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Combining chemical and organic treatments
enhances remediation performance and soil health
in saline-sodic soils
Salar Rezapour 1✉, Amin Nouri 2, Farrokh Asadzadeh1, Mohsen Barin1, Günay Erpul3,

Sindhu Jagadamma 4 & Ruijun Qin5

We investigated the individual and synergistic impact of gypsum, elemental sulfur, vermi-

compost, biochar, and microbial inoculation on soil health improvement in degrading cal-

careous saline-sodic soils. We developed Linear and nonlinear soil health quantification

frameworks to assess the efficacy of remedial practices. The combined inoculated chemical

and organic treatments; gypsum + vermicompost and elemental sulfur + vermicompost with

134% (0.29 versus 0.68) and 116% (0.29 versus 0.62) increases in nonlinear index, sig-

nificantly increased the efficacy of amendments compared with control. An increase in the

overall soil health index ranged between 12 to 134%. Microbial inoculation further enhanced

the impact of treatments on soil health. Soil health properties included in the indexes

explained 29 to 87% of the variance in wheat growth. The findings bring insight into the cost-

effective and environmentally sustainable practices to recover degraded saline-sodic soils.

Furthermore, the introduced soil health indexes offer a quantitative evaluation of soil

remediation strategies.
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Projections for the future of global population growth sug-
gest that restoration of degraded land is essential to meet
the food, feed, and fiber demand of an anticipated 9.8 bil-

lion individuals by 20501. Given the rapidly increasing global
population, there is an urgent imperative to enhance soil eco-
system services and agricultural production by restoring degraded
land resources (FAO, 2018). Soil salinization and sodification are
major soil degradation processes that threaten agricultural pro-
duction and food security primarily in arid and semi-arid regions
of the world. The extent of salt-affected soils worldwide is esti-
mated to surpass 833 million ha across over 100 countries, cor-
responding to 8.7% of the terrestrial land surface2,3. Soil
salinization leads to the loss of 1.5 million ha of agricultural land
and declines the productivity of 46 million ha worldwide each
year4. Salt input and dissolution of the precipitated salts from
irrigation water is the primary driver of soil salinity and alkalinity
in arid and semi-arid farmlands, where additional water supply is
inevitable to meet high evaporative demand. Rapid population
growth and climate change may lead to the expansion of the
current irrigated lands from ~ 310 million ha to 1.8 billion ha by
2050, further compounding the salinity challenges5. Saline–sodic
soil is recognized as a predominant class of salt-affected soils
characterized by both high salinity [electrical conductivity
(EC) > 4 dS m−1] and sodicity [exchangeable sodium percentage
(ESP) > 15% and sodium adsorption ratio (SAR) > 13]6. Saline-
sodic soils have low productivity because of the detrimental
impact of excessive salt levels on soil physical, chemical, and
biological health and plant growth7,8. Excessive exchangeable
sodium in saline-sodic soils results in soil structural collapse by
dispersing aggregates, solidifying soil, narrowing down the pore
size distribution range, and thus obstructing proper nutrient,
water, and air cycling6,9. Saline and sodic conditions are known to
cause typical biochemical and fertility problems, including
nutrient deficiencies such as P, Fe, Mn, Zn, and Cu, as well as
specific ionic toxicities including Na+, Cl-, H3BO4

-, and HCO3
-.

These conditions also induce osmotic stress on microorganisms
and plant cells10,11. The cumulative effect of biochemical and
physical stresses may ultimately lead to crop failure, economic
losses, and irreversible soil degradation depending on the ambient
soil salinity and sodicity levels11,12. Global annual losses of
agricultural production on irrigated lands due to soil salinization
are estimated at about $27.3 billion4 even without including the
cost of land remediation in this estimate.

A significant proportion of soils affected by salinity is in arid
and semi-arid regions of West Asia and North Africa. The
increasing drought in these regions has led to greater reliance on
irrigation for farming. However, excessive salinity has resulted in
a loss of agricultural land each year. Surface irrigation is the
predominant method used in most countries in the region, as
smallholder farmers, who make up a significant portion of the
agricultural workforce, cannot afford modern irrigation and water
treatment technologies13. Soil salinity and sodicity pose a sig-
nificant agricultural and environmental challenge in Iran, where
approximately 90% of the country is characterized by arid and
semi-arid climatic conditions. Recent estimates suggest that 25.5
and 8.5 million ha of land have slightly moderately and highly
saline-sodic soils, respectively, which account for almost 15% and
5.2% of the total land area in the country14. Adoption of inno-
vative remediation practices is required to improve the soil health
and productivity of the agroecosystems in this region. Organic
amendments can bind cations and anions and remove them from
the soil solution8,10. However, the synergistic effect of multiple
organic amendments or combining organic with chemical
amendments is largely unclear.

The primary focus of remediation for saline-sodic soils has
been on decreasing salt input through the pre-treatment of water

and the implementation of precision irrigation practices. In
addition, a diverse array of physical practices, such as ploughing,
subsoiling, and drainage systems, along with chemical applica-
tions, including gypsum, sulfuric acid, basic polyacrylamide,
sulfur, iron sulfate, iron disulfide, and organic amendments, such
as farm manure, poultry manure, compost, and biochar, have
been utilized to mitigate the saline-sodic soils15–18. Whilst tillage
operations primarily aim to restructure soil particles, chemical
remediation methods are focused on replacing exchangeable salts
with calcium or hydrogen ions by the addition of gypsum or the
dissolution of existing calcium carbonate using acidic agents such
as elemental sulfur or sulfuric acid19. In contrast, organic reme-
diation of saline-sodic soils entails more comprehensive
improvements to the physical, chemical, and biological properties
of the soil. Saline-sodic soils often suffer from poor structural
quality and exhibit a limited range of pore size classes, each of
which supports different soil functions and services19,20. Conse-
quently, restrictions in soil aeration, hydraulic conductivity, sur-
face infiltrability, microbial population and diversity, and root
penetrability are closely related to the poor soil structure observed
in saline-sodic soils. Organic matter serves as a flocculating agent
for soil particles that have disintegrated due to the displacement
of sodium ions in the exchange sites21. Aside from their direct
participation in the retention and exchange of vital cations such
as Ca2+, K+, and Mg2+, organic amendments also facilitate the
removal of excess salts from the upper soil profile by enhancing
water flux and diffusion22. Therefore, disparate processes are
observed in the remediation of saline-sodic soils by organic and
inorganic agents that necessitate comprehension across various
organic sources. Although a limited number of investigations
attest to the remarkable economic and functional benefits of
integrated organic-inorganic remediation strategies, few studies
have explored the potential soil health implications of these
combined approaches15,23–25. Furthermore, there is a notable
absence of all-encompassing frameworks for evaluating soil
health in saline-sodic soils to measure the rate of improvement
resulting from amendment practices. To the best of our under-
standing, the current study constitutes the inaugural attempt to
develop a physical, biological, and chemical soil health assessment
framework under combined organic-inorganic saline-sodic soil
remediation practices.

Therefore, the objectives of this study were to: (a) develop and
assess the synergistic impact of combined remediation practices
on the physical, chemical, and biological health of saline–sodic
soils, (b) identify the key soil traits that influence the soil health in
saline-sodic soils, and (c) develop integrated linear and nonlinear
soil health indexes for a comprehensive assessment of amend-
ments. The findings revealed that all amendments significantly
improved the physical, chemical, nutritional, and biological
health indicators of the studied soil. The combined treatments,
particularly GP/ES+VC, were found to be the most effective in
promoting soil health, followed by VC. These results suggest that
the presence of VC can significantly enhance the impact of GP
and ES on improving the health of saline-sodic soils. The
numerical value of the SHI increased by 12% to 134% after
incorporating amendments into the control soil, depending on
the treatments and modeling approach. This demonstrates the
positive synergistic effect of multiple amendments on the SHI,
particularly those generated by nonlinear modeling. While both
linear and nonlinear SHI models showed significant improvement
in soil health under all treatments, those with microbial inocu-
lation resulted in higher SHI values. The SHIs were found to be
significantly associated with wheat growth indicators, including
wet and dry weight, root length, and volume. However, the
nonlinear SHI model more accurately predicted wheat growth
and productivity parameters than the linear SHI model. Overall,
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the results suggest that organic amendments such as vermicom-
post have significant potential in improving the health of degra-
ded saline-sodic soils. Organic amendments can also increase the
effectiveness of conventional chemical treatments such as gypsum
or elemental sulfur in mitigating the adverse impacts of soil
salinity and sodicity on plant growth and farm productivity.
Given the increasing reliance of intensive farming systems on
chemical inputs, there is a need to develop cost-effective and
environmentally sustainable practices. Organic amendments
increase the immediate availability of essential nutrients and
enhance soil resilience to internal and exogenous stresses by
reorganizing the soil structure.

Results and Discussion
Physical, chemical, nutritional, and biological indicators of soil
health. Figure 1 illustrates the mean comparisons of SSI, CDR,
and CROSS for different treatments across two experimental
factors. The results indicate that all treatments, except for ES and
BC in factor 1, resulted in a significant increase in SSI values
compared to the control. Specifically, GP+VC > ES+VC >
VC > BC > G > ES was the order of treatments that showed a
significant increase in SSI. On the other hand, applying all
treatment-factor combinations resulted in a significant decrease
in CDR and CROSS values. The order of treatments that showed
a significant decrease in CDR and CROSS values was
GP+VC > ES+VC >GP > ES > VC > BC.

Among all treatments, the GP+VC and ES+VC treatments
showed the highest increase in SSI and the greatest decline in
CDR and CROSS values. The mean increase of 1.7 to 2.3 folds for
SSI and the mean reduction of 1.9 to 2.2 folds and 1.7 to 2.1 folds
for CDR and CROSS, respectively, were observed compared to
the control. Lower CDR and CROSS values indicate higher soil
aggregate stability. The results indicate that all treatments
increased the stability of soil aggregate and improved soil
structure as represented by greater SSI and lower CDR and
CROSS values6,16,26. Quantified soil physical properties directly

or indirectly represent energy and mass fluxes in the soil
environment, which in turn determine plant growth and
microbial activities6,16. The positive impact of GP and ES
treatments on soil stability indices (i.e., SSI, CDR, and CROSS)
can be significantly amplified in the presence of VC. The
beneficial effect of VC on soil stability indices can be explained by
additional SOC input by organic amendments, thereby promot-
ing the flocculation of the individual soil particles into aggregates
(Table 1)15,27–29. This process may overturn or decelerate the soil
structural collapse stimulated by salts in saline-sodic soils. The
negative correlations we found between OC and CDR (r= 0.51,
<0.05) and OC and CROSS (r= 0.49, <0.05) confirm that SOC
input by organic amendments is a key factor preventing clay
dispersion and soil structural collapse. This result accords well
with the findings of Pulido Moncada, et al.26 and Abbas, et al.30.
It is well known that the application of chemical amendments
such as GP and ES preserves soil structural integrity through the
substitution of Ca2+ for Na+ and increasing the concentration of
electrolytes and the flocculation of clay colloids7,12,16,28,31. This
process promotes the formation and stabilization of clay
clusters16,32. Our results suggest that the incorporation of VC
as organic amendment increases the effectiveness of GP and ES
improving soil physical health in saline-sodic soils. The CDR
(Table 2) was significantly correlated with the CROSS (R2= 0.99,
P < 0.001), implying that indices can be used synonymously for
assessing the soil structural quality in saline-sodic soils. Previous
studies have also highlighted the negative impacts of salinization
/sodification on soil physical health represented by CDR and
CROSS values33–35.

The results demonstrated that the combination of GP and ES
treatments with VC had positive synergistic effects, as evidenced by
improved values of SSI, CDR, and CROSS parameters. Previous
research has attributed the positive feedback of chemical-organic
synergy to the stimulation of clay flocculation through Ca2+

substitution for Na+ and an increased concentration of
electrolytes16,32. Additionally, microbial inoculation was found to
be more effective than non-inoculated treatments at improving soil
physical properties, with statistically significant differences observed
only for SSI (Fig. 1). This result may be linked to the organic
compounds produced (e.g., organic acids, polysaccharides, and
fungal mycelium) during the inoculation process by microorgan-
isms. The organic compounds have been proved to enhance the
binding between individual soil particles to form macroaggregates,
thereby improving the SSI, CDR, and CROSS values26,28.

Inoculated and non-inoculated treatments significantly
increased the OM and CEC compared to the control, whereas
combined treatments had a more pronounced effect on enhan-
cing both parameters (Table 3). The increase of OM and CEC
under combined treatments ranged from 2.2 to 2.4 folds
(GP+VC) and 1.68 to 1.64 folds (ES+VC) for OM and 39.5
to 42.8% (GP+VC) and 33.9 to 35.7% (ES+VC) for CEC. The
increase in OM could be explained by (a) the high organic C
content of organic treatments (e.g., VC and BC) potentially
enhancing SOC in the low OM soils (e.g., salt-affected soils) and
(b) VC and BC generally show stimulating impacts on root
growth and soil microorganism vitality28,36. The enhancement of
OM and CEC is regarded as a significant benefit for soil health,
since these parameters are critical for numerous soil physical,
chemical, and biological functions and ecosystem services6.

Applications of all inoculated and non-inoculated treatments
largely regulated the salinity and sodicity indicators [pH, EC, SAR,
exchangeable Na, and ESP] compared to the control (Table 3).
Microbial inoculation further enhanced the efficacy of treatments in
regulating the salinity/sodicity (Table 4). The reduction in pH, SAR,
and ESP by inoculation ranged from 0.66 to 1.45 units, 97 to 186%,
and 80 to 177%, respectively. These findings are consistent with

Table 1 The baseline properties of the study soil and the
chemical properties of biochar and vermicompost.

Soil
Clay
(%)

Silt (%) Sand
(%)

Texture pH EC
(dSm−1)

20 20 60 Loam 9.2 10.4
OM
(%)

CEC (cmol
kg−1)

CCE
(%)

SAR ESP (%) TN (%)

0.62 11.2 22.7 18.1 20.2 0.036
AP (mg
kg−1)

AK(mg
kg−1)

Fe (mg
kg−1)

Mn (mg
kg−1)

Cu (mg
kg−1)

Zn (mg
kg−1)

5.7 154.8 2.2 2.6 0.16 0.36
Biochar
pH EC (dSm−1) OC (%) N (%) P (%)
8.2 0.79 65 0.68 0.28
K (%) Fe (mg

kg−1)
Mn (mg
kg−1)

Cu (mg
kg−1)

Zn (mg
kg−1)

0.41 330.1 330.1 38.7 62.1
Vermicompost
pH EC (dS

m−1)
OC (%) N (%) P (%)

7.9 1.6 25 2.03 0.56
K (%) Fe (mg

kg−1)
Mn (mg
kg−1)

Cu (mg
kg−1)

Zn (mg
kg−1)

0.40 897.4 537 48 170

EC electrical conductivity, OM organic matter, CEC cation exchange capacity, CCE calcium
carbonate equivalent, SAR sodium adsorption ratio, ESP exchangeable sodium percentage, TN
total N, AP available P, AK available K.
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prior research37–39. Among the individual and combined treatments,
VC and GP+VC were the most effective in improving the sodicity
indicators. This effect is likely related to (1) the release of Ca2+ from
gypsum and vermicompost which are calcium-rich sources40 and (2)
the mobilization of insoluble carbonates (as supported by a
significant drop in CCE) by organic acids and carbonic acid
released by the decomposition of VC and subsequent increase in the

concentration of Ca2+ and Mg2+. These processes likely promoted
the reactivity of Ca2+ and Mg2+ and replacement by the excess Na+

in the cation exchange sites. The result was notable reductions in all
of pH, exchangeable Na, SAR, and ESP7,41.

Additionally, all treatments reduced the mean value of EC by
64 to 142%. GP treatment alone and GP+VC treatment were
most effective in reducing soil EC. The possible explanations are:

Fig. 1 Analysis of Variance and mean comparison of the physical soil health indicators. The physical soil health indicators are (a) SSI, (b) CDR, and (c)
CROSS. T treatment, I inoculation, T*I treatment by inoculation interaction. Different letters within each factor represent the significant differences at
p < 0.05 according to Fisher’s LSD. The vertical error bars represent the standard deviation. Bars highlighted in red, and blue represent inoculated and non-
inoculated treatment values, respectively.
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(1) improvements in soil porosity and permeability due to the
addition of soil amendments (e.g., GP and GP+VC) that
enhanced the leaching of salts16,36,42 and 2) adsorption of excess
salts by organic treatments (e.g., VC). Other studies have shown
similar trends in soil EC when organic amendments were used to
remediate salt-affected soils28,43.

Disregarding the microbial inoculation, a significant increase
occurred in the total N, available P, and K under almost all

amendments versus control. The magnitude of this increase
ranged from 39–210%, 59–260%, and 10–49%, respectively
(Table 5). The most effective macronutrient booster among the
amendments was found to be the combined treatments, followed
by individual organic treatments (i.e., VC and BC) and chemical
treatments (i.e., GP and ES). This implies that the application of
organic amendments, both individually and in combination with
chemical treatments, had a greater impact on the enhancement of

Table 2 Analytical methods for soil health indicators analyses and abbreviations.

Soil properties Abbreviation Protocol description and reference

Soil texture – Hydrometer method75.
Soil stability index SSI Eq. (2)67.
Cation ratio of soil structural stability CROSS Eq. (3)33.
Clay dispersion ratio CDR Eq. (4)76.
pH pH Determined in saturated paste using a glass electrode68

Electrical conductivity EC Determined in saturated paste extract using an EC meter68.
Calcium carbonate equivalent CCE Titration with HCl68.
Soil organic carbon SOC Potassium dichromate oxidation68.
Cation exchangeable capacity CEC sodium acetate extraction at pH 8.268.
Total N TN Kjeldahl digestion–distillation approach77.
Avaiable phosphorus AP Sodium bicarbonate extraction and colorimetric detection78.
Available potassium AK Extracting with ammonium acetate and estimated by flame photometer79.
Exchangeable sodium ENa Extracting with ammonium acetate and determined by flame photometer68.
Soluble cations (Ca2+, Mg2+, Na+, and
K+)

– Determined in saturated paste extract using complex-metric titration (Ca2+, Mg2+) flame
photometer (Na+, and K+)68.

Available trace metals (Fe, Mn, Cu, and
Zn)

– Extracting with diethylene triamine pentaacetic acid (DTPA) and determined by atomic
absorption spectrophotometer80.

Sodium adsorption ratio SAR Eq. (5)68.
Exchangeable sodium percentage ESP Eq. (6)68.
Microbial biomass carbon MBC Chloroform-fumigation method81.
Bacterial respiration BR Substrate-induced respiration technique using bactericide streptomycin sulfate82.
Subestrat induced respiration SIR The method described by83.
Carbon availability index CAI Eq. (7)69.
Metabolic quotient qCO2 Eq. (8)69.
Elemental Sulfur ES
Vermicompost VC
Biochar BC
Microbial inoculation MI
Linear Soil Health Index L-SHI
Nonlinear SHI NL-SHI
Principal Component Analysis PCA
Minimum dataset MDS
Totak dataset TDS

Table 3 Chemical soil health indicators of saline-sodic soils across treatments.

Experimental factor Experimental
tretment

pH OM CCE CEC EC SAR ESP Na-Exch

(%) (cmol kg−1) (dS m−1) (%) (cmol kg−1)

With MI C 9.35 a 0.66 e 22.5 a 11.2 c 4.6 a 12.9 a 14.7 a 1.70 a
GP 8.07 b 0.75 de 16.3 b 13.3 b 2.1 c 5.1 cd 6.4 b 0.88 c
ES 8.04 b 0.86 de 16.7 b 13.1b 2.7 b 5.4 c 6.6 b 0.89 c
VC 8.10 b 1.79 b 16.1 bc 15.1 a 2.1 c 6.2 b 6.0 bc 0.88 c
BC 8.52 ab 0.93 c 17.5 b 13.4 b 2.8 b 6.2 b 7.3 b 0.98 b
GP+VC 7.90 bc 2.23 a 14.2 d 16.0 a 1.9 d 4.5 e 5.3 e 0.80 e
ES+VC 7.97 bc 1.77 b 15.8 c 15.2 a 2.0 d 4.9 cd 5.8 d 0.85 cd

Without MI C 9.35 a 0.63 e 22.7 a 11.2 c 4.8 a 13.0 a 15.0 a 1.72 a
GP 8.17 b 0.68 de 16.5 bc 12.8 b 2.3 c 5.4 c 6.6 c 0.90 c
ES 8.23 b 0.72 de 17.3 b 13.1b 2.8 b 5.5 c 7.2 cd 0.91 c
VC 8.30 b 1.64 b 16.2 bc 14.8 a 2.4 c 6.3 b 7.8 b 0.89 cd
BC 8.69 a 0.85 cd 17.8 b 13.2 b 2.9 b 6.6 b 8.3 b 1.10 b
GP+VC 7.93 bc 2.05 a 14.5 d 15.6 a 2.0 d 4.6 e 5.5 f 0.82 e
ES+VC 8.03 bc 1.68 b 16.0 c 15.0 a 2.0 d 5.2 d 6.4 e 0.86 d

Na-Exch Na-Excgangeable, GP gypsum, ES elemental sulfur, VC vermicompost, BC biobhar, MI Microbial Inoculation. For each factor, different letters in each column show significant differences at
p < 0.05 according to the Fisher’s LSD.
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soil macronutrients. Total N concentration was highly correlated
with soil organic carbon (r= 0.95, P < 0.001), indicating that
increased SOC and TN were strongly tied to OM input from
organic treatments. N cycling and SOC are intimately linked and
therefore follow similar patterns6. As with TN, the increased
amounts of available P and K were more evident for treatments
containing increased OM. This is likely due to the addition of P
and K by decomposing organic treatments and soil health
improvement by the synergistic effect of organic and chemical
amendments44. The application of GP and ES in isolation did not
contribute to the soil’s budget of P and K. However, previous
studies have demonstrated that their use in combination with
organic amendments can potentially enhance the availability of P
that is sequestered by calcium carbonate and facilitate the
placement of K in the exchangeable sites45–47.

All treatments, regardless of inoculation, showed a significant
impact on micronutrients (Table 6). The range of increase in
micronutrients among treatments varied between 46 to 240%, 47
to 120%, 78 to 270%, and 12 to 130%, for Fe, Mn, Zn, and Cu,

respectively. Microbial inoculation further increased the micro-
nutrient concentrations in all treatments (P < 0.05) (Table 6). A
possible explanation is the dissolution and release of micronu-
trients bonded to soil-native calcium carbonate in the presence of
microbial metabolomics (e.g., organic acids). Previous studies
have shown that microorganisms can secrete an abundance of
organic acids when stressed by salinity and sodicity48. The rate of
increase for Fe, Mn, and Zn was in the order of GP+VC >
ES+VC > VC > GP > ES > BC and Cu followed the order of
GP+VC ≈VC > ES+VC >GP ≈ ES > BC (Table 5). These
results show that treatments including VC and BC had the
greatest and least effect on increasing micronutrients, respec-
tively. Significant differences between VC and BC regarding the
micronutrients release can be attributed to: (1) lower initial
micronutrients level in BC (approximately half of those in
vermicompost) (Table 1), (2) a greater effect of VC on favorable
soil physicochemical conditions (e.g., decreasing clay dispersion,
pH, SAR, and ESP) thereby indirectly improving soil fertility
(Table 2 and Fig. 1), and (3) relatively lower decomposition rate

Table 4 Effect of microbial inoculation on chemical health indicators of saline-sodic soils across treatments.

Soil chemical
properties

Experimental factor Treatment

C GP ES VC BC GP+VC ES+VC

pH F1 9.4 ns 8.1 ns 8.0 ns 8.1 ns 8.5 ns 7.9 ns 8.0 ns
F2 9.4 8.2 8.2 8.3 8.7 7.9 8.0

OM (%) F1 0.66 ns 0.75 a 0.86 a 1.79 ns 0.93 ns 2.23 ns 1.77 ns
F2 0.59 0.62 b 0.75 b 1.64 0.85 2.05 1.78

CCE (%) F1 22.5 ns 16.3 ns 16.7 ns 16.1 ns 17.5 ns 14.2 ns 15.8 ns
F2 22.7 16.5 17.3 16.2 17.8 14.5 16.0

CEC (cmol kg−1) F1 11.6 ns 13.3 ns 13.1 ns 15.1 ns 13.4 ns 16.0 ns 15.2 ns
F2 12.8 13.2 14.8 15.6 15.0 13.1 11.1

EC (dSm−1) F1 4.6 ns 2.1 ns 2.7 ns 2.1 ns 2.8 ns 1.9 ns 2.0 ns
F2 4.8 2.3 2.8 2.4 2.9 2.0 2.0

SAR F1 12.9 ns 5.1 ns 5.4 ns 6.2 ns 6.2 ns 4.5 ns 4.9 ns
F2 12.9 5.4 5.5 6.3 6.6 4.6 5.2

ESP (%) F1 14.7 ns 6.4 ns 6.6 ns 6.0 ns 7.3 ns 5.3 ns 5.8 ns
F2 15.0 6.6 7.2 7.8 8.3 5.5 6.4

EX-Na (cmol kg−1) F1 1.70 ns 0.88 ns 0.89 ns 0.88 ns 0.98 ns 0.80 ns 0.85 ns
F2 1.72 0.90 0.91 0.89 1.10 0.82 0.86

ns is the lack of significant difference. For each factor, different letters in each column show significant differences at p < 0.05 according to Fisher’s LSD. F1 with microbial inoculation, F2 without microbial
inoculation. ns; represents the lack of significat difference. GP gypsum, ES elemental sulfur, VC vermicompost, BC biochar. ns is the lack of significant difference.

Table 5 Nutritional indicators of health indicators of saline-sodic soils across treatments.

Experimental factor Treatment TN (%) Available P Available K Fe- DTPA Mn- DTPA Zn- DTPA Cu- DTPA

mg kg−1

With microbial inoculation C 0.036 e 6.6 e 155.6 d 2.6 d 3.0 d 0.50 e 0.18 e
GP 0.055 d 10.5 d 196.8 bc 5.3 b 5.7 b 0.98 c 0.25 c
ES 0.059 d 10.3 d 182.2 c 5.3 b 5.1 c 0.99 c 0.25 c
VC 0.095 b 15.3 b 202.3 b 5.6 b 5.9 b 1.06 c 0.39 a
BC 0.062 c 12.7 c 187.7 bc 4.7 c 5.0 c 0.89 d 0.21 d
GP+VC 0.113 a 23.5 a 233.5 a 6.3 a 6.5 a 1.37 a 0.41 a
ES+VC 0.102 b 21.6 a 228.9 a 6.0 a 6.3 a 1.12 b 0.33 b

Without microbial inoculation C 0.036 e 6.0 e 154.8 d 2.4 d 3.0 d 0.39 f 0.18 e
GP 0.050 d 10.0 d 170.6 c 4.0 b 5.1 b 0.86 d 0.23 c
ES 0.055 c 10.1 d 160.6 c 4.0 b 4.4 c 0.88 d 0.20 d
VC 0.090 b 14.4 b 185.6 b 4.2 b 5.2 b 0.95 c 0.33 b
BC 0.059 c 12.6 c 165.6 c 3.5 c 4.5 c 0.74 e 0.20 d
GP+VC 0.105 a 20.9 a 209.0 a 4.5 a 5.7 a 1.18 a 0.37 a
ES+VC 0.095 b 18.9 a 206.5 a 4.6 a 5.4 a 1.05 b 0.33 b

For each factor, different letters in each column show significant differences at p < 0.05 according to Fisher’s LSD. GP gypsum, ES elemental sulfur, VC vermicompost, BC biochar.
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of BC than VC and incremental release of micronutrients. Other
studies also suggest that the role of organic compounds in
nutrient availability depends on chemical composition and
decomposition rates28,49.

Soil biological indicators including BR, SIR, MBC, CAI, and
qCO2 demonstrated a positive and significant response to soil
remediation practices (Fig. 2). The highest rate of BR, SIR, MBC,
and CAI was found at VC+GP treated soil, followed by
VC+ ES ≥VC > BC > GP > ES. This order confirms that the
synergies in coupled organic-chemical amendments offer the
greatest benefit to microbial activity. A similar trend was observed
for most other physicochemical and nutritional indicators. This
can be tied to SOC, which can stimulate the microflora and
increase soil microbial abundance/biomass (e.g., BR, SIR, and
MBC). SOC is a diverse energy source that directly controls the
microorganism activity and abundance47,50. Indirectly, organic
amendments may increase microbial abundance and metabolites
due to i) decreasing salinity and sodicity stress on
microbes15,16,51, ii) improved soil aeration and water
permeability42,47, iii) improved water retention and supply to
microorganisms42,52, and iv) increased root exudation of
dissolved organic carbon and nitrogen containing compounds
which are the major constituents of microbial biomass11,47.
Clearly, SOC has a remarkable capacity to alleviate stress on
plants and biota, particularly in saline and sodic soils, where it
maintains soil vitality and functions6. Treatments subjected to
microbial inoculation were 14 to 34% (p < 0.05) more effective in
improving soil biological health (Fig. 2). These results show that
microbial inoculation promotes the population and activity of soil
microorganisms which is consistent with previous studies11,42.

Soil health index. Soil Health Index was calculated using both
linear and nonlinear scoring functions for all treatments. All soil
physical, chemical, nutritional, and biological health indicators
were subjected to PCA analysis for dimensionality reduction to
determine the MDS dataset. As presented in Table S1, about
84.6% of the total variance of data was explained by four principal
components (PCs) with eigenvalues > 1 and variance > 5%. The
first PC, which explained 41.2% of the variability, was associated
with EC, ESP, calcium carbonate, total N, available P and K, and
micronutrients. There was a high correlation (P < 0.01) between
EC with ESP, calcium carbonate, available Fe, Mn, and Zn as well
as between available K with total N, available P and Cu, and BR.
Therefore, only EC and available K having the greatest

coefficients were selected from PC1 as potential indicators for the
MDS. OM, pH, CAI, and SSI are the highly weighted indicators in
PC2 that explained 22.6% of the total variance. OM had sig-
nificant correlation with CAI and SSI (p < 0.01), but not with total
pH. Therefore, OM with the greatest coefficient (0.90) and pH
were maintained in the MDS dataset. PC3 and PC4, explained
13.7 and 7.1% of the total variance, respectively. Exchangeable Na
from PC3 and SIR from PC4 were included in the MDS data set
for the SHI evaluation. Thus, 6 out of the 23 initial soil health
indicators including EC, available K, OM, pH, exchangeable Na,
and SIR were included in the final MDS dataset. The selected
properties reflected a coherent inclusion of soil chemical (e.g., pH,
EC, exchangeable Na), nutritional (e.g., OM and available K), and
microbial (e.g., SIR) properties.

The mean relative contribution of the selected variables to the
calculated SHI followed the order: EC and available K (49%) >
OM and pH (27%) > exchangeable Na (16%) > SIR (8%). EC
along with available K, and SIR had the highest and lowest
weight, resulting in the highest and the lowest contributions to
the SHI, respectively (Table S2). Among the 23 soil health
indicators, EC, K, OM, and pH were identified as the primary soil
health indicators, representing 76% of the overall SHI values. This
result is expected given the key impact of these indicators on
multiple soil-plant functions, particularly soil nutritional, micro-
bial community and activity, and plant productivity6. OM plays a
key role in soil aggregation, structural stability, nutrient supply,
microbial proliferation, and agroecosystem resilience53,54. Simi-
larly, EC is a key indicator of soluble salt concentration, nutrient
cycling and microbial activity, particularly relevant in saline and
sodic soils55.

Regardless of microbial inoculation, all treatments led to
significant improvements in both the L-SHI (with a mean
increase of 12% to 91%) and NL-SHI (with a mean increase of
44% to 134%) compared to the control. The most significant
enhancement was observed in the synergistic approach (Fig. 3).
The findings are consistent with previous studies56,57. They
reported a significant increase in SHI between 37% and 138%
after applying organic amendments to semi-arid soils in India
and Turkey. The results show that the combination of VC with
chemical amendments was more effective in improving soil
health, with the optimal sequence of VC+GP > VC+ ES > VC >
GP > BC > ES. The outstanding performance of the combined
treatments can be attributed to the positive impact of VC on soil
fertility and plant productivity. This effect was amplified by

Table 6 Nutritional qualities of health indicators of saline-sodic soils across two factors.

Soil nutritionl properties Factor Treatment

C GP ES VC BC GP+VC ES+VC

TN (%) F1 0.036 ns 0.055 ns 0.059 ns 0.095 a 0.062 a 0.113 a 0.102 a
F2 0.036 0.050 0.055 0.09 b 0.059 b 0.105 b 0.095 b

Available P (mg kg−1) F1 6.6 ns 10.5 ns 10.3 ns 15.3 ns 12.7 ns 23.5 a 21.5 a
F2 6.0 10.0 10.1 14.4 12.6 20.9 b 18.9 b

Available K (mg kg−1) F1 155.6 ns 196.8 a 182.2 a 202.3 a 187.7 a 233.5 a 228.9 a
F2 154.8 170.6 b 160.6 b 185.6 b 165.6 b 209.0 b 206.5 b

Fe- DTPA (mg kg−1) F1 2.6 ns 5.3 a 5.3 a 5.6 a 4.7 a 6.3 a 6.0 a
F2 2.4 4.0 b 4.0 b 4.2 b 3.5 b 4.5 b 4.6 b

Mn- DTPA (mg kg−1) F1 3.2 ns 5.9 a 5.1 a 5.7 a 5.0 a 6.5 a 6.3 a
F2 3.0 5.2 b 4.4 b 5.1 b 4.5 b 5.7 b 5.4 b

Zn- DTPA (mg kg−1) F1 0.50 a 0.98 a 0.99 a 1.06 a 0.89 a 1.37 a 1.12 a
F2 0.39 b 0.86 b 0.88 b 0.95 b 0.74 b 1.18 b 1.05 b

Cu- DTPA (mg kg−1) F1 0.19 ns 0.25 ns 0.25 ns 0.41 a 0.21 ns 0.44 a 0.35 ns
F2 0.18 0.23 0.22 0.33 b 0.20 0.37 b 0.34

For each soil nutritional indicator, different letters in each column show significant differences at p < 0.05. ns; represents the lack of significant difference.
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increased accumulation of Ca+2 from GP and ES treatments and
subsequent removal of Na+ from exchangeable sites. This process
improved several soil properties (e.g., pH, SAR, and ESP) that are
incorporated into the SHI index42,44. Vermicompost is a nutrient-
rich biological soil conditioner that contains large amounts of
organic and humic substances that stimulate the activity of the
soil microbial community15,58. The enhanced SOC input to salt-
affected soil through VC application improved soil aggregation,
CEC, pH, and salt leaching potential. The cumulative result was a
reduced effect of salinization and sodification, improved SHI, and
ultimately improved plant growth30,42,58,59. Therefore, VC+GP/
ES can be considered as an environmentally sustainable and cost-
effective amendment to improve the health of saline-sodic soils
and promoting plant growth and productivity.

Compared to non-inoculated treatments, all inoculated treat-
ments improved SHI by 2 to 15% and 4 to 16% for L-SHI and

NL-SHI, respectively, although these changes were not statisti-
cally significant in most treatments (Fig. 3). The mean NL-SHI
values for all treatments (0.52–0.54) remained below mean L-SHI
values (0.47–0.66), being consistent with previous studies53,54,57.
However, NL-SHI scores demonstrated greater sensitivity (2.43 to
2.60) to the numerical changes in parameters than L-SHI (1.69 to
2.05) (Table S2), suggesting that the SHI from non-linear scoring
approach better represents the soil functions than the linear
method53. A practical SHI is required to be sensitive enough to
detect the effects of management and remediation practices on
soil health and functions54,60.

Both L-SHI and NL-SHI were significantly related to wheat
growth attributes including wet and dry biomass weight, and root
length and volume (Fig. 4). This implies that improvement in soil
health parameters coincides with greater roots and shoots
development in wheat crop. The significant association of SHI

Fig. 2 Analysis of Variance and means comparison of the biological soil health indicators across inoculated and non-inoculated treatments. The
biological soil health indicators are (a) BR, (b) SIR, (c) MBC, (d) CAI, and (e) qCO2. T treatment, I inoculation, T*I treatment by inoculation interaction.
Different letters within each factor represent the significant differences at p < 0.05 according to Fisher’s LSD. The vertical error bars represent the standard
deviation. Bars highlighted in purple, and orange represent inoculated and non-inoculated treatment values, respectively.
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to wheat growth parameters may be related to the rigorous
process to select most meaningful soil health indicators53,61.
Correspondence of pH, EC, OM and nutrients with SHI and crop
growth has been found by other research in salt-affected
soils15,28,57. We also found that 29 to 87% of the variance in
the computed SHIs (Fig. 4) can be explained using the wheat
growth data, substantiating the strong effect of SHI on wheat
growth following the application of amendments in saline-sodic
soils. Overall, according to coefficients of determination, NL-SHI
model was more accurate than the L-SHI model in predicting the
wheat growth and biomass production53,57. This may be
explained by the fact that the nonlinear scoring methods require
a more in-depth understanding of each indicator’s function
within the soil-crop system53,62.

Materials and methods
Study region and field campaign. Composite soil samples comprising five sub-
samples were collected from 0 to 20 cm soil depth from the natural environment of
suburban Urmia city (37°22′58.2″ N, 45°15′44.05″ E) in West Azerbaijan Province,
Northwestern Iran. The sampling area represents large areas of saline-sodic soils in
the Urmia plain. Study region has a semi-arid climate with mean annual pre-
cipitation of ~330 mm and mean annual temperature of ~13 °C. The altitude and
prevalent land slope are 1300 m and 0 to 2%, respectively. The soils of the region
are predominantly originated from calcareous alluvial sediments and were gen-
erally classified as Sodic Calcixerepts and Calcic Solonetz according to the Key Soil

Taxonomy63 and WRB system64, respectively. The soil texture is loam with a
fractional composition of 50, 30, and 20% of sand, silt and clay particles, respec-
tively. The baseline soil analysis revealed high values of pH, calcium carbonate, EC,
and SAR, moderate CEC, and low OM and micronutrients (Fe, Mn, Zn, and Cu)
(Table 1).

Experimental design. In 2021, a greenhouse experiment was conducted at the
Department of Soil Science in Urmia University, Iran, to investigate the effects of
various remediation treatments and microbial inoculation on soil quality. The
study employed a Randomized Complete Block Design (RCBD) with factorial
treatments, where factor 1 comprised seven remediation treatments with microbial
inoculation (T+MI) and factor 2 comprised the same treatments without
microbial inoculation (T-MI), both with three replications. The seven treatments
included a control (C), gypsum (GP), elemental sulfur (ES), vermicompost (VC),
biochar (BC), gypsum + vermicompost (GP+VC), and elemental sulfur + ver-
micompost (ES+VC), which were assigned to each of the two factors. VC and BC
were applied at a rate of 90 kg ha−1. The BC was produced through pyrolysis of
grape wood at an early stage of combustion at 400 °C in a partially anoxic state. On
the other hand, VC was produced using plant residues, specifically deciduous
leaves, and cow manure as feed for worms at 80% moisture content65. The che-
mical characteristics of biochar and vermicompost is presented in Table 1. The
amount of GP and ES were applied to soil at the rate of 2.0 and 0.4 g kg−1,
respectively, is estimated according to the gypsum requirements (GR) as follows:

GR ¼ ESP1 � ESP2

100

� �
´CEC ð1Þ

where ESP1 and ESP2 are the initial value (20.2%) and the desired value (8%) of the
exchangeable sodium percentage, respectively, and CEC is the cation exchangeable
capacity (cmol kg−1). Gypsum had pH, 7.0; EC 2.0 dS m−1; and solubility, 2.8 g L− 1.

Fig. 3 Analysis of Variance and mean comparison of linear and nonlinear SHI scores across inoculated and non-inoculated treatments. Letter groups
demonstrate the significance of differences among amendments within inoculated and non-inoculated groups. T treatment, I inoculation T*I treatment by
inoculation interaction. * represents the significance of difference between inoculated and non-inoculated sets of each amendment at p < 0.05 according to
Fisher’s LSD. The vertical error bars represent the standard deviation.
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Fig. 4 The linear regression analysis of the relationship between linear and nonlinear SHI scores and wheat growth parameters. Linear (a–d) and
nonlinear (e–h) SHI scores are represented by pink and blue colors, respectively.
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Soil incubation and leaching column study. The study involved mixing each
treatment with soil fractions in separate plastic bags and incubating the resulting
soil in covered plastic containers at a temperature of 25–27 °C and a humidity of
32.0–36.0% for a period of 5 months at field capacity moisture content. The
incubated soils were then uniformly packed into leaching columns consisting of
PVC cylinders with a length of 40 cm and an inner diameter of 20 cm. Acid-washed
sand with a particle size of less than 0.2 mm was placed at the bottom of each
cylinder to a height of 2.5 cm to hold the soil. The soil was then uniformly packed
into the cylinder for each treatment to prevent air pockets and to achieve a bulk
density of 1.3 g cm−3 that represented field conditions. A ~0.25 cm layer of acid-
washed sand and a thin piece of sponge were placed on the soil surface to prevent
sealing and water distribution disruption. A cheesecloth was attached to the outlet
to hold the sample during the experiment37,43. The soil cylinders were slowly and
gradually saturated by capillary motion from the bottom along with the gradual
and incremental raise of the reservoir. Then a steady-state water flow was initiated
by supplying water from the top and collecting the effluent fractions by a con-
tinuous supply of pore water by a Marriott device. EC and SAR were measured
regularly following collection of each pore water unit. The leaching process con-
tinued until the effluent stabilized and the cumulative pore volume was calculated
once EC and SAR dropped below the critical levels (EC < 4 dS m−1, SAR < 13).
During the draining process, the concentration of soluble salts per volume of pore
water was measured in effluent and the breakthrough curve for each soil was
drawn. The breakthrough curve indicates changes in salts concentration during the
washing process. It can help predict optimal leaching volume to achieve the
optimal salt concentration. The salt leaching process in the columns was simulated
using CTRAN software. After the column experiment, an average of 0.36 leaching
requirement for all treatments was calculated. This coefficient was considered at
each stage of wheat plant irrigation during its pot cultivation.

Pot experiment. After the column experiment, the experimental material was
transferred to 3-kg pots. To maintain a consistent bulk density, we placed the same
weight of soil in a fixed volume pot. A total of 42 pots were studied in a greenhouse
setting for 150 days. In each pot, ~20 spring wheat seeds were planted and about
2 weeks after planting, 5 seedlings were maintained in each pot. Microbial
inoculum with a concentration of 2% and minimum bacterial population of 108
CFU per gram incorporated with the seeds of all treatments of factor 1 (with
microbial inoculation). To prepare the microbial treatments, Pseudomonas fluor-
esces (Accession number in GenBank is MW063588 based on 16 S rRNA gene
sequencing) was used. Given previous studies66, these bacteria were isolated from
salt-affected soils around Lake Urmia and screened based on plant-growth pro-
moting properties, including indole acetic acid, hydrogen cyanide, siderophore and
exopolysaccharide. The bacteria were cultured in a nutrient broth medium to
achieve a colony-forming unit (CFU)/mL value of 108.

The seeds were inoculated with bacteria by immersing and shaking for 2 h in
the inoculant with microbial populations of 10-8 cells per mL. After shaking, the
seeds were spread and dried under sterile airflow of a laminar hood and sown the
same day. We added the explanations to the revised manuscript linesAll pots were
irrigated regularly to near field capacity moisture content. Soil in pots was fertilized
with superphosphate (Ca(H2PO4) 2.H2O) at a rate of 0.75 g per pot during the soil
preparation as well as by 1 g N per pot from urea (CH4N2O) three times during the
potting cultivation period. Five months after planting, the plants were harvested,
their root length and diameter were measured and the dry matter yield per pot was
weighed. Soil samples from the pots were collected, air-dried and passed through a
2-mm mesh sieve.

Soil analysis. Soil samples collected from all pots were analyzed for physical,
chemical, and biological properties. The physical attributes included the sand, silt,
and clay contents, soil stability index (SSI), the cation ratio of soil structural sta-
bility (CROSS), and clay dispersion ratio (CDR). The chemical attributes included
pH, EC, calcium carbonate equivalent (CCE), soil organic carbon (SOC), CEC,
total N, available P and K, exchangeable Na+, soluble cations (Ca2+, Mg2+, Na+,
and K+), the bioavailable fraction of trace metals (Fe, Mn, Cu, Zn), SAR, and ESP.
The biological attributes included microbial biomass carbon (MBC), bacterial
respiration (BR), substrate-induced respiration (SIR), metabolic quotients (qCO2),
microbial quotient (qM), and carbon availability index (CAI). The detailed ana-
lytical methods for soil analyses are presented in Table 2.

The SSI, CROSS, and CDR were respectively calculated using Eqs. (2), (3), and
(3) as follows:6,33,67

SSI ¼ 1:72 ´OC
PC ´PSi

´ 100 ð2Þ

CROSS ¼ Naþ þ 0:56Kþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCa2þþ0:6Mg2þÞ

2

q ð3Þ

CDR ¼ Clayw
Clayc

ð4Þ

where OC, PC, and PSi are the percentage of organic carbon, clay, and silt,
respectively. In Eq. (3), the concentrations of Na, K, Ca, and Mg are expressed in

millimoles of charge L−1. In Eq. (4), Clayw and Clayc are clay content in water-
dispersed and Calgon-dispersed samples, respectively.

Following equations were used to calculate SAR and ESP:68

SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 ðCa2þ þMg2þÞ

q ð5Þ

ESP ¼ Na
CEC

´ 100 ð6Þ

In Eq. (5), Na+, Ca2+, and Mg2+ are in meq l−1 and in Eq. (6), Na and CEC are
in cmol kg−1.

The biological indices, CAI and qCO2 were calculated by Eqs. (7) and (8),
respectively69.

CAI ¼ BR
SIR

ð7Þ

qCO2 ¼
BR
MBC

ð8Þ

where BR, SIR, MBC, and OC represent bacterial respiration (mg CO2-C kg−1 soil
day−1), substrate-induced respiration (mg CO2-C kg−1 soil day−1), microbial
biomass carbon (mg CO2-C kg−1 soil), and organic carbon (mg C kg−1 soil),
respectively.

Soil health index. The Soil Health Index (SHI) was computed for all treatments of
both factors 1 and 2 using both linear and nonlinear techniques in accordance with
a four-step process outlined in previous studies53,62,70. The steps involved: (A)
identification of a representative Minimum Data Set (MDS) by means of a factor
analysis of variables in the Total Data Set (TDS); (B) assignment of scores to soil
variables (ranging from 0 to 1) in accordance with standard scoring functions; (C)
determination of weights for each soil variable through Principal Component
Analysis (PCA); and (D) integration of variable scores into a weighted
additive SHI.

To establish the MDS, the TDS dataset underwent Principal Component
Analysis (PCA) to identify the most indicative variables. The principal components
(PCs) exhibiting eigenvalues greater than one and explaining at least 5% of the total
variance of the dataset were deemed suitable indicators. Within each PC, solely soil
indicators with loading values within 10% of the highest factor loading were
considered fundamental indicators71,72. In cases where several variables existed
within a PC, correlation analysis among the factors determined which variables to
eliminate as redundant. The MDS variables were then transformed into
dimensionless scores ranging from 0 to 1 utilizing standard linear and nonlinear
scoring function methods55,62.

For linear scoring, Eqs. (10) and (11) were used for ‘more is better’ group
variables and ‘less is better’ group variables, respectively:53,72,73

SL ¼ Xi �Mi

Ma �Mi
ð9Þ

SL ¼ Ma � Xi

Ma �Mi
ð10Þ

where SL is the linear score of soil indicator (ranging between 0 and 1), Xi is the soil
indicator value, and Mi and Ma are the minimum and maximum values,
respectively, for a given soil indicator.

For nonlinear scoring, a sigmoidal function [Eq. (12)] was fitted74.

NSL ¼ a

1þ X
Xm

� �b ð11Þ

where NSL is the non-linear score of the soil indicator (ranging from 0 to 1), a is
the maximum score (a= 1) reached by the function, X is the value of selected soil
indicator, Xm is the mean content of each soil indicator, and b is the slope; b values
were set to −2.5 for ‘more is better’ and 2.5 for the ‘less is better’ curves.

Lastly, the linear SHI (SHI-L) and nonlinear SHI (SHI-NL) values were
calculated, using the following models [Eqs. (13) and (14)]:62

SHI� L ¼ ∑
n

n¼1
Wi ´ LSi ð12Þ

SHI� NL ¼ ∑
n

n¼1
Wi ´NLSi ð13Þ

where LSi and NLSi are the linear and nonlinear scores, respectively, Wi is the
weighting coefficient of soil indicators derived from the factor analysis, and n is the
number of selected soil health indicators using the MDS.

Statistical analysis. Analysis of Variance (ANOVA) was conducted and least
squares means were separated using Duncan’s significant difference test at 5%
confidence interval. PCA was used to reduce multidimensionality in the dataset
and select the most appropriate soil indicators for assessing SHI. For PCA,
Kaiser–Meyer–Olkin test and Bartlett’s test of sphericity were used to assess the
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capability of PCA to accurately sort down the soil health indicators for factor
analysis. All data analyses and statistical tests were performed in SPSS (ver., 16.0,
SPSS Inc.,).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets relevant to the current study are available at https://zenodo.org/record/
8129485.
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