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Abstract

The long-term effects of integrated nutrient management (INM) on crop performance and
soil health—particularly within sub-humid environments—remain insufficiently explored.
This research aimed to quantify the relationship between the soil quality index (SQI) and
overall system productivity. The SQI represents a numerical indicator of soil functioning
and its biological and chemical integrity, while system productivity reflects the economic
yield generated by the cropping system. A long-term experiment initiated in 1972 formed
the foundation for this study, which was conducted from 2019 to 2021 and included eleven
nutrient management treatments. These comprised the following treatments: inorganic
fertilizers alone (100% NPK, 150% NPK, 100% NP, 100% N, and 100% NPK without sulfur);
combinations of organic and inorganic inputs (50% NPK + FYM and 100% NPK + FYM);
lime with inorganic fertilizers (100% NPK + lime); zinc with inorganics (100% NPK + Zn);
hand weeding with inorganics (100% NPK + HW); an unfertilized control. The study
was implemented in a maize–wheat rotation under the sub-humid climatic conditions
of Palampur, Himachal Pradesh, India. System productivity was estimated using wheat
grain equivalent yield, and SQI values were generated from selected soil properties. These
indicators—along with the sustainable yield index (SYI)—were applied to assess the effec-
tiveness of each treatment. The results showed that the 100% NPK + FYM combination
produced the highest SQI, followed by 100% NPK + lime, whereas the 100% N treatment
yielded the lowest value. Overall, the findings highlight the crucial role of adopting sus-
tainable nutrient management practices to maintain soil quality and optimize productivity
in sub-humid agricultural systems.

Keywords: maize–wheat; long-term experiment; system productivity; soil quality;
sustainable yield index
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1. Introduction
Soil quality represents “the fitness of a specific kind of soil to function within its

capacity and within natural or managed ecosystem boundaries to sustain plant and animal
productivity, maintain or enhance water and air quality, and support human health and
habitation” [1]. Soil quality assessment generally relies on physical, chemical, and biologi-
cal indicators, and the interaction among these parameters reflects the complex functional
state of the soil system [2]. Among the available evaluation approaches, the Soil Quality
Index (SQI) has emerged as the most widely accepted method because it quantitatively
integrates multiple soil attributes and can be applied across diverse soil types and manage-
ment conditions [3,4]. SQI has been extensively used to assess the effects of agricultural
practices [5] and crop production systems [6] on overall soil health [7], demonstrating its
usefulness in comparing management strategies and identifying pathways for improve-
ment. Consequently, employing SQI provides a scientific basis for guiding sustainable
agricultural production [8].

The maize–wheat cropping system is one of the dominant cereal-based systems prac-
ticed in the Alfisols of the sub-humid Northwestern Himalayas, serving as a major source of
food and income for farmers in the region [9]. However, the continuous cultivation of maize
followed by wheat, without sufficient diversification, has led to gradual yield stagnation be-
cause of the exhaustive nature of this cereal–cereal sequence, which progressively depletes
soil nutrients [10,11]. Several studies have shown that long-term reliance on chemical fertil-
izer application while neglecting organic inputs accelerates the depletion of soil organic
matter [12–15], induces secondary and micronutrient deficiencies, and ultimately results
in declining soil fertility [16] and crop productivity [17]. Compared to diversified or or-
ganically enriched fertilization systems used elsewhere, the prevalent fertilizer-dependent
maize–wheat model in this region has limited resilience and reduced capacity to sustain
soil health in the long run. Therefore, maintaining the health of cultivated soils has become
critical to meet the rising food demand of an ever-increasing population [18].

Continuous cropping and associated management practices—such as the application
of chemical fertilizers, manures, and soil amendments—have a strong influence on soil
quality and the long-term sustainability of cropping systems [19,20]. Several studies have
documented substantial adverse effects of imbalanced or fertilizer-dependent manage-
ment on key soil properties, including soil aggregation, porosity, fertility, and biological
activity [19]. Likewise, ref. [20] reported marked reductions in soil organic matter, deterio-
ration of soil structure, and a decline in soil pH under continuous inorganic fertilization.
In contrast, integrated nutrient management—through the combined use of chemical
fertilizers with straw, manure, or increased rates of organic inputs—has shown strong
restorative effects, resulting in 24.1–44.4% increases in soil organic carbon and 22.8–47.7%
increases in total nitrogen in the upper 0–10 cm soil layer compared with fertilizer-only
treatments [21]. Singh et al. (1990) [21] further demonstrated that substituting 30% of
chemical fertilizers with straw and organic manure substantially enhanced soil quality by
12.6–56.9% and improved yield by 4.21–12.7%. These changes in soil properties highlight
the necessity of using soil quality indicators to evaluate the impacts of contrasting man-
agement practices. In this context, the Sustainable Yield Index (SYI) provides an effective
means of quantifying the long-term stability and sustainability of cropping systems based
on actual yield performance over multiple years [21,22]. Additionally, the biological rel-
evance of SQI as an evaluation tool is supported by its strong positive correlation with
crop yield [23], and long-term fertilizer experiments remain a robust platform for assessing
management-induced trends in soil health and productivity [24].

Long-term fertilizer experiments serve as an indispensable platform for understand-
ing the complex interactions among soil, plants, climate, and management practices, and
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for determining how these interactions influence yield sustainability over time [25,26].
Because changes in soil quality index values occur gradually, long-term trials provide
the most reliable framework for assessing the relationship between soil properties and
crop yield as management practices evolve. Evidence from such studies has been instru-
mental in formulating strategies aimed at maintaining soil quality while simultaneously
enhancing crop productivity [17,24]. Researchers across diverse agroecosystems have
already evaluated the soil quality index under long-term fertilization scenarios using mul-
tiple indexing approaches [27–31], highlighting the relevance and applicability of SQI as
a decision-support tool. Building upon this scientific foundation, the present research inte-
grates long-term soil and yield assessments to generate insights that can guide sustainable
intensification of the maize–wheat system in the Alfisols of the Northwestern Himalayas.

Long-term field studies indicate that relying solely on chemical fertilizers or organic
inputs is insufficient to maintain soil health or sustain crop yields over extended peri-
ods. Rather, integrating organic manures with mineral fertilizers has proven essential for
enhancing soil productivity, improving system resilience, and lowering dependence on
synthetic nutrient sources [32,33]. Despite the global recognition of integrated nutrient
management as a balanced approach for sustaining soil fertility, limited information is
available on how five decades of continuous cropping and fertilization influence soil quality
and maize–wheat productivity in sub-humid Alfisols.

In light of the limited information available on long-term nutrient management effects,
we hypothesized that decades of applying inorganic fertilizers together with farmyard ma-
nure (FYM) and lime would markedly enhance soil functional status and the productivity
of the cropping system in this region. Accordingly, this study was structured to achieve the
following goals:

• Investigate the principal physical, chemical, and biological characteristics of the soil;
• Determine the Sustainable Yield Index (SYI) and evaluate the productivity of the

maize–wheat rotation; and
• Develop a soil quality index (SQI) after five decades of uninterrupted nutrient inputs

involving fertilizers, FYM, and lime.

The distinct contribution of this research lies in its integration of the soil quality
index with productivity outcomes in the maize–wheat system, enabling evaluation of
management impacts under diverse nutrient regimes in sub-humid Alfisols. Establishing
such linkages offers valuable predictive potential for estimating crop yields from soil quality
dynamics, with applicability to comparable cropping systems and agro-ecological regions.

2. Materials and Methods
2.1. Experimental Site

A long-term experiment on the maize–wheat cropping system was initiated in 1972
as part of the All India Coordinated Research Project (AICRP) at the experimental farms
of CSK Himachal Pradesh Krishi Vishwavidyalaya in Palampur. The study location is
situated in a sub-humid belt of the Northwestern Himalayan region, at an elevation of
about 1290 m, and geographically positioned at 32◦6′ N latitude and 76◦3′ E longitude. The
climate of this region features moderately warm summers (March–June) and relatively cool
winters (December–February).

Most of the annual precipitation is received from the southwest monsoon between
June and September, with rainfall during the study period (2010–2021) fluctuating widely
from 0 to 1229 mm (Figure 1). Over the experimental years, average monthly maximum
temperatures ranged from 13.8 to 33.8 ◦C, whereas minimum temperatures varied between
3.0 and 20.7 ◦C (Figure 1). The experimental soil is classified within the Alfisol group,
specifically as illitic Typic Hapludalfs.
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Figure 1. Monthly mean rainfall and maximum and minimum temperature at the experimental site
from 2010 to 2021.

2.2. Experimental Design and Treatments

Initially, the long-term experiment included ten nutrient management treatments,
which remained unchanged up to the 1980–81 cropping season. During the 1981 kharif
season, a new treatment consisting of 100% NPK without sulfur was added, increasing
the total number of treatments to eleven. All treatments were arranged in a randomized
complete block design (RCBD) with three replications, resulting in 33 plots overall. Full
details of the treatment structure are presented in Supplementary Materials, Table S1.

2.3. Agronomic Management of the Maize–Wheat System

The fertilizer rates used for the 100% NPK treatment followed the state’s recommended
nutrient schedule, providing 120 kg N, 60 kg P, and 40 kg K per hectare for maize and 120 kg
N, 60 kg P, and 30 kg K per hectare for wheat. As routine soil analyses showed a progressive
buildup of available phosphorus, the P doses in both the 100% and 150% NPK treatments
were reduced by 50%, and farmyard manure (FYM) was added to the 50% NPK treatment
starting in June 2011. Throughout the experiment, urea, single superphosphate (SSP), and
muriate of potash (MOP) were used as the respective sources of nitrogen, phosphorus, and
potassium. In the sulfur-free treatment [100% NPK (–S)], diammonium phosphate (DAP)
replaced SSP to assess the impact of P fertilization without sulfur.

FYM was applied only to the maize crop at a rate of 10 t ha−1 (dry basis), reflecting
typical local agricultural practice. The manure contained 1.03% nitrogen, 0.47% phosphorus,
and 0.85% potassium, in addition to 689 mg kg−1 Fe, 312 mg kg−1 Mn, 52 mg kg−1 Zn,
and 23 mg kg−1 Cu. At sowing, the entire amounts of SSP and MOP, along with half
of the urea, were incorporated into the soil. The remaining nitrogen was delivered as
two topdressings—one at the knee-high and another at the pre-tasseling stage for maize,
and similarly at maximum tillering and flowering for wheat.

Until 2011, zinc sulfate (ZnSO4) was applied annually to both maize and wheat at
25 kg ha−1 in the 100% NPK + Zn treatment. Lime (finely ground CaCO3, passed through
a 100-mesh sieve) was supplied at 900 kg ha−1 to maize only under the 100% NPK + lime
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treatment until 1979, aiming to maintain soil pH near 6.5. In later years, lime was reapplied
only when soil pH declined below 6.3.

Maize and wheat were cultivated annually at the same experimental location from
1972 through 2021, with maize planted in June and wheat in November, completing
48 uninterrupted cropping cycles. The designated treatments were applied to the same
plots each year for both crops to maintain consistency. Each experimental plot measured
15.0 m2 (5.0 m × 3.0 m).

For maize, a single pre-sowing irrigation was provided, after which the crop’s
water needs were met almost entirely by ample rainfall throughout the growing sea-
son (Figure 1). Wheat, however, received supplemental irrigation from a tube well
at key growth stages—crown root initiation, tillering, late jointing, flowering, and the
dough stage.

Prior to planting, the soil was tilled to a depth of 0.15 m. Weed control in maize
involved a pre-emergence application of atrazine at 1.125 kg ha−1. A post-emergence
herbicide, Vesta (Clodinafop Propargyl 15% + Metsulfuron Methyl 1% WP), was applied
at 442.5 g ha−1 in all plots except the 100% NPK + HW treatment, where weeds were
removed manually and the biomass incorporated into the soil. Additionally, hand hoeing
was performed 45 days after sowing.

At maturity, grain and biomass yields were recorded for both crops. Grain moisture
was assessed after oven-drying the samples at 60 ◦C. Maize grain yields were adjusted to
a standard moisture content of 15.5%, whereas stover yields were reported on an air-dry
basis. For wheat, grain and straw yields were also expressed on an air-dry weight basis.
The quantities of fertilizers and FYM supplied to maize and wheat under each treatment
during the 2019–2021 seasons are presented in the Supplementary Materials, Table S2.

2.4. Initial Soil Status of the Experiment

At the outset of the experiment in 1972, the soil was moderately acidic, with a pH of
5.8. The baseline soil organic carbon (SOC) concentration measured 7.9 g kg−1, and the
available macronutrient levels were 736 kg ha−1 of nitrogen (N), 12 kg ha−1 of phosphorus
(P), and 194.2 kg ha−1 of potassium (K). Exchangeable calcium and magnesium were
present at 5.30 and 1.30 cmol(p+) kg−1, respectively. DTPA-extractable micronutrients were
quantified as 26.0 mg kg−1 Fe, 24.3 mg kg−1 Mn, 1.9 mg kg−1 Zn, and 0.4 mg kg−1 Cu. The
physical profile of the soil indicated a bulk density of 1.31 Mg m−3 and a porosity of 45.36%
(Table 1).

Table 1. Initial Soil Status.

S. No. Soil Characteristics Values/Terminology

A. Physical characteristics

Bulk density 1.31 Mg/m3

Porosity 45.36%

B. Chemical characteristics

Soil pH 5.80
Organic carbon (g kg−1) 7.90

Available Nitrogen (kg ha−1) 736
Available Phosphorus (kg ha−1) 12.0
Available Potassium (kg ha−1) 194.20

Exchangeable calcium (Ca) (c mol (p+) kg−1) 5.30
Exchangeable Magnesium (Mg) (c mol (p+) kg−1) 1.30
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2.5. Soil Sampling and Analysis

After the wheat crops were harvested in 2020 and 2021, soil samples were collected
from each replicated plot at two depths: 0–0.15 m (surface) and 0.15–0.30 m (subsurface),
using a core sampler for all eleven treatments. In each plot, four randomly selected sampling
spots were chosen after clearing surface residues, and the soil retrieved from these points
was combined to form a composite sample. The mixed soil was air-dried in the shade,
gently crushed with a wooden pestle to break apart clods, and sieved through a 2 mm
mesh. The resulting material was stored in labeled polyethylene bags for subsequent
laboratory analyses.

For the assessment of mean weight diameter (MWD), aggregates retained between
4 mm and 8 mm mesh sizes were used. Additional soil samples for biological measurements
were collected during the peak growth stage of the crop, transported promptly to the
laboratory, and processed immediately to preserve microbial integrity.

A suite of standardized analytical procedures was used to measure soil physical, chemi-
cal, and biological characteristics. The bulk density of intact soil cores from the 0–0.15 m and
0.15–0.30 m layers was determined using the core sampling method [34]. Particle density
and porosity were then calculated through conventional empirical relationships [35]. The
water holding capacity (WHC) was quantified using Keen boxes [36], aggregate stability
was expressed as mean weight diameter (MWD) measured via wet-sieving [37], and satu-
rated hydraulic conductivity was determined following the constant-head approach [38].

Soil organic carbon was quantified using the dichromate oxidation technique [39].
Available nitrogen was measured using the alkaline KMnO4 distillation method [40]. Phos-
phorus availability was assessed by extraction with Olsen’s reagent [41] and subsequent col-
orimetric determination using the ascorbic acid procedure. Available sulfur was extracted
with a 0.15% CaCl2 solution, and turbidity readings were taken spectrophotometrically [42].
Ammonium acetate (neutral 1N) was used to extract exchangeable Ca and available K, and
both were analyzed with a flame photometer [43].

Microbial biomass carbon (MBC) and nitrogen (MBN) were estimated using the chloro-
form fumigation–extraction method [44], incorporating correction coefficients of Kc = 0.45
for MBC [45] and Kc = 0.54 for MBN [46]. Dehydrogenase activity (DHA) was measured
based on the reduction of triphenyl tetrazolium chloride to triphenyl formazan [47]. All
biological measurements were expressed on an oven-dry soil weight basis.

2.6. Sustainability Yield Index

The sustainability yield index was computed using the method given below:

SYI =
Ȳ − σ

Ymax
(1)

where Ȳ = average yield of a treatment, σ = treatment standard deviation, and Ymax = maximum
yield in the experiment from 2010 to 2021 [48].

2.7. System Productivity

System productivity was calculated as wheat grain equivalent yield using the follow-
ing formula:

System productivity =

{
Maize grain yield

(
kg ha−1)× (Price o f maize)

}
Price o f wheat

+ wheat grain yield (kg ha−1) (2)

2.8. Multivariate Analysis and Soil Quality Index

Principal component analysis (PCA) was applied to determine the minimum
dataset (MDS) and to construct a statistically derived soil quality index (SQI). Variables
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were retained in the MDS when the principal components they loaded onto satisfied
three conditions: (i) an eigenvalue exceeding 1, (ii) an explanatory contribution of at least
5% to total variance, and (iii) high factor loadings for the respective soil indicators [49].

Following the selection of MDS variables, each parameter was transformed using
linear scoring functions so that all values fell within a standardized range of 0 to 1. These
normalized scores were then integrated into a composite soil index through a weighted
additive method [50].

The weighting assigned to each principal component was calculated by expressing
the variance explained by that component as a proportion of the cumulative variance
of all components included in the MDS. Using these weights, the soil quality index was
computed according to the formula shown below:

SQI =
n

∑
i=1

(Wi × Si) (3)

In this equation, Wn is the PCA-derived weight for each soil parameter, and Sn is
the corresponding normalized score. Productivity trends for the maize–wheat system
from 2010 to 2021 were used to determine system-level output. The validity of the SQI
was further tested by correlating it with system productivity and the Sustainable Yield
Index (SYI).

2.9. Statistical Analysis

The experimental data were subjected to an analysis of variance (ANOVA) within
a randomized block design (RBD) structure [51]. In this model, the factors “year” and
“treatment” were considered fixed, while replicates served as random effects. Comparisons
among treatment means were performed using Duncan’s Multiple Range Test (DMRT) at
the 0.05 significance level, implemented through the OPSTAT statistical software [52].

To investigate relationships among soil quality indicators, system productivity, SQI,
and SYI, a stepwise Pearson correlation matrix was generated using R Studio (version 4.2.2;
R Core Team, 2019). Graphical outputs were developed using the base plotting functions in
R together with the ggplot2 visualization package [53].

3. Results
3.1. Physical Soil Quality Parameters

Across the 2019–2021 observation period, surface soil bulk density (0–0.15 m) varied
from 1.16 to 1.43 Mg m−3 depending on the nutrient management treatment. Following
48 consecutive cropping cycles, a notable decline in bulk density relative to the initial
value of 1.31 Mg m−3 was observed in all treatments except 100% NP, 100% N, 100% NPK
(–S), and the unfertilized control (Table 2). The greatest improvement occurred under
integrated nutrient management, where the combination of FYM with mineral fertilizers
(100% NPK + FYM) resulted in approximately a 15% reduction in bulk density compared
with the control.

Table 2. Effect of 48 years of integrated nutrient management on physical properties of soil (0–0.15
and 0.15–0.30 m depths) after the harvest of wheat 2020 and 2021.

Treatment

Bulk Density (Mg m−3) Particle Density (Mg m−3) Porosity (%)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

50% NPK + FYM 1.29 def 1.26 e 1.31 cde 1.29 de 2.39 ns 2.39 ns 2.40 ns 2.41 ns 46.58 bc 47.57 c 45.42 c 46.81 bc

100% NPK 1.28 ef 1.29 cd 1.30 de 1.30 cd 2.40 ns 2.41 ns 2.42 ns 2.41 ns 46.36 bc 46.07 de 45.59 c 45.94 cd
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Table 2. Cont.

Treatment

Bulk Density (Mg m−3) Particle Density (Mg m−3) Porosity (%)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

150% NPK 1.30 de 1.28 de 1.32 cd 1.31 bc 2.43 ns 2.40 ns 2.44 ns 2.42 ns 46.49 bc 46.51 cde 45.11 c 45.86 cd

100% NPK + HW 1.24 g 1.22 f 1.25 fg 1.26 ef 2.39 ns 2.39 ns 2.40 ns 2.41 ns 48.07 b 48.81 b 48.09 ab 47.56 ab

100% NPK + Zn 1.26 fg 1.28 de 1.28 ef 1.29 de 2.4 ns 2.42 ns 2.42 ns 2.43 ns 47.71 b 47.09 cd 47.81 ab 46.59 bc

100% NP 1.33 c 1.32 c 1.35 c 1.34 b 2.42 ns 2.42 ns 2.44 ns 2.43 ns 44.99 cd 45.47 e 44.30 cd 44.91 d

100% N 1.42 a 1.43 a 1.45 a 1.43 a 2.43 ns 2.42 ns 2.44 ns 2.43 ns 41.56 e 40.89 g 41.40 e 41.29 f

100% NPK + FYM 1.16 h 1.18 g 1.23 g 1.24 f 2.38 ns 2.39 ns 2.41 ns 2.41 ns 51.11 a 50.69 a 48.60 a 48.34 a

100% NPK (–S) 1.31 cd 1.30 cd 1.33 cd 1.32 bc 2.41 ns 2.40 ns 2.42 ns 2.42 ns 45.46 cd 46.17 de 45.44 c 45.23 d

100% NPK + lime 1.25 g 1.23 f 1.26 fg 1.25 f 2.39 ns 2.40 ns 2.41 ns 2.42 ns 47.84 b 48.83 b 47.05 b 48.19 a

Control 1.38 b 1.37 b 1.41 b 1.41 a 2.43 ns 2.44 ns 2.44 ns 2.45 ns 43.43 de 43.98 f 43.20 d 42.64 e

Initial status (1972) 1.31 - 2.44 - 45.36 -

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT);
ns = non-significant at p ≤ 0.05.

Throughout the experiment, particle density in the 0–0.15 m layer remained within
the narrow range of 2.38–2.44 Mg m−3 (Table 2), and differences among treatments were
statistically non-significant in both years. Soil porosity, however, was markedly improved
under all nutrient management treatments compared with 100% N and the control plots.
In the surface soil, the 100% NPK + FYM treatment enhanced porosity by 17.7% in 2020
and 15.3% in 2021 relative to the control (Table 2).

In the upper soil layer (0–0.15 m), water holding capacity (WHC) varied widely,
from a minimum of 50.72% under the 100% N treatment to a maximum of 63.32% with
the 100% NPK + FYM treatment (Table 3). Saturated hydraulic conductivity (SHC) in
this layer also improved markedly, increasing by 111.7% with 100% NPK + FYM, by
60.5% with 100% NPK + lime, and by 39.4% under the 100% NPK + HW treatment when
compared with the control (Table 3). Among all treatments, 100% NPK + FYM produced the
highest SHC values, significantly surpassing the others. Mean weight diameter (MWD) of
aggregates in the surface soil ranged from 0.96 to 4.65 mm across the two-year assessment
period (Table 3). The 100% N treatment, which excluded P and K for nearly five decades,
recorded the smallest MWD, while the 100% NPK + FYM treatment achieved the largest
aggregate size. At the 0.15–0.30 m depth, bulk density increased and porosity, WHC,
SHC, and MWD all declined; however, the overall pattern of treatment effects remained
consistent with those observed in the topsoil (Tables 2 and 3).

Table 3. Effect of 48 years of integrated nutrient management on physical properties of soil (0–0.15
and 0.15–0.30 m depths) after the harvest of wheat 2020 and 2021.

Treatment

Water Holding Capacity (%) Mean Weight Diameter (mm) Saturated Hydraulic Conductivity (cm h−1)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

50% NPK + FYM 58.38 c 58.36 c 55.12 d 55.10 de 1.67 e 1.69 e 1.53 e 1.56 e 3.23 e 3.27 e 3.15 d 2.83 ef

100% NPK 58.21 c 58.14 c 56.77 c 56.70 cd 1.92 d 1.91 d 1.84 d 1.81 d 3.40 cde 3.35 de 3.33 cd 3.13 d

150% NPK 56.90 cd 56.85 cd 54.70 de 54.73 def 1.55 f 1.58 ef 1.41 e 1.43 g 3.41 cde 3.39 cde 3.27 cd 3.24 cd

100% NPK + HW 62.54 ab 62.44 ab 59.64 b 59.65 ab 2.25 c 2.26 c 2.07 c 2.09 c 3.55 c 3.59 c 3.41 c 3.07 de

100% NPK + Zn 56.41 de 56.38 de 52.32 f 52.23 f 1.65 ef 1.62 ef 1.47 e 1.45 efg 3.34 de 3.38 cde 3.24 cd 3.40 c

100% NP 55.10 e 55.14 e 53.37 ef 53.34 ef 1.56 ef 1.57 f 1.52 e 1.54 ef 2.82 f 2.80 f 2.56 e 2.58 gh

100% N 50.72 f 50.75 f 46.23 g 49.19 g 0.98 g 0.96 h 0.69 g 0.66 i 2.68 fg 2.65 fg 2.49 e 2.46 h

100% NPK + FYM 63.32 a 63.28 a 61.32 a 61.29 a 4.65 a 4.61 a 3.62 a 3.65 a 5.42 a 5.41 a 4.36 a 4.38 a

100% NPK (–S) 56.31 de 56.35 de 54.70 de 54.69 def 1.62 ef 1.65 ef 1.45 e 1.44 fg 3.54 cd 3.51 cd 3.11 d 3.19 cd
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Table 3. Cont.

Treatment

Water Holding Capacity (%) Mean Weight Diameter (mm) Saturated Hydraulic Conductivity (cm h−1)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

100% NPK + lime 61.43 b 61.40 b 58.43 b 58.41 bc 3.67 b 3.63 b 3.01 b 3.07 b 4.10 b 4.12 b 3.84 b 3.87 b

Control 51.30 f 51.12 f 47.69 g 46.65 g 1.02 g 1.10 g 0.92 f 0.95 h 2.55 g 2.57 g 2.50 e 2.78 fg

Initial status (2019) 53.35 48.36 1.84 1.06 2.84 2.72

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

3.2. Chemical Soil Quality Parameters

With the exception of the 100% NPK + lime (pH 6.19) and 100% NPK + FYM (pH 5.81)
treatments, all other nutrient management practices resulted in a significant decline in soil
pH compared with the initial value of 5.80 (Table 4). The most pronounced acidification
occurred under the 100% N treatment, where pH dropped to 4.40.

Table 4. Effect of 48 years of integrated nutrient management on chemical properties of soil (0–0.15
and 0.15–0.30 m depths) after the harvest of wheat 2020 and 2021.

Treatment

pH OC (g kg−1) CEC {cmol(p+) kg−1}

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

50% NPK + FYM 5.26 cd 5.24 de 5.36 cd 5.38 cd 10.63 cd 10.68 cd 7.64 c 7.67 c 10.43 c 10.44 c 9.42 c 9.46 c

100% NPK 5.22 cd 5.20 ef 5.28 cd 5.31 cd 10.40 de 10.45 de 7.47 cd 7.50 c 10.30 c 10.28 c 9.33 c 9.34 c

150% NPK 4.84 e 4.80 g 5.03 d 5.10 d 9.95 ef 9.91 ef 7.51 cd 7.56 c 10.26 c 10.22 c 9.17 c 9.15 c

100% NPK + HW 5.35 cd 5.39 c 5.38 c 5.40 cd 11.67 b 11.70 b 8.32 b 8.40 b 11.40 b 11.43 b 10.23 b 10.28 b

100% NPK + Zn 5.21 cd 5.21 def 5.27 cd 5.34 cd 9.67 f 9.59 f 7.24 d 7.26 c 10.22 c 10.18 c 8.22 d 8.21 d

100% NP 5.16 d 5.10 f 5.24 cd 5.21 cd 9.70 f 9.68 f 6.49 e 6.50 d 10.09 c 9.04 e 7.47 e 7.44 e

100% N 4.44 f 4.40 h 4.47 e 4.45 e 8.43 g 8.40 g 6.11 f 6.13 d 6.28 f 6.26 g 5.89 f 5.87 f

100% NPK + FYM 5.79 b 5.81 b 5.82 b 5.85 b 13.90 a 13.98 a 9.30 a 9.37 a 12.51 a 12.58 a 11.13 a 11.19 a

100% NPK (–S) 5.18 d 5.17 ef 5.20 cd 5.24 cd 9.62 f 9.71 f 6.43 e 6.40 d 9.50 d 9.46 d 8.30 d 8.25 d

100% NPK + lime 6.22 a 6.25 a 6.26 a 6.28 a 11.28 bc 11.30 bc 7.56 c 7.52 c 12.39 a 12.41 a 10.75 a 10.79 ab

Control 5.39 c 5.33 cd 5.49 bc 5.50 c 8.23 g 8.19 g 6.13 f 6.10 d 8.52 e 8.50 f 6.26 f 6.23 f

Initial status (1972) 5.80 - 7.90 - 12.1 -

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

Soil organic carbon (SOC) increased across all treatments relative to the base-
line level of 7.90 g kg−1 (Table 4). The integrated application of fertilizers and FYM
(100% NPK + FYM) produced the greatest improvement, raising SOC by approximately
34% over the 100% NPK treatment. Manual weed removal (100% NPK + HW) also enhanced
SOC significantly—around 12% higher than under chemical weed control (100% NPK).

Cation exchange capacity (CEC) generally declined from the initial value of
12.1 cmol(p+) kg−1, except in the 100% NPK + FYM and 100% NPK + lime treatments, both
of which showed increases (Table 4). Relative to 100% NPK, CEC improved by 22.37%
in the FYM-amended plots and by 20.72% with lime application. In contrast, substantial
reductions in CEC were recorded in the control, 100% N, 100% NP, and 100% NPK (–S) treat-
ments, where values decreased by 29.8%, 48.3%, 25.3%, and 21.8%, respectively, compared
with the initial measurement.

The available N, P, and K contents were significantly influenced by various nutrient
management practices (Table 5). After the 48th cropping cycle of maize–wheat, the available
N in soil increased by 34.6% in 100% NPK, 40.5% in 150% NPK, 38.7% in 100% NPK + HW,
and 47.6% in 100% NPK + FYM treatments compared to the control. After 48 cycles of
maize–wheat, the available N content in control plots declined by 63.4% compared to its
initial value (736 kg ha−1). Long term application of P fertilizers increased the available
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P content in soil well above its initial value (12 kg ha−1). The build-up in available
P increased with increasing doses of P. After the completion of 48th cropping cycle of
maize–wheat, the available P content in soil increased by 567.6% in 100% NPK, 1214.4%
in 100% NPK + FYM and 1299.0% in 150% NPK treatment, in comparison to the control.
Except 100% NPK + FYM treatment, there was a significant reduction in the available K
content in soil under all the treatments from its initial level (194 kg ha−1). In comparison to
its initial value, the available K content in soil decreased by 40.7, 35.6 and 38.1% in control,
100% NP and 100% N plots, respectively. Compared to the control, the 150% NPK and
100% NPK + FYM treatments recorded 56.5 and 77.4% higher available K content.

Table 5. Effect of 48 years of integrated nutrient management on chemical properties of soil (0–0.15
and 0.15–0.30 m depths) after the harvest of wheat 2020 and 2021.

Treatment

Available N (kg ha−1) Available P (kg ha−1) Available K (kg ha−1)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

50% NPK + FYM 358 cde 356 cd 249 def 243 fg 57.6 h 58.4 g 42.6 h 43.8 g 151 e 147 d 138 d 135 f

100% NPK 367 bcd 362 bcd 256 cde 250 ef 73.0 g 74.1 f 64.1 g 67.1 f 163 d 161 c 148 c 144 ef

150% NPK 375 bc 373 bc 271 b 279 b 157.0 a 155.3 a 136.5 a 138.8 a 182 b 180 b 164 b 158 bc

100% NPK + HW 371 ab 378 ab 268 bc 275 bc 88.6 e 86.7 e 73.8 e 77.3 e 164 cd 161 c 145 cd 147 de

100% NPK + Zn 362 bcde 355 cd 260 bcd 252 def 81.4 f 79.8 ef 70.9 ef 73.2 e 173 bcd 176 b 141 cd 144 ef

100% NP 351 e 352 de 235 f 232 g 103.4 d 104.4 d 91.8 d 94.1 d 127 f 125 e 109 e 105 g

100% N 333 f 335 e 245 ef 256 de 14.4 i 13.6 h 6.9 i 7.1 h 126 f 120 e 108 e 100 g

100% NPK + FYM 390 a 397 a 308 a 315 a 146.8 b 145.9 b 122.3 b 124.3 b 202 a 204 a 174 a 179 a

100% NPK (–S) 352 de 356 cd 265 bc 263 cd 130.5 c 133.1 c 99.4 c 104.2 c 173 bc 178 b 158 b 154 cd

100% NPK + lime 359 bcde 358 cd 270 bc 272 bc 79.0 f 75.4 f 67.6 fg 65.7 f 168 cd 164 c 162 b 167 b

Control 272 g 269 f 179 g 177 h 11.9 i 11.1 h 6.7 i 7.0 h 119 f 115 e 101 e 97 g

Initial status (1972) 736 - 12.0 - 194 -

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

A clear sulfur deficiency appeared in the control, 100% N, and 100% NPK (–S) treat-
ments, as neither crop received any supplemental S in these plots (Table 6). Conversely,
treatments that supplied sulfur-containing inputs showed marked increases in available S,
with the 150% NPK and 100% NPK + FYM treatments exhibiting increases of 167.8% and
149.6%, respectively, compared with the control.

Table 6. Effect of 48 years of integrated nutrient management on chemical properties of soil (0–0.15
and 0.15–0.30 m depths) after the harvest of wheat 2020 and 2021.

Treatment

Available S (kg ha−1) Exchangeable Ca (cmol(p+) kg−1) Exchangeable Mg (cmol(p+) kg−1)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

50% NPK + FYM 27.8 cd 28.1 cde 22.7 e 23.0 e 3.08 cd 3.09 cd 2.55 d 2.59 d 0.44 c 0.45 c 0.29 c 0.30 c

100% NPK 28.5 c 28.9 cd 25.9 c 26.1 c 3.06 cd 3.04 cd 2.71 c 2.69 cd 0.33 d 0.30 d 0.25 c 0.23 de

150% NPK 37.9 a 38.3 a 31.3 a 31.5 a 3.21 c 3.17 c 2.76 c 2.73 cd 0.24 ef 0.22 ef 0.20 d 0.19 def

100% NPK + HW 28.8 c 29.5 c 24.2 d 24.5 d 3.11 cd 3.15 c 2.78 c 2.80 c 0.43 c 0.46 c 0.37 b 0.39 b

100% NPK + Zn 27.6 cd 27.9 de 23.7 de 23.8 de 2.79 de 2.82 de 2.40 de 2.39 e 0.32 d 0.30 d 0.27 c 0.24 cd

100% NP 26.8 d 26.9 e 24.5 d 24.8 d 2.56 e 2.59 e 2.30 e 2.28 e 0.28 de 0.25 de 0.19 d 0.17 efg

100% N 16.2 e 16.0 f 13.2 fg 13.0 fg 1.47 g 1.45 g 1.26 g 1.22 g 0.16 g 0.17 f 0.10 e 0.11 g

100% NPK + FYM 35.2 b 35.7 b 29.4 b 29.7 b 4.08 b 4.12 b 3.24 b 3.28 b 0.73 a 0.75 a 0.49 a 0.52 a

100% NPK (–S) 16.4 e 16.2 f 13.8 f 13.5 f 2.13 f 2.16 f 1.61 f 1.59 f 0.25 ef 0.24 def 0.11 e 0.12 g

100% NPK + lime 27.8 cd 27.2 e 24.5 d 24.2 de 4.94 a 4.97 a 3.87 a 3.90 a 0.62 b 0.65 b 0.38 b 0.41 b
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Table 6. Cont.

Treatment

Available S (kg ha−1) Exchangeable Ca (cmol(p+) kg−1) Exchangeable Mg (cmol(p+) kg−1)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

Control 14.2 f 14.3 g 12.2 g 12.0 g 1.96 f 1.92 f 1.37 g 1.34 g 0.21 fg 0.20 ef 0.16 d 0.14 fg

Initial status (1972) 23.6 - 5.30 - 1.30 -

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

Exchangeable calcium levels declined across all treatments relative to the initial base-
line of 5.30 cmol(p+) kg−1 (Table 6). Nevertheless, in comparison with the 100% NPK
treatment, the incorporation of FYM elevated exchangeable Ca by 35.5%, while lime addi-
tion produced an even greater increase of 63.5%. Exchangeable magnesium displayed its
lowest value under the 100% N treatment and its highest under 100% NPK + FYM (Table 6).
Although Mg levels dropped below the initial 1.30 cmol(p+) kg−1 across all treatments, the
reductions were notably smaller where FYM or lime had been applied.

At the subsurface layer (0.15–0.30 m), soil pH rose slightly, whereas SOC, CEC, avail-
able N, P, K, S, and exchangeable Ca and Mg all declined. Nevertheless, the overall
pattern of treatment responses at this depth closely mirrored those observed in the topsoil
(Tables 4–6).

3.3. Biological Soil Quality Parameters

After 48 continuous crop cycles, microbial biomass carbon (MBC) values ranged between
180 and 685 mg kg−1, microbial biomass nitrogen (MBN) ranged from 10.61 to 24.94 mg kg−1,
and dehydrogenase activity (DHA) varied from 13.90 to 44.20 µg TPF g−1 24 h−1 across all
treatments (Table 7). The most pronounced enhancements in these biological indicators oc-
curred under the integrated nutrient management treatments—specifically 100% NPK + HW,
100% NPK + FYM, and 100% NPK + lime. When compared with the control, these
three treatments boosted MBC by 99.3%, 141.2%, and 124.6%; increased MBN by 87.4%,
135.1%, and 115.6%; and raised DHA by 104.4%, 119.7%, and 101.8%, respectively.

Table 7. Effect of 48 years of integrated nutrient management on biological properties of soil (0–0.15
and 0.15–0.30 m depths) after the harvest of wheat 2020 and 2021.

Treatment

Microbial Biomass Carbon
(mg kg−1)

Microbial Biomass Nitrogen
(mg kg−1)

Dehydrogenase Activity
(µg TPF g−1 Soil Per 24 h)

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

50% NPK + FYM 383 f 381 g 273 f 277 f 14.87 f 14.60 f 12.07 fg 12.10 f 29.86 e 28.96 e 25.16 e 25.22 d

100% NPK 494 d 497 d 448 d 449 d 18.81 d 18.75 d 15.06 de 15.11 de 38.71 cd 38.80 cd 33.78 d 33.84 c

150% NPK 455 e 454 e 402 e 401 e 20.17 c 20.21 c 16.86 bc 16.81 bc 26.78 f 26.84 f 21.59 f 21.61 ef

100% NPK + HW 563 c 566 c 527 c 529 c 19.87 c 19.88 cd 15.98 cd 16.00 cd 40.93 b 41.12 b 35.47 c 35.55 b

100% NPK + Zn 431 e 433 f 391 e 395 e 17.16 e 17.27 e 14.82 e 14.89 e 37.89 d 37.92 d 32.60 d 32.65 c

100% NP 291 g 290 h 248 g 248 g 14.09 f 14.16 f 12.78 f 12.72 f 29.85 e 29.90 e 22.77 f 22.79 e

100% N 179 h 180 i 151 h 150 h 12.18 g 12.15 g 11.61 g 11.70 f 13.94 i 13.90 i 9.73 h 9.78 h

100% NPK + FYM 687 a 685 a 630 a 631 a 24.99 a 24.94 a 18.27 a 18.32 a 44.17 a 44.20 a 39.62 a 39.68 a

100% NPK (–S) 453 e 450 ef 380 e 376 e 14.93 f 14.98 f 14.10 e 14.17 e 24.57 g 24.52 g 20.10 g 20.16 fg

100% NPK + lime 637 b 638 b 587 b 589 b 22.82 b 22.88 b 17.08 b 17.16 b 40.55 bc 40.61 bc 37.09 b 37.18 b

Control 278 g 284 h 234 g 233 g 10.48 h 10.61 h 9.52 h 9.60 g 19.78 h 20.12 h 19.78 g 19.88 g

Initial status (2019) 366 278 13.8 11.7 28.3 24.6

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

The sole fertilizer treatment (100% NPK) also enhanced microbial activity, raising
MBC, MBN, and DHA by 75.0%, 76.7%, and 92.8%, respectively, when compared with the
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control (Table 7). Similar trends were observed at the 0.15–0.30 m depth, where increases
in MBC, MBN, and DHA were recorded, although the relative treatment effects closely
mirrored those in the surface layer (Table 7).

3.4. Crop Yield, Sustainable Yield Index and System Productivity

With the exception of the 100% N treatment, combined maize and wheat grain yields
during 2010–2021 ranged from 764 to 5577 kg ha−1 for maize and from 450 to 2995 kg ha−1

for wheat (Table 8). The control plot produced the lowest yields for both crops (764 kg ha−1

for maize and 450 kg ha−1 for wheat), whereas the 100% NPK + FYM treatment recorded
the highest productivity (5577 and 2995 kg ha−1, respectively). Relative to the 100% NPK
treatment, the addition of FYM increased maize grain yield by 41.8%, wheat grain yield by
56.7%, and system productivity by 47.4%; the 100% NPK + lime treatment improved these
metrics by 33.7%, 47.6%, and 38.9%, respectively (Table 8).

Table 8. Average yield of maize & wheat (2010–2021) and system productivity.

Treatments
Maize Yield Wheat Yield System Productivity

(kg ha−1)

50% NPK+ FYM 3416 e 1641 e 4406 e

100% NPK 3932 d 1911 d 5094 d

150% NPK 3665 de 1641 e 4608 e

100% NPK + HW 4254 c 2181 c 5624 c

100% NPK + Zn 3870 d 1873 d 5006 d

100% NP 1968 f 1030 f 2624 f

100% N 0 h 0 h 0 h

100% NPK + FYM 5577 a 2995 a 7509 a

100% NPK (–S) 1770 f 993 f 2426 f

100% NPK + lime 5258 b 2820 b 7076 b

Control 764 g 450 g 1068 g

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

Maize Sustainable Yield Index (SYI) values were greatest under 100% NPK + FYM
(0.85) and 100% NPK + lime (0.79), followed by 100% NPK + HW (0.66) and 100% NPK (0.60)
(Table 9). A similar pattern was observed for wheat, where the SYI peaked under 100%
NPK + FYM (0.75), next under 100% NPK + lime (0.71), and then under 100% NPK + HW
(0.55). Apart from the 100% N treatment, the control plot consistently registered the lowest
SYI values for both crops.

Table 9. Sustainable yield index of maize and wheat (2010–2021).

Treatments Maize Wheat

50% NPK+ FYM 0.49 g 0.43 e

100% NPK 0.60 d 0.49 d

150% NPK 0.54 f 0.41 f

100% NPK + HW 0.66 c 0.55 c

100% NPK + Zn 0.58 e 0.46 e

100% NP 0.28 h 0.23 g
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Table 9. Cont.

Treatments Maize Wheat

100% N 0.00 k 0.00 j

100% NPK + FYM 0.85 a 0.75 a

100% NPK (–S) 0.24 i 0.22 h

100% NPK + lime 0.79 b 0.71 b

Control 0.10 j 0.08 i

Values followed by different letter(s) differ significantly at p < 0.05 as per Duncan’s multiple range test (DMRT).

3.5. Key Indicators and Soil Quality Index (SQI)

Principal component analysis (PCA) was used to analyze the long-term effects of
inorganic fertilizers, FYM and lime on soil quality and crop productivity. The analysis
revealed that ten principal components accounted for over 99% of the variability in the
dataset. However, only two principal components with eigenvalues exceeding 1, which
collectively accounted for 84% of the total variability in the dataset, were selected for further
analysis (Table 10). The PC1 explained 74% variability, with MBC, CEC, WHC, porosity,
MBN, SOC, SHC, MWD, and DHA contributing the most. The 9% variability was explained
by the PC2, with the maximum contribution of available P, available N, available S and
available K (Table 10). With the exception of bulk density and particle density, all other
assessed variables exhibited a positive correlation with the PC1 (Figure 2). This indicates
a negative correlation of bulk density and particle density with all other variables.

Table 10. Loading values and percent contribution of soil variables on the axis identified by the
principal component analysis.

PC1 PC2

Eigen value 14.337 1.648

Variability (%) 75.461 8.675

Cumulative % 75.461 84.137

Variables Loading Values Contribution (%) Loading Values Contribution (%)

System productivity 0.969 6.555 −0.040 0.100

Bulk density −0.961 6.446 −0.005 0.002

Particle density −0.522 1.906 −0.135 1.107

Porosity 0.951 6.318 −0.025 0.040

Water holding capacity 0.952 6.332 −0.020 0.026

Saturated hydraulic conductivity 0.911 5.794 −0.004 0.001

Mean weight diameter 0.902 5.681 −0.239 3.488

pH 0.723 3.653 −0.625 23.735

Soil organic carbon 0.932 6.067 −0.020 0.026

Cation exchange capacity 0.953 6.346 −0.136 1.129

Available N 0.757 3.997 0.526 16.842

Available P 0.640 2.858 0.609 22.530

Available K 0.823 4.732 0.371 8.381

Available S 0.752 3.945 0.413 10.387

Exchangeable Ca 0.895 5.595 −0.227 3.140
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Table 10. Cont.

PC1 PC2

Exchangeable Mg 0.884 5.450 −0.350 7.444

Microbial biomass carbon 0.959 6.425 −0.070 0.304

Microbial biomass nitrogen 0.944 6.226 0.104 0.6597

Dehydrogenase activity 0.901 5.665 −0.103 0.650
PC: Principal component.

Figure 2. Principal component analysis (PCA) illustrating soil quality indicators and the ellipse-based
grouping of the full dataset according to treatments. The ellipse represents the 84% confidence
interval for the treatment clusters. Larger symbols denote the centroid positions of the respective
treatment groups. The angles formed between the black arrows indicate the strength and direction of
correlations among the soil variables.

Principal component analysis (PCA) clearly differentiated the nutrient management
practices and the soil attributes associated with them (Figure 2). Treatments involv-
ing integrated nutrient management—specifically 50% NPK + FYM, 100% NPK + FYM,
100% NPK + HW, 100% NPK + Zn, and 100% NPK + lime—formed a separate cluster
distinct from the treatments relying solely on inorganic fertilizers (100% NPK, 150% NPK,
100% N, 100% NP, and 100% NPK (–S)). The close positioning of soil variables and treatment
centroids within the PCA axes indicates strong positive linkages between soil properties and
system productivity. The grouping pattern implies that INM strategies exerted a substantial
influence on both soil indicators and crop responses. The alignment of vectors representing
MBC, MBN, DHA, CEC, SOC, WHC, and system productivity toward the INM cluster
points to positive correlations between these soil parameters and integrated nutrient ap-
proaches. This pattern reinforces the critical role of INM in enhancing soil quality and
improving productivity in maize–wheat systems cultivated on Alfisols under sub-humid
climatic conditions (Figure 2). Principal component analysis was further applied to gen-
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erate a statistically derived soil quality index (SQI). Because multiple variables loaded
strongly on PC1 and PC2, the selection of the minimum dataset (MDS) was guided by
both inter-variable correlations and expert judgment. For example, bulk density, microbial
biomass carbon (MBC), cation exchange capacity (CEC), and water holding capacity (WHC)
showed the greatest influence on PC1, whereas soil pH, available phosphorus (P), available
nitrogen (N), and available sulfur (S) were the dominant contributors to PC2. From these,
only bulk density and MBC (PC1), and pH and available P (PC2) were initially shortlisted
as candidates for the MDS (Figure 2). However, because available P levels are naturally
high in the soils of the study region, relying on this parameter is not meaningful for SQI
development. Therefore, the final MDS used for SQI calculation consisted of bulk density,
MBC, pH, and available N.

As indicated by the SQI values, the soil properties were significantly affected by the
long-term nutrient management practices (Figure 3). The SQI ranged from 1.29 (100% N)
to 1.83 (100% NPK + FYM). The INM treatments showed significantly higher SQI values.
Furthermore, the scores for each indicator in the minimum dataset indicated that, among
the four chosen datasets, bulk density and MBC were the primary contributors to the
SQI, accounting for 88.5%, followed by available N (5.9%) and pH (5.6%) (Figure 4). The
contribution of variables towards SQI was ranked as follows: bulk density (51.8%) > MBC
(36.7%) > Available N (5.9%) > pH (5.6%). Bulk density and MBC, with their higher weights,
accounted for the greatest variance in the dataset and had a significant impact on soil
quality under the INM treatments (Figure 3).

 

Figure 3. Influence of long-term nutrient management strategies on the soil quality index (SQI) within
the maize–wheat cropping system, along with the proportional contribution of major soil indicators
to the overall index. Treatment codes: T1 = 50% NPK + FYM; T2 = 100% NPK; T3 = 150% NPK;
T4 = 100% NPK + Hand Weeding (HW); T5 = 100% NPK + Zinc (Zn); T6 = 100% NP; T7 = 100% N;
T8 = 100% NPK + FYM; T9 = 100% NPK (–S); T10 = 100% NPK + lime; T11 = Control.
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Figure 4. Overall contribution (%) of the selected soil quality indicators to the soil quality index.

4. Discussion
4.1. Soil Quality Indicators

The prolonged combined application of chemical fertilizers with FYM or lime had
a pronounced influence on soil physical properties. After nearly five decades of FYM
incorporation, the rise in SOC likely promoted the formation of soil aggregates and the
development of both macro- and micropores, ultimately resulting in reduced bulk density in
FYM-amended plots [29,54,55]. Lime additions may have improved soil structure through
enhanced flocculation and stabilization of soil aggregates [56,57].

The rise in saturated hydraulic conductivity (SHC) observed in plots receiving FYM
appears to result from enhanced soil aggregation, reductions in bulk density, and increased
pore space driven by higher SOC levels. The addition of FYM also provides direct organic
inputs, which further promote SHC improvements. In line with this, SHC was consis-
tently greater in the upper soil layer compared with the sub-surface layer, where higher
compaction likely restricts water movement [58].

Enhanced soil aggregation in FYM-treated plots may stem from the binding capa-
bility of organic compounds introduced with manure, which help cement soil particles
together [59]. Improvements in soil structural attributes under balanced fertilization could
also be linked to greater root biomass production and residue return from crops [60]. More-
over, the incorporation of organic materials promotes aggregate stability, particularly as
decomposition progresses and microorganisms generate polysaccharides, mycelial net-
works, and other binding agents [61]. The addition of FYM also stimulated root growth,
thereby fostering microbial activity and contributing to increased mean weight diameter
(MWD) of soil aggregates [62].

The 100% NPK + lime treatment produced notably higher mean weight diameter
(MWD) values. This improvement may be linked to the role of calcium ions in promoting
aggregate stability, as Ca acts as an effective flocculating agent. When calcium interacts
with clay particles, it enhances their binding, resulting in larger and more stable aggregates.
Additionally, the application of lime contributes indirectly to better soil structure by sup-
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porting increases in organic matter and stimulating microbial activity. Liming raises the
soil pH, which enhances microbial activity in soil. Microorganisms produce a variety of
organic compounds, some of which contribute to binding soil aggregates together. Com-
parable improvements in physical properties of the soil under long-term INM practices
have also been reported by many researchers [62–65]. In the sub-surface horizon, bulk
density increased, whereas porosity, water holding capacity (WHC), saturated hydraulic
conductivity (SHC), and mean weight diameter (MWD) were all lower than in the surface
layer. These changes are likely associated with greater compaction, reduced organic carbon
levels, and diminished root penetration at deeper soil depths [66].

The addition of lime helped counter soil acidity, raising the pH to a level approaching
neutrality (around 6.25) [67]. Farmyard manure (FYM) also contributed to moderating soil
acidity, most likely because organic compounds in the manure form complexes with Al3+

ions, thereby lowering their activity in the soil solution [68]. In contrast, the substantial
drop in soil pH under the 100% N treatment can be attributed to the hydrogen ions released
during the nitrification process, following the conversion of urea-derived ammonium to
nitrate [69].

Among all treatments, the greatest accumulation of soil organic carbon (SOC) occurred
under 100% NPK + FYM, with values significantly exceeding those of other nutrient
management practices. This enrichment is attributed to the direct incorporation of organic
matter from FYM, along with contributions from crop residues and root biomass, which
upon decomposition promote humus formation [70–73]. Additionally, the wet temperate
conditions of the study region likely slow organic matter mineralization, thereby enhancing
SOC buildup [74,75]. Elevated SOC levels in the 100% NPK + HW plots, compared with
chemically weeded plots, reflect continuous input and recycling of carbon through weed
biomass. As expected, SOC was higher in the surface horizon than at depth, likely due to
greater root proliferation in the upper soil layer [66].

The improvement in cation exchange capacity (CEC) with the combined application of
FYM and fertilizers (100% NPK + FYM) is attributed to the formation of humified organic
colloids that increase the soil’s exchange sites [76]. Increasing fertilizer levels similarly
enhanced CEC because of their positive effect on soil organic matter accumulation. Lime
application also increased CEC, possibly through Ca addition and the accompanying rise in
soil pH. Regardless of treatment, CEC values declined with depth, reflecting the lower SOC
content in sub-surface layers. In contrast, the long-term application of urea in the 100% N
treatment resulted in reduced CEC, likely due to sustained acidification and consistently
lower pH in those plots [14,22,77].

The concentrations of available N, P, and K were markedly higher in the 100% NPK + FYM
treatment compared with the plots receiving only 100% NPK. This enhancement can be
attributed to the long-term, balanced supplementation of nutrients through both FYM and
mineral fertilizers (urea, SSP, and MOP). In contrast, the reduced availability of N, P, and K
observed in the control, 100% N, and 100% NPK treatments likely reflects the continual
depletion of soil nutrients caused by nearly five decades of intensive cropping without
replenishing NPK, PK, or K inputs, respectively [76,78,79].

The rise in available sulfur observed in the 100% NPK + FYM and 150% NPK treat-
ments is likely attributable to the S supplied through single superphosphate (SSP) and
FYM. Similar increases in available S have been reported when FYM is applied jointly with
NPK fertilizers [80]. Conversely, the decline in available S in treatments that received no
sulfur inputs is consistent with expectations [14,62,81].

Higher concentrations of exchangeable Ca in the lime-treated plots can be explained
by the dissociation and subsequent release of Ca2+ ions from the applied lime [67]. FYM
additions also contributed to elevated Ca levels, potentially due to its strong adsorp-

https://doi.org/10.3390/land15010183

https://doi.org/10.3390/land15010183


Land 2026, 15, 183 18 of 26

tion capacity—which may retain Ca that would otherwise leach [82]—as well as nutrient
release during manure mineralization [81,83]. Furthermore, treatments involving P fertil-
ization exhibited increased Ca levels because SSP, the phosphorus source, contains Ca as
a constituent [84].

The incorporation of lime or FYM, together with balanced NPK fertilization, enhanced
exchangeable Mg availability. This improvement likely stems from Mg release during
manure decomposition and the amelioration of soil acidity [85–87]. The continued depletion
of Mg under sole chemical fertilizer application highlights the importance of supplementing
NPK fertilizers with Mg to sustain soil fertility and support long-term crop productivity.

The markedly elevated levels of MBC, MBN, and DHA in the 100% NPK + FYM
treatment are primarily linked to the steady input of organic matter derived from FYM.
Combining FYM or lime with a balanced NPK supply enhances soil biological processes by
increasing root-derived inputs and crop residues, in addition to supplying easily decom-
posable carbon and nitrogen sources [62,65,88]. These amendments foster more favorable
conditions for microbial growth. Incorporating weed biomass, as in the 100% NPK + HW
treatment, also stimulated microbial activity, resulting in significantly greater MBC, MBN,
and DHA than those recorded under the 100% NPK treatment alone. While chemical
fertilizers provide microbes with mineral nutrients, they lack the organic carbon neces-
sary for microbial cell formation and metabolic function [89,90]. The carbon supplied
through decomposing weed residues therefore served as an essential energy and nutrient
source, promoting microbial proliferation and activity. Conversely, prolonged application
of urea as the sole nitrogen source in the 100% N treatment led to strong soil acidification,
which can suppress beneficial microbial communities and ultimately degrade the biological
functioning of the soil [66].

4.2. Crop Yield, SYI, and System Productivity

Significantly higher crop yields and Sustainable Yield Index (SYI) values were recorded
under the INM treatments—especially where 100% NPK was supplemented with FYM or
lime—compared with treatments relying solely on mineral fertilizers. As discussed earlier,
prolonged FYM application improved soil physical properties (Tables 2 and 3) and enriched
the soil nutrient pool (Tables 5 and 6), which in turn stimulated soil biological activity
(Table 7). Collectively, these improvements created a more conducive soil environment for
plant growth and nutrient uptake [57,90]. While recommended NPK fertilizers contribute
mainly macronutrients, their continued use without organic inputs can lead to nutrient
imbalances and subsequent declines in crop performance. The incorporation of FYM en-
hanced soil fertility by improving structure, supplying multiple nutrients, and fostering
conditions that supported greater root development. Increased root biomass enhances the
plant’s ability to capture water and nutrients from deeper soil layers [33]. Comparable
benefits of substituting part of the inorganic fertilizer requirement with FYM have been
documented in earlier studies, where improvements in yield and SYI were consistently
observed [79,91–93]. Conversely, treatments such as 100% NP, 100% N, 100% NPK (–S),
and the unfertilized control failed to maintain crop yields over time. The reduced produc-
tivity in these treatments is likely linked to deficiencies in secondary and micronutrients,
which are more adequately supplied in FYM-based nutrient management systems [94].
An increased yield and SYI observed with the lime application can be attributed to its
ability to ameliorate soil acidity by raising pH from its initial value of 5.80 to 6.24. This
increase in pH facilitates enhanced microbial activity, increased the availability of nutrients
such as Ca and Mg, and improved the physical properties of the soil [95,96]. Hand-weeded
plots produced significantly higher maize and wheat grain yields than those receiving
chemical weed control; however, the yields were still lower than those obtained under the
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100% NPK + FYM treatment. This indicates that recycling only the above-ground weed
biomass does not supply sufficient nutrients to meet the higher crop demand required for
maximum productivity. The very low yields and lack of long-term sustainability observed
in the control plots further demonstrate that inherent soil nutrient reserves alone cannot
support continuous crop production. Interestingly, the control treatment still outperformed
the 100% N plots, where prolonged urea application caused severe soil acidification and
elevated exchangeable Al to toxic concentrations [97], ultimately resulting in complete yield
failure. Numerous studies have similarly reported that long-term use of nitrogen fertilizers
contributes substantially to soil acidification [57,66,73,98]. The enhancement in soil quality
under the 100% NPK + FYM treatment translated directly into higher system productivity,
indicating that a consistent nutrient supply together with the improved soil environment
created by FYM is vital for maintaining long-term crop performance. Collectively, the
results underscore the value of integrating organic amendments with mineral fertilizers, as
this approach promotes more efficient nutrient cycling, maintains soil fertility, improves
crop growth attributes, and ultimately increases overall yield sustainability.

4.3. Key Indicators and Soil Quality Index

The 100% NPK + FYM treatment produced the highest soil quality index (SQI), with
the 100% NPK + lime treatment ranking next. Incorporating FYM alongside balanced
NPK fertilization enhanced soil organic matter, promoted microbial activity, and increased
residual nutrient availability, all of which contributed to the elevated SQI values [66,99].
Across diverse agro-ecological environments, SOC has consistently been recognized as
one of the most influential determinants of soil quality [33,90,100–103]. The improvement
in SQI under lime-amended plots may be attributed to the reduction in exchangeable
Al3+ toxicity, improvements in soil structural properties, and increased availability of
phosphorus, calcium, and magnesium [9]. This indicates that using either lime or FYM is
effective in enhancing the quality of continuously cultivated acid soils in sub-humid region.
In contrast, applying imbalanced fertilizers, such as 100% N, 100% NP and 100% NPK (–S)
led to significant decrease in the SQI. This decline is attributed to the omission of PK, K
and S in the respective fertilization schedule of the treatments.

Bulk density reflects compactness of the soil, which affects its air-water dynamics.
A higher MBC indicates an increased rate of C mineralization, suggesting a higher C
availability to plants. Therefore, MBC is considered as a vital indicator of biological soil
quality. It might have contributed positively to yield improvements because it directly
influences nutrient availability, transformations and microbial activity in the soil [99].

Soil pH is one of the most influential soil attributes, as it governs nutrient solubility,
availability, and chemical transformations, and shapes numerous physicochemical reactions
within the soil environment [104]. For this reason, pH plays a substantial role in determining
the soil quality index (SQI). Nitrogen, on the other hand, is a fundamental nutrient in
agricultural systems and frequently represents the most limiting factor for plant growth,
especially in terms of its plant-available form [105]. The supply of available nitrogen
is directly tied to vegetative development and yield formation, making it an essential
chemical indicator of soil quality that must be incorporated into soil quality evaluation
frameworks [31,106]. The indicators selected for the minimum dataset displayed strong
positive relationships with both maize–wheat system productivity and other soil health
parameters (Figure 5). Our results also showed that integrated nutrient management
(INM), especially treatments combining FYM or lime with 100% NPK, enhanced all soil
quality indicators more effectively than mineral fertilizers alone. Consequently, these INM
treatments achieved significantly higher SQI values compared with either sole chemical
fertilizer applications or unfertilized control plots (Figure 2).
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Figure 5. Pearson correlation matrix illustrating relationships among soil properties and productivity
of the maize–wheat cropping system. Blue shades indicate positive correlations, while red shades
denote negative correlations. The shape of the ellipses reflects the strength of the association: narrower
ellipses represent stronger correlations, whereas broader ones indicate weaker relationships.

4.4. Quantitative Relationships Between System Productivity and SQI

Our results demonstrated a strong linear relationship between the soil quality index
(SQI) and overall system productivity, showing that crop yields rose consistently with im-
provements in SQI (Figure 6). This positive association highlights the pivotal role that soil
quality plays in determining crop performance. Therefore, SQI emerges as a dependable in-
dicator for forecasting agricultural productivity in Alfisols of the Northwestern Himalayan
region. Furthermore, the strength of this relationship suggests that the approach can be ap-
plied to other agro-ecosystems with comparable soil types, cropping systems, and climatic
conditions, offering a valuable framework for guiding nutrient management decisions and
promoting sustainable farming strategies.

 

Figure 6. The linear relationship of soil quality indices with system productivity (a) and sustainable
yield indices of maize (b) and wheat (c); ** indicates significance at p ≤ 0.01 in the figure caption.
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5. Conclusions
The 48-year field experiment revealed that the soil quality was significantly improved

with the application of 100% NPK with FYM/lime compared to sole inorganic fertilization.
The key soil quality indicators identified for the experimental Alfisols in the sub-humid
region included bulk density, MBC, pH, and available N. The calculated SQI showed a pos-
itive correlation with system productivity and SYI of both maize and wheat. Furthermore,
the highest grain yields, system productivity, and sustainability were recorded with the
100% NPK + FYM and 100% NPK + lime treatments, indicating that these two practices are
superior options for the nutrient management in maize–wheat cropping system. There-
fore, INM strategies in sub-humid climates should incorporate FYM or lime as part of the
nutrient application package to promote balanced fertilization.
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maize and wheat (2010–2021); Table S5: Soil quality index.
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