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ABSTRACT

Soil quality is a key determinant of crop productivity because soil physical and chemical characteristics
regulate nutrient availability, water retention, root development, and plant growth. The present study was
aimed at understanding the variability in the soil physicochemical properties and their correlation with
pigeonpea yield under rain-fed situations. Descriptive statistics, correlation analysis, principal component
analysis and regression modelling were used to assess soil characteristics and crop performance in 23 soil
phases. Soil texture, water-retention levels, nutrient availability, cation exchange capacity, organic carbon
and micronutrients differed significantly across the soils. Mean pigeonpea seed yield increased from 1300.91
+ 51.01 kg ha™ in 2018-19 to 1421.00 + 47.69 kg ha! in 2019-20. The first soil property, iron, had the
strongest positive association with seed yield (r = 0.653, p < 0.001), while sulfur was negatively associated
with yield (r = —0.474, p = 0.022). Soil status analysis revealed positive relationships between yield and the
bulk of CEC, FC, AWC, clay, calcium, magnesium, manganese, potassium, nitrogen and organic carbon, and
negative relationships with bulk of sand and bulk density. Eight components accounting for 86.59% of the
total soil variability were found using principal component analysis. The results indicate that the interplay of
soil fertility, water holding capacity, soil texture and micronutrient status can play a crucial role in crop
productivity under rainfed conditions.
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1. Introduction

Soil quality is a prerequisite for agricultural production as it affects the availability of nutrients, water,
root development, soil microbial activity and crop resistance to environmental stresses. There can
therefore be significant differences in growth and yield within agroecological regions due to differences
in soil physicochemical properties. The soil properties, including soil texture, pH, electrical conductivity,
organic carbon, bulk density, CEC, water-holding and macro/micronutrient availability, all create the soil
environment in which crops grow. The soil biophysical properties affect biological processes strongly;
particularly, the productivity of crops is not a function of a single property, but a product of soil physical,
chemical and biological properties (Chen et al., 2020).

A primary goal of sustainable crop production is, therefore, to improve soil quality. Soil management
practices that are agronomic and help to optimize plant growth, such as promoting soil aggregation,
nutrient cycling and organic matter, can help improve the productive capacity of the agricultural soil and
help to maintain greater stability in yields. Sustainable soil-management strategies have been proven to
enhance soil quality and crop productivity in diverse agroecosystems, especially those with nutrient
limitations and low organic matter (Dubey et al., 2020). Likewise, crop yield and nutrient content of
harvested products vary greatly between farms and soils, which may indicate that fertility of soils is
tightly linked to agricultural production (Fischer et al., 2020). The relationship between these is
especially important in rainfed situations where crop production is closely linked to the water-holding

capacity of the soil and its nutrient supply potential in response to fluctuating rainfall.

Soil physical properties are important factors affecting the availability of water and nutrients to plants.
Texture, Bulk density, Field capacity, Permanent Wilting point and Available water capacity are all
factors that influence infiltration, aeration, root penetration, and moisture-holding capacity. Appropriate
soil and water conservation practices can thus enhance both the physicochemical properties and crop
productivity, especially in moisture-stressed and land-degraded regions (Jiru & Wegari, 2022). Crop-
residue management also boosts water-use efficiency and can lead to higher yield by increasing soil
moisture conservation and nutrient recycling (Lu, 2020). But better soil indicators are not necessarily
correlated with better crop yields. For instance, the carbon sink in soils upon adoption of regenerative
farming has not been correlated with the scaling of productivity, as other soil and management variables

interact (Jordon et al., 2022).
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The role of soil organic matter and organic carbon in soil aggregation, nutrient retention, biological
activity and water-holding capacity make these widely recognized as important indicators of soil quality.
However, the relationship between soil organic matter and yield is complex and may depend on the soil
type, climate, nutrient level, and crop management. For large-scale assessments it has been shown that
not all agricultural conditions correlate with higher soil organic matter and crop yield increases (Vonk et
al., 2020). This makes it very clear that it is important to evaluate the soil properties as a whole and not
rely on any single indicator. Therefore, the quality of the soil and the yield of the crop should be
considered as part of a wider sustainable agricultural system in which all its physical, chemical and

biological functions are integrated (Papatheodorou & Monokrousos, 2022).

Changes in soil properties and yield responses over time can be achieved through management practices
like conservation agriculture, crop rotation, residue incorporation and soil amendments. In the Indo-
Gangetic Plains of India, soil-management approaches under intensive agriculture practices have been
linked to soil-quality, microbial diversity, and crop-productivity changes, highlighting the significance of
soil-management strategies in intensive agriculture (Singh et al., 2020). Similarly, large-scale field trials
have shown significant variability in crop yield response to biochar soil amendments, indicating that the
success of biochar soil amendment relies heavily on the initial soil conditions, crop species and varieties,
climate, and management practices (Vijay et al., 2021). These results confirm the criticality of the soil

properties most closely related to crop productivity under certain field conditions.

Although many efforts have been made to research soil fertility and crop management, there is still
uncertainty in what combinations of soil properties are best to predict the variability in yields within
heterogeneous agricultural landscapes. The texture, water retention, nutrient level and exchange
properties of the soil can play an important role in crop performance, especially in rainfed production
systems. A comprehensive soil characterization study in relation to crop production may thus provide
useful information in determining soil constraints, prioritizing nutrient and water-management

interventions and aiding in site-specific agricultural decision-making.

For this reason, the present study was conducted to evaluate the soil physicochemical properties and
study their relationship to the yield of crops as a function of different soil phases under a rain-fed

situation.

Objectives
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1. To assess the variability of the key physical, chemical and nutrient-based soil properties within
the soil phases selected.

2. To measure crop growth and yield differences and to establish the interrelationships of specific
soil properties with seed yield.

3. To use multivariate analysis and regression to determine the most important soil-property

combinations and the most important predictors of crop yield variability.
2. Materials and Methods
2.1 Study Design and Data Source

The study design used in this research was a quantitative secondary data analysis to evaluate soil
properties and their relationship with crop production. The publicly available dataset titled “Support for
improved program integration under rainfed areas” (deposited in Mendeley Data in 2021) was used for
the analysis (N. L., 2021). The dataset consists of soil physicochemical properties, pigeonpea (Cajanus
cajan L.) growth parameters, crop yield parameters and some field management data under rainfed

agricultural practices of Karnataka, India.
2.2 Study Area and Sampling Framework

The original dataset was created from the micro-watershed of Kalmandari in the Northern Dry Zone of
Karnataka, India. The study area is a semi-arid rain-fed agriculture area with predominantly Vertisols
and Alfisols. The soil observations were grouped into 23 soil phases that were relatively homogeneous
in terms of soil texture, slope, erosion, gravelliness, and other characteristics. These soil phases were
considered as analytical units for connecting the soil properties to the soil-growth and yield

measurements of the plants.
2.3 Soil and Crop Variables

Soil properties included physical and chemical properties like sand, silt, clay, field capacity, permanent
wilting point, available water capacity, bulk density, pH, electrical conductivity, organic carbon, calcium
carbonate, calcium, magnesium, sodium, cation exchange capacity, and exchangeable sodium
percentage. The soil fertility indicators were available nitrogen, phosphorus (P20s), potassium (K-0),
sulfur, zinc, iron, copper, manganese and boron. In the dataset the crop tested was Pigeonpea. Crop

characteristics were plant height, number of branches, leaf area index, number of pods per plant, seed
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yield and stover yield. The dependent variable used was seed yield (kg ha-1), and soil properties were

treated as explanatory variables.
2.4 Data Integration and Preparation

Soil and crop datasets were merged by Soil Phase as a common identifier for the 2018-2019 and 2019-
2020 cropping seasons. Data were first checked for missing values, duplicates, inconsistent identifiers,
inappropriate data types, and extreme values before analysis. Where necessary, continuous variables
were standardized for multivariate analysis (and were measured on different scales). A special focus was
placed on the temporal structure of the data; thus, the soil properties before sowing were given priority

in analyzing their association with the crop yield.
2.5 Statistical Analysis

Soil properties and crop-yield characteristics were summarized using descriptive statistics such as mean,
standard deviation, minimum, maximum and coefficient of variation. Pearson's correlation coefficient
was calculated for the relationships between individual soil variables and pigeonpea seed yield, when
normality and linearity were assumed; otherwise, Spearman's rank correlation was assumed. Since many
soil-phase variables were interrelated in the data set, PCA was employed to reduce dimensionality and to

determine the major groups of soil properties that explained soil variability.
2.6 Assessment of Soil Influence on Crop Yield

Selected principal components or few statistically and agronomically significant soil variables were
entered into regression analysis with seed yield as the dependent variable and the combined eftect of soil
characteristics and crop yield was determined. The coefficient of determination (R?) adjusted R?
regression coefficients and the significance values associated with them were used as the evaluation
criterion of the model performance. The adequacy of the model was also checked for multicollinearity,
residual normality, linearity and homoscedasticity. A p-value of < 0.05 was considered to be statistically
significant. Since the data were observational, the results were chiefly interpreted in terms of association

between soil properties and yield of the crops and not their causal effects.
2.7 Ethical Considerations
There was no direct contact with human subjects or experimental animals, and the study employed an

openly accessible secondary agricultural data source. For this reason, additional ethical approval was not
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necessary for the present analysis. The dataset “Support for improved program integration under rainfed

areas” was used under the open access conditions of the dataset and was cited as such.

3. Results

3.1 Soil Physicochemical Properties

There was significant variation among the 23 soil phases for both physical and chemical properties. As

shown in Table 1, sand content ranged from 18.62% to 55.20%, while clay content ranged from 24.80%

to 55.13%. The mean and available water capacity for the period 2018-19 were 41.16% and 27.93%,

respectively. Soil pH ranged from moderately acidic (6.08) to alkaline (8.60) with relatively high CV
(32.00%), while EC exhibited relatively low CV (7.00%). The organic carbon content was 0.55%, on

average, and mean cation exchange capacity was 32.21 cmol(p*) kg™'. The differences in productivity

among the soil phases and seasons are shown in Figure 1.

Table 1. Descriptive statistics of selected soil physicochemical properties

2018-19 Mean Cv Subsequent soil status
Soil property Range Range
= SD (%) Mean = SD
Sand (%) 38.87+£9.47 18.62-55.20 | 24.35 38.87+£9.47 18.62-55.20
Clay (%) 37.97+8.49 | 24.80-55.13 | 22.35 37.97 +8.49 24.80-55.13
Field capacity
%) 41.16 £5.00 |33.45-49.74 | 12.14 32.34+3.94 25.21-39.74
V]
AWC (%) 27.93+4.73 21.00-36.14 | 16.93 19.07 £ 3.92 13.76-26.94
Bulk density 1.30 £ 0.04 1.25-1.36 2.97 1.30 £ 0.05 1.21-1.38
pH 6.75 +£0.57 6.08-8.60 8.46 6.63 £ 0.44 5.88-7.78
EC (dSm™) 0.32+0.10 0.13-0.50 | 32.00 0.28 +0.09 0.11-0.49
Organic carbon
0.55+0.09 0.32-0.74 16.43 0.50 +0.09 0.27-0.69
(%)
CEC 32.21+2.35 27.59-34.75 | 17.30 33.16 £2.35 28.54-35.70
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Figure 1. Variation in pigeonpea seed yield across the 23 soil phases during 2018-19 and 2019-20
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3.2 Soil Nutrient Status

There was also a great deal of variability in soil nutrient concentrations, as shown in Table 2. During
2018-19, mean available N, P-Os, and KO were 248.05, 40.60, and 371.25 kg ha™', respectively. The
relative variability (CV) of micronutrients ranged from the highest for Fe (34.06%) to the lowest for Ni
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(4.37%). The nutrient content differences suggested that soil fertility varied across the study area.

Table 2. Descriptive statistics of major and micronutrient soil properties

Variable Mean £+ SD Minimum Maximum CV (%)
N (kg ha™) 248.05 +40.68 144.00 333.00 16.40
P-Os (kg ha™) 40.60 +7.28 27.50 51.80 17.94
K20 (kg ha™) 371.25 £45.75 311.98 459.39 12.32
S 8.69 +2.08 5.00 11.60 23.99
Zn (ppm) 0.65+0.16 0.38 0.99 24.03
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Fe (ppm) 3.22+1.10 1.30 4.80 34.06

Cu (ppm) 0.95+0.19 0.65 1.31 19.73

Mn (ppm) 11.06 +2.18 7.59 14.70 19.67
B (ppm) 0.43 +£0.06 0.30 0.50 12.69

3.3 Crop Growth and Yield

The yield of pigeonpea varied significantly from one phase of soil to the other and one period of

cropping to the other. As presented in Table 3, mean seed yield increased from 1300.91 + 51.01 kg ha™!

in 2018-19 to 1421.00 + 47.69 kg ha™' in 2019-20, representing an increase of approximately 9.23%.

This increase was statistically significant when compared with the paired comparison (t = 11.31, p <

0.001). The two time periods also differed significantly in their stover yield (p < 0.001). The differences

are apparent in both the seasons and the soil phases and are shown in Figure 1.

Table 3. Pigeonpea growth and yield characteristics

2018-19 Mean = | 2019-20 Mean + | Range, 2018— | Range, 2019-
Variable
SD SD 19 20
Plant height at harvest
122.52 £6.93 124.57 £ 6.98 110-134 111-136
(cm)

Branches at harvest 13.17 +£1.27 16.17 £1.27 11-15 14-18
LAI at harvest 1.07£0.30 1.17£0.30 0.64-1.85 0.74-1.95

Pods plant™ 54.48 +£5.03 59.74 +£5.96 45-64 49-73
Seed yield (kg ha™) 1300.91 £51.01 1421.00 = 47.69 1207-1394 1325-1496
Stover yield (kg ha™) 3806.70 = 74.27 3914.09 £ 151.16 3657-3902 3621-4236

3.4 Relationship Between Soil Properties and Yield

25

https://ijrafs.com/index.php/afs




LJRAFS

Volume 12 | Issue 02 | June, 2026

The correlation analysis showed that the selected soil properties were significantly correlated with

pigeonpea seed yield as shown in Table 4. Soil Fe was strongly positively associated with yield (r =

0.653, p < 0.001) while soil S was significantly negatively associated with yield (r = —0.474, p = 0.022)

under the initial conditions of the 201819 soil. The general correlation pattern is given in Figure 2 and

the positive correlation between Fe and seed yield in Figure 3.

For the subsequent soil-status observations, CEC exhibited the strongest positive correlation with yield
(r=10.743, p <0.001), followed by field capacity (r =0.697, p < 0.001), Mn (r = 0.685, p <0.001), AWC
(r = 0.652, p < 0.001), clay (r = 0.646, p = 0.001), and Ca (r = 0.638, p = 0.001). Yield (kg) was

negatively associated with sand content (r = —0.662, p < 0.001).

Table 4. Correlation of selected soil properties with pigeonpea seed yield

Soil property 2018-19r p-value Subsequent soil status r p-value
Sand —0.222 0.309 —0.662 <0.001
Clay 0.151 0.492 0.646 0.001

Field capacity 0.159 0.469 0.697 <0.001
AWC 0.160 0.465 0.652 <0.001

Bulk density —0.168 0.444 —0.545 0.007

Organic carbon 0.034 0.877 0.423 0.045
CEC 0.284 0.189 0.743 <0.001

N 0.039 0.861 0.424 0.044

K-0 —0.085 0.699 0.539 0.008

S —0.474 0.022 —0.221 0.312

Fe 0.653 <0.001 0.394 0.063

Mn 0.069 0.754 0.685 <0.001
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Ca 0.024 0.912 0.638 0.001
Mg 0.011 0.961 0.583 0.004

Bold values indicate statistically significant correlations at p < 0.05.
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Figure 2. Pearson correlation coefficients between selected initial soil properties and pigeonpea

seed yield during 2018-19
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Figure 3. Relationship between initial soil Fe concentration and pigeonpea seed yield during 2018-

19
3.5 Principal Component and Regression Analyses

The principal component analysis gave eight components with eigenvalues > 1, and the total variance of
soil characteristics accounted for about 86.59%, as shown in Table 5. PC1 explained 37.24% of the
variance and was mainly related to CEC, field capacity, Ca, clay, Mg and Mn, while it had a negative
relationship with bulk density and sand. Fe, Zn and B were the major elements found in PC3. The

contribution of the successive components to the variance is shown in Figure 4.

Table 5. Summary of principal component analysis

Variance Cumulative Major contributing

Component | Eigenvalue
explained (%) variance (%) variables

CEC, FC, Ca, clay, Mg, Mn,

PC1 9.733 37.24 37.24

BD, sand
PC2 3.486 13.34 50.58 Na, ESP, silt, OC, N
PC3 2.157 8.25 58.83 Fe, Zn, B
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PC4 1.957 7.49 66.32 Cu, Na, ESP, P05
PC5 1.616 6.18 72.50 EC, silt, AWC
PCé6 1.566 5.99 78.49 Mixed soil attributes
PC7 1.105 4.23 82.72 Mixed soil attributes
PC8 1.011 3.87 86.59 Mixed soil attributes

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Principal Component
Figure 4. Percentage of total variance in soil properties explained by successive principal

components

PCA regression accounted for 49.3% of the variance in seed yield, but the overall model of these eight
components was not significant (R? = 49.3%, adjusted R? = 20.3%, p = 0.184). Its Fe and Zn content was
the main characteristic of PC3, which was individually significant (f = 17.01, p = 0.022). The seed yield
variation (R? = 0.623, adjusted R? = 0.586; p < 0.001) was better explained by a more parsimonious
exploratory model that included Fe and S. Fe exerted a significant positive effect (B =29.43, p <0.001),
whereas S showed a significant negative coefficient (B = —10.89, p = 0.004). It is seen in Figure 5 that

there is a good agreement between the observed and predicted yield values for this model.
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Figure 5. Observed and predicted pigeonpea seed yield obtained from the Fe—S regression model
3.6 Summary of Results

In general, the soil phases showed very high physical, chemical, and nutritional heterogeneity, and
pigeonpea productivity. There was a notable difference in seed yield between the two cropping periods
(1301 kg ha™ vs. 1421 kg ha™'). Fe was most highly associated with a positive yield, while S was
significantly and negatively associated. The overall soil status studies showed that the levels of CEC,
field capacity, clay content, available water capacity, Ca, Mg, Mn, K-O, N and organic carbon were
positively correlated with yield, whereas sand content and bulk density were negatively correlated. PCA
also showed that the soil texture, water retention, exchange characteristics and micronutrient status were
responsible for a significant amount of the soil variability. The parsimonious Fe—S regression model was

found to account for about 62% of the variation in pigeonpea seed yield, which suggested that the
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selected soil fertility parameters were significant factors to explain the differences in yields among the

soil phases studied.
4. Discussion

In the present study, significant differences were found in soil salinity, soil texture and soil productivity
in the different soil phases which were evaluated, thus confirming that the yield performance is closely
related to the soil environment. Variations in seed yield of pigeonpea were associated with the
differences in texture, field capacity, available water capacity, cation exchange capacity, nutrient
availability and micronutrient status. This is in line with the general evidence that after evaluating soil
fertility and hydro-physical conditions, productivity of crops is related to management-induced changes

in soil quality as a whole and not solely to one of the soil properties (Allam et al., 2022).

Iron had the highest positive relationship to seed yield, while sulfur had a significant negative
relationship among the initial soil properties. The positive effect of micronutrient availability is
agronomically feasible as it enables the photosynthetic process, enzymatic reactions and plant metabolic
processes to occur. The impacts of soil amendments on nutrient availability have been observed to
significantly affect crop productivity in similar studies, though soil type and fertility levels have varied
in response to amendments (Dong et al., 2022). Crop-yield responses to soil amendment are also
strongly dependent on the soil context; for instance, biochar use in tropical sandy soil had a very
context-sensitive effect on crop production over repeated crops (Frimpong et al., 2021). This negative
correlation between sulfur and yield seen here should be interpreted with caution because it could be due

to the interaction with other fertility attributes rather than the direct negative effect of sulfur.

The general soil status analysis showed high positive relationships of yield with CEC, field capacity,
available water capacity, clay content, calcium, magnesium, manganese, potassium, nitrogen, and
organic carbon. The results showed the significance of nutrient retention and soil moisture storage for
rainfed production under the production conditions. Increasing production in semi-arid systems due to
soil physical condition and nutrient dynamic improvement through tillage, residue management, and
fertilization also been reported (Houshyar & Esmailpour, 2020). Long-term use of straw and biochar has
also been found to affect the fertility of soils and crop yields by altering the nutrient cycle, soil structure
and moisture availability (Hu et al., 2021). The intensity of these responses, however, may be related to
initial soil properties and climatic conditions, so that some soil indicators were more strongly correlated

with yield than others.
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The soil physical quality was further supported by the negative correlation between sand content, bulk
density and yield. A greater proportion of sand in the soil will generally reduce its water and nutrient
holding capacity, as well as its ability to allow roots to penetrate it, to allow air to flow in and out of it,
and to allow water to flow in and out of it. Increased proportions of sand will generally decrease water
and nutrient holding capacity as well as the ability to penetrate with roots, aerate, and transport water
and nutrients. The same restrictions have been noted in sandy soils where nutrient retention and
amendment effects on soil functionality were shown to greatly influence crop responses (Knoblauch et
al., 2021). Organic amendments have also been linked to improved hydro-physical properties, which
have led to improved crop growth and productivity—for soils with limited water availability (Sharma et
al., 2021). However, not every kind of soil amendment leads to a proportional change of soil properties
and crop yield, as this can be seen in field trials where maize crop growth was better despite moderate

changes in the measured soil properties (Medynska-Juraszek et al., 2021).

The mean seed yield also showed an increase between the two cropping periods, suggesting that the
productivity of the crops was not constant from one season to another. The variation here may be due to
a variety of soil, rainfall, nutrient supply and management factors. The long-term conservation
agriculture experiments conducted in India have also revealed that an increase in soil carbon, soil
aggregation, and soil quality can lead to better crop performance in the long-term future (Mondal et al.,
2021). In addition, integrated nutrient management has been documented to boost crop productivity, soil
biological activity and soil carbon stocks (Padbhushan et al., 2021). Similar results have been found in
maize—chickpea cropping systems with conservation agriculture and balanced nutrient management in

improving maize productivity and some soil properties (Pooniya et al., 2021).

In addition, the multivariate analysis showed that soil properties were interacting groups. The first
principal component was mainly influenced by CEC, field capacity, calcium, clay, magnesium, and
manganese, and the third component was influenced primarily by iron, zinc, and boron. This structure
validates the idea that soil fertility and physical property gradients are interrelated and affect crop yield.
The role of multivariate soil controls on pigeonpea productivity has also been reported previously, where
combinations of soil nutrients, water-retention and exchange properties accounted for significant
variation in yield (Rajesh et al., 2023). Likewise, a study on the effect of conservation agriculture on the

soil quality in North-West India showed that the improvement of the soil in this context is a

32 https://ijrafs.com/index.php/afs



IJRAFS Volume 12 | Issue 02 | June, 2026

multidimensional phenomenon arising from changes in physical, chemical and biological properties

together (Roy et al., 2022).

The soil variables explained a significant portion of seed yield variation in the parsimonious Fe—S
regression model, indicating that a limited number of soil variables can sometimes be helpful in
providing predictive information. However, this information should not be taken to mean that
productivity is dependent entirely on these two nutrients. Crop response is influenced by other soil-
management interactions, such as for INM under rain-fed (Sharma et al., 2020) and for residue-based
soil amendments to enhance soil functionality and crop performance under difficult conditions (Singh et
al., 2021). The overall conclusion of the findings is the importance of managing soil physical, nutrient

and water-holding capacity to increase crop productivity under rainfed agriculture.
5. Conclusion

It has been proved from the present study that soil properties such as physicochemical properties have a
significant influence on the productivity of crops under rain-fed conditions. There were marked
differences between soil phases evaluated for texture, water-holding capacity, nutrient availability, cation
exchange capacity, organic carbon and micronutrient status. The difference in yield of pigeon pea was
also found to be very high between the cropping periods, which shows that both soil as well as seasonal

factors had an influence on the productivity.

The first soil characteristics were most strongly correlated with seed yield, with iron having a positive
correlation and sulfur having a negative correlation. The broader soil-status analysis also emphasized the
critical role of the cation exchange capacity, field capacity, available water capacity, clay content, and
content of calcium, magnesium, manganese, potassium, nitrogen and organic carbon for higher yields.
Conversely, productivity was negatively correlated with the amount of sand and bulk density. Soil
properties were revealed to be related as a group instead of being independent in relation to each other,
especially regarding gradients in water retention, exchange capacity and micronutrients by principal

component analysis.

The results overall indicate that sustainable yield improvement should be achieved by integrated
management of soil fertility, nutrient balance and hydro-physical properties. Therefore, site-specific soil
assessment and specific management actions can potentially be used to enhance crop production,

especially in heterogeneous rainfed agricultural reliefs.
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