 24.96b 237.63bc 2.46d 2.24a 14.12bc 3.11b

*Different letters in the same column represent significant differences at a p-value of ≤0.05.

TABLE 4 Enzyme activities under normal and salt-affected soils.

Treatments Acid phosphatase 
(μg p-NP g−1 soil 

h−1)

Alkaline 
phosphatase (μg 
p-NP g−1 soil h−1)

Dehydrogenase (μg 
TPF g−1 soil 24  h−1)

Bacteria (105 
CFU g−1 soil)

Fungi (103 
CFU g−1 

soil)

CT-RW-N 163.37b 280.80b 30.63c 83.46a 73.62a

CT-RW-S 160.94b 165.63d 6.39d 14.22c 6.59d

CT-RW-HS 162.27b 310.89a 6.52d 7.89d 2.69f

ZT-RWMb-N 190.94a 272.69b 31.66b 78.62a 69.34a

ZT-RWMb-S 164.27b 152.77e 6.14d 13.65c 5.58e

ZT-MWMb-N 173.27ab 263.51c 32.78a 75.10ab 65.41a

ZT-MWMb-S 153.94b 145.66e 6.06d 11.48cd 3.34f

*Different letters in the same column represent significant differences at a p-value of ≤0.05.
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and polymers) (Figure 3). During correlation analysis between soil 
physicochemical properties and enzyme activities, the impact of soil 
sodicity on soil properties was more pronounced. All the chemical 
parameters such as pHs, ECe, OC, available N, P, K, and micronutrients 
influence the enzyme activities under different soils, which affect soil 
biological activities and functional diversity as indicated by 
PCA analysis.

4 Discussion

High soil pH (˃8.5) and low EC (<4 dSm−1) are the characteristics 
of sodic soils due to the presence of carbonate (CO3

2−) and bicarbonate 
(HCO3

−) of sodium (Na+). Soils with pHs higher than 8.5, 
exchangeable sodium percentage greater than 15, and sodium 
adsorption ratio (SAR) of more than 13 are considered sodic soils 
(Filho et al., 2020). With the adoption of CA-based management, soil 
pH was found to decline, it may be the effect of the decomposition of 
crop residues recycled over the years (Gura and Mnkeni, 2019). Soil 
pH was reported to be lower under CA-based management systems, 
supporting the previous studies (Jat et al., 2018; Sithole and Magwaza, 
2019). The lower pH in CA might be due to the accumulation of soil 
organic matter (SOM), which increases the electrolyte concentration 
and decreases soil pH (Dhar et al., 2014). The inclusion of a legume 
crop (mungbean) between rice and wheat and the incorporation of its 
residues also facilitates the reduction in soil pH, as reported by many 
researchers (Du et al., 2010; Islam et al., 2019). Husson et al. (2018) 
found that CA-based management systems tend to maintain favorable 
EC and pH for better plant growth.

During the study, the higher quantity of crop residue additions 
(both above as well as below ground) and their slow decomposition 
due to less soil disturbance in CA-based treatments might have caused 
higher OC and available N in the soil under ZT-RWMb-N and 
ZT-MWMb-N (Dikgwatlhe et al., 2014; Sinha et al., 2019; Jat et al., 
2022). CA-based practices, particularly conservation tillage, are 
reported to cause greater accumulation of nutrients than CT 

(Lopez-Fando and Pardo, 2009; Rai et al., 2022). This impact of CA 
practices on soil chemical properties was observed in sodic soils, but 
it was less pronounced than in normal soils (Table 2). SASs had very 
poor organic matter content due to restricted plant growth, resulting 
in a low supply of organic input to the soil (Wong et al., 2009). These 
soils are also prone to leaching, erosion, and dispersion and, therefore, 
contain less OC (Soni et al., 2021). Lower available N in sodic soils as 
compared to normal soils is linked to the leaching of nutrients due to 
the poor soil structure of sodic soils (Qadir and Schubert, 2002; Qadir 
et al., 2003). As reported earlier (Chhabra and Thakur, 2000; Ghafoor 
et al., 2004), the availability of P was found to be lower in sodic soils 
because most of the soil P is found in the form of soluble sodium 
phosphate compounds (NaH2PO4) that are absorbed by the plants, 
causing a reduction in plant growth and crop yields due to excess Na 
uptake even with P fertilization. The high concentration of calcium in 
the soil results in the precipitation of insoluble calcium phosphate 
compounds for a short time and decreases P availability (Marchuk 
et  al., 2016). Whereas, the availability of K content was found to 
be significantly higher in sodic soils, which indicates that Na+ has been 
replaced by K+ and contributed to soil sodicity (Morita and Nemoto, 
1995; Jat et al., 2022).

The soil’s chemical and biological properties were found to 
be  closely related to each other; both were found to be  higher in 
normal soils than in sodic soils. The oxidizable OC plays an important 
role in enhancing microbial activity in SASs (Soni et al., 2021). In 
addition, more organic inputs through crop residue recycling 
regulated the soil structure by protecting it from erosion. Variations 
in OC coupled with the salt composition of the soil solution (cations 
and anions concentration) in the different SASs compared to normal 
soil regulated the enzymes’ activities and functional diversity of 
microorganisms. The activity of most of the enzymes found in the soil 
has a higher concentration of available carbon (Dick et al., 1996). The 
soil is subjected to changes due to the application of amendments, 
agricultural management practices, and exposure to weather adversity, 
and these changes influence the activity of enzymes such as ACP, ALP, 
and dehydrogenase. Dehydrogenase is an important and sensitive 

FIGURE 1

Average well color development (AWCD) of different soils (sodic and normal) in the surface layer.
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indicator of the metabolic state of soil microorganisms (Bastida et al., 
2006; Moeskops et al., 2010). Its activity is used to indicate soil quality 
under different agricultural management practices against salinity 
stress, heavy metal pollution, and many other biotic and abiotic 
stresses (Singh et al., 2013; Curyło and Telesiński, 2020; Choudhary 
et  al., 2022a). Microbial properties such as enzyme activities and 
populations were found to be higher in normal soils than in sodic soils 
(Table 4), which reflects the toxic effects of sodic soils on microbial 
properties. The negative correlation of enzyme activities with soil 
sodicity parameters was reported by many researchers (Singh et al., 

2015; Choudhary et al., 2023). Plant growth is restricted under sodic 
soils, leading to low OC and nitrogen, which ultimately decreases 
microbial activities (Rietz and Haynes, 2003). In sodic soils, not only 
the availability of organic matter but also metabolic energy, which is 
required for microbial assimilation, is reduced, which leads to the 
lyses of microbial cells and reduced microbial activities (Sumner and 
Naidu, 1998). Sodicity has a negative effect on microbial biomass 
carbon, which ultimately declines microbial activities (Garcia et al., 
1994). However, enzyme activities and microbial biomasses increased 
with the application of different amendments in sodic soils (Shaaban 

FIGURE 2

Average well color development (AWCD) for substrates: (A) amino acids, (B) amines, (C) carbohydrates, (D) carboxylic acid, (E) phenolic compounds, 
and (F) polymers in the surface layer of sodic and normal soil at different time intervals.
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et al., 2023). lower microbial growth and biomass resulted in reduced 
enzyme activities (Gao et  al., 2022). The low availability of SOM, 
nutrients, high pH, and poor soil physical properties of sodic soils 
create unfavorable conditions for the growth of microbes. Feigl et al. 
(2017) found that soil chemical properties such as pH, EC, C/N, Na, 
and K are the main factors that determine the relative abundance of 
bacterial and fungal communities. Ion toxicity under sodic soils 
obstructs microbial growth and activities, resulting in low microbial 
colony counts (Sumner and Naidu, 1998; Singh et al., 2015; Choudhary 
et al., 2023).

Different agriculture management practices, soil types, and 
vegetation affect soil microbial functional diversities in various ways 
(Rutgers et al., 2016; Kumar et al., 2017; Zhang et al., 2018; Choudhary 
et al., 2023). The functional diversity of community-level physiological 
profiles of microbes was studied using the concept of utilization of 
different types of substrates and color development using Biolog 

ECO-plates (Sasse et al., 2018). Microbial communities are highly 
sensitive to soil properties such as salt stress, which can be studied by 
AWCD (Rutgers et al., 2016; Choudhary et al., 2023). The substrate 
utilization depicts the metabolic activity of active microbial 
communities. The pattern of AWCD and utilization of substrate in 
ZT-based MWMb practices was different compared to other practices, 
as these were very low in normal soil and high in sodic soil. This 
pattern may be  observed due to the difference in crop rotation. 
Different types of crops (plants) have different rhizobiome 
compositions as there are differences in their root exudates and 
rhizodeposits (Jensen et  al., 2005). The chemical composition of 
residue varies with plant species, leading to differences in chemical 
energy and nutrient release during the decomposition of crop residue 
(Chhabra, 2004; Redin et al., 2014). Different crop rotations also lead 
to different times of harvesting. Since the study was conducted after 
the harvest of rice crops, maize harvesting had already been completed 
approximately a month ago. Differences in AWCD, substrate 
utilization, and SR in ZT-MWMb-N and ZT-MWMb-S may be the 
result of the effect of sodicity on soil microbiota and 
residue decomposition.

5 Conclusion

The salts available in soil impacted its physical, chemical, and 
biological properties. Rising salt concentrations led to major nutrient 
imbalances and low OC content in various types of soils, negatively 
affecting the sustainability and quality of soil systems. The study 
concluded that an increase in salt load adversely affected soil 
physicochemical and biological conditions, leading to reduced soil 
functions. By adopting crop rotation, tillage, and residue-based 
agriculture management practices, the negative effects of salt load can 

TABLE 5 Diversity indices of different soil types under different 
agriculture management systems.

Treatments Shannon 
diversity 
index (H)

Substrate 
richness 

(SR)

Shannon 
evenness 

(E)

CT-RW-N 2.723a 14.333ab 0.791a

CT-RW-S 2.413a 15.666a 0.759a

CT-RW-HS 2.681a 15.600a 0.757a

ZT-RWMb-N 2.754a 16.200a 1.040a

ZT-RWMb-S 2.555a 11.800b 1.268a

ZT-MWMb-N 2.317a 6.266c 0.937a

ZT-MWMb-S 2.728a 15.600a 0.791a

*Different letters in the same column represent significant differences at a p-value of ≤0.05.

FIGURE 3

Principal component analysis of different (sodic and normal) soils in surface layer. *Soil physical properties, chemical properties, biological properties, 
AWCD, and different enzymes are represented in these figures. pHs, soil pH in saturated extract; ECe, electrical conductivity of the saturated soil 
extract; OC, soil organic carbon; N, nitrogen; P, phosphorus; K, potassium; Cu, available copper; Zn, available zinc; Fe, available iron; Mn, available 
manganese; ACP, acidic phosphatase; ALP, alkaline phosphatase; DHA, dehydrogenase.
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be mitigated to some extent. Soil pHs was found to decrease and EC 
increased under CA-based management. Soil OC, N, biological 
activities, and microbial populations were also found to increase 
under CA-based management practices. Soil AWCD values increased 
over time; however, the highest levels for amino acids, amines, 
carboxylic acids, phenolic compounds, and polymers were recorded 
in ZT-MWMb-S soils, while the lowest was in ZT-MWMb-N soils. 
Bacteria and fungi populations, enzymatic activities (e.g., ACP, ALP, 
and dehydrogenase), and metabolic activities declined with increasing 
stress from sodicity, with the highest populations and activities 
observed in normal soil. Therefore, research on the interrelationship 
between soil physicochemical and biological properties is crucial 
before recommending or adopting any land use, reclamation 
strategies, or nutrient management practices to ensure long-term crop 
productivity and soil sustainability. Management of agriculture 
practices under a specific agroecosystem has important implications 
for nutrient availability to plants. Upon decomposition, crop residues 
release nutrients, helping to conserve externally applied nutrients 
while improving overall soil quality and carbon enrichment.
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