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Abstract: A study was conducted at Kalamandari Tanda-1 micro-watershed, Karnataka, India, to
assess the spatio-temporal variability of surface soil properties sampled from 23 varied soil-phase
units, delineated using IRS P6 LISS-IV merged Cartosat-I imagery (2.5 m spatial resolution). Three
sets of surface soil samples (231 in each set) were collected, analyzed, and interpolated to evaluate
the soil spatio-temporal variability. Further soil-phase-wise composite representative samples (23
in each set) were collected before the sowing and after the harvest of pigeon peasin January 2019
and 2020. Results showed that the soil OC with N, Mg with Ca, exchangeable sodium percentage
(ESP), and cation exchange capacity (CEC) with Mn and K2O have a significantly positive association
(p < 0.01) during both years. Similarly, a significantly positive association (p < 0.05) was observed
among soil OC and N with Cu, Mn with CEC, and Zn with Fe, while a negative association was seen
between available P2O5 and Na. Skewness from descriptive statistics revealed that pH, EC, Cu, Mg,
B, and ESP distribution varied temporally, whereas other parameters remained almost unchanged.
Geo-statistically, the spatial distribution of measured soil properties was best fitted to exponential,
stable, and K-Bessel models. The available N in 2018 and the ESP in 2019 have shown weak spatial
dependency, whereas the rest of the soil parameters showed moderate and strong spatial dependency.
These interpolated maps were exported as vector layers to quantify soil-phase-wise spatio-temporal
variability of soil properties.

Keywords: spatio-temporal variability; correlation; geo-statistics; site specific management

1. Introduction

The systematic quantification of soil spatio-temporal variability is key for thesite-
specific management of soils. Soil variability is a complex interplay product of extrinsic
(associated with land management tools such as artificial drainage, tillage, fertilization,
planting, and control of pH) and intrinsic (corresponding to pedological factors of soil
formation) factors [1]. A detailed land resource inventory and soil classification provide
insight into how soil variability has occurred with the influence of these intrinsic and
extrinsic factors. Geostatistics has been an invaluable tool in soil science over the 30 years
since the early work by Burgess and Webster [2]. Theoretical developments in geostatistics
have allowed a closer integration of soil knowledge into a geostatistical prediction of spatial
dependence of soil variables. Geostatistical approaches primarily provide semivariogram
statistical input parameters for kriging interpolation. These variogram parameters will
depict the spatial dependency of the soil variables by plotting the variance of individual soil
parameters against the range, that is, the distance at which the variable shows maximum
variance. The semivariogram also depicts the unexplained error by plotting the variance
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in the data at distance zero, called a nugget, which is a measure of accuracy in the sample
collected with respect to sampling distribution, analytical results, or influence of any
external factors.

Interpolation of soil fertility parameters using the kriging method with a suitable
model helps generate prediction maps of the unsampled area from data of known sampled
locations. This allows having a continuous map from discrete point data. Thereby the
output soil fertility maps can be compared spatio-temporally for the same area at different
time periods with a scale of spatial dependency of individual soil parameters from weak
to moderate to strong, which is a measure of the selected kriging model accuracy. Under-
standing the variability of landscape and soil properties and their effect on pigeon pea
crop growth and yield is a critical component of site-specific management under a rainfed
semi-arid region. Therefore, it is imperative to geo-statistically assess the spatio-temporal
variations in surface soil properties in different soil phases.

The farmers of the region grow pigeon peas as a monocrop under rainfed conditions.
The available soil nutrient may vary spatiotemporally with poor soil management and
the prevailing weather parameters. With the existing mono-cropping system, variations
in soil properties are mostly dependent on prevailing weather conditions. Therefore, a
temporal comparison of Pearson’s correlation output may also help in ascertaining these
soil parameters’ stability or resistance to change as the weather changes, particularly the
precipitation.

There is a need for integrated, balanced, and efficient fertilizer management to take
care of proper replenishment and compensation of nutrient losses from the soil and locked-
up nutrients for the growth of crops [3]. Therefore, the primary objective of this study
was to evaluate and map the spatial distribution of soil fertility parameters and their
temporal variations in the pigeon pea growing areas of Kalmandari Tanda-1 MWS through
a geostatistical method. This learning would lead to adopting site-specific management
practices and, inturn, increase the production and productivity of pigeon peas. Previous
studies have not covered these aspects in the region; this study could provide insight into
spatial variability of important soil fertility parameters useful for appropriate nutrient
management and soil management in Kalmandari Tanda-1 MWS.

2. Material and Methods

Kalmandari Tanda-1 MWS is located in Kalaburagi district, Karnataka state, India,
covering 645.20 ha, lying between 17◦40′ N—76◦59′ E and 17◦39′ N—77◦1′ E (Figure 1).
The average annual rainfall was 442 mm and 831.5 mm in 2018 and 2019, respectively,
in the rainfed area (Figure 2). The purpose of the soil resources inventory is to delineate
similar areas that respond or are expected to respond similarly to a set level of management
practices [4]. Satellite image (Cartosat—I merged LISS-IV satellite imagery overlaid with
cadastral map) interpretation was carried out at 1:8000 scale for delineation of homogenous
boundaries with respect to imagery spectral signatures and slope (information derived
from 1:25,000 scale Survey of India toposheets) and each polygon delineated was assigned
with a soil physiographic map unit. After the intensive traversing of each physiographic
unit, uplands, lowlands, midlands, and riverbanks were marked. Based on the variability
observed on the surface, transects were selected across the slope, covering all the landform
units, such as a break in slope, erosion, gravel, and stones. Then, a detailed soil survey was
carried out (at 1:8000 scale) in the study areas in March 2018. Geomorphological features
(slope, surface stoniness, erosion, drainage, gravels, etc.) of the landscape and morpholog-
ical features (soil depth, texture, color, structure, consistency, coarse fragments, porosity,
soil reaction, etc.) of the pedons were recorded (Figure 3). The soil and site characteristics
were recorded for all profile sites on a standard proforma as per the guidelines given in the
“field guide for land resources inventory” [5]. Horizon-wise soil samples were collected for
chemical and physical characterization.
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3. Soil Sampling

Three sets of surface soil samples (231 each set) were collected from 0–0.2 m depth
separated rocks and wastes, ground, and sieved by using 0.2 mm mesh. Then they were
analyzed and interpolated to evaluate the soil spatio-temporal variability. One set of
samples was collected before the sowing of pigeon peas in June 2018 and the other two after
harvesting pigeon peas in January 2019 and January 2020 (Figure 4). Meanwhile, soil-phase-
wise composite representative soil samples (23 in each set) were collected. The Pigeonpea
crop was cultivated by the adoption of regional production practices recommended by the
University. Further plant samples, including seed and stover, were collected and analyzed
for nutrient uptake studies.
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4. Classification of Soil Series and Phases

Based on the recorded observations, such as soil depth, amount and nature of gravel,
depth of occurrence of gravel layer, and nature of substratum present below soil and
horizon sequence characteristics, the soils were grouped into different series in the area [6].
Further, soil series were divided into soil phases based on the surface characteristics with
respect to soil texture, slope, erosion, and gravelliness.

The classification of soil series was made as per soil taxonomy [7]. Seven soil series
were identified and further mapped into 23 soil-phase units, and their area distribution
and description were mapped. Further, the physiographic unit boundaries were corrected
as per the mapping unit area extent and distribution in the GIS environment using ArcGIS
10.7. The areas typically had slopes varying from 1% to 25%. Erosion hazards were judged
through the visible soil erosion method by assessing the presence of rills and gullies within
a field, as well as their associated deposits [8]. Soil texture was evaluated using the feel
method and slope with the help of a dumpy level. Organic carbon (OC) was determined
using the Walkley and Black [9] wet oxidation method. Available N was determined by a
modified alkaline potassium permanganate method, as described by Subbiah and Asija [10].
Available P2O5 was determined using Olsen’s method. Available K2O was estimated using
a flame photometer after extraction with ammonium acetate. Soil reaction (pH) was deter-
mined in 1:2.5 soil water suspensions using a glass electrode [11]. Electrical conductivity
was measured in the soil water (1:2.5) suspension using a conductivity bridge [12]. The
level of free calcium carbonate ions in soil samples was determined using a rapid titration
method with standard HCl [11]. Cationic micronutrients like iron, copper, manganese, and
zinc were extracted using diethylene triaminepentacetic acid (DTPA, 0.005 M and 0.01 M
CaCl2 + 0.1 N tri-ethanol-amine at pH 7.3), and the concentration was measured using an
atomic absorption spectrophotometer (ContrAA 700 Make) as outlined by Lindsay and
Norvell [13]. Available boron in soil was estimated with a colorimetric method using hot
water as an extractant and expressed in mg kg−1 [14]. Available sulfur in the soil was
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extracted with CaCl2·2H2O (0.15%), and the extract was reacted with barium chloride
crystals. The intensity of the resulting turbidity was measured using a spectrophotometer
at a wavelength of 420 nm [12].

Plant samples used for studying dry matter production were used for estimating
nitrogen, phosphorus, potassium, sulfur, zinc, and iron content in the whole plant. The
samples were powdered in a grinder and stored in a butter paper cover, and used for further
analysis. Total nitrogen was determined by Kjeldahl’s method of nitrogen determination.
In this method, a powdered sample of 0.5 g was digested with concentrated H2SO4in the
presence ofa digestion mixture (K2SO4:CuSO4·5H2O:Se in the proportion of 100:20:1) and
distilled under an alkaline medium. Liberated NH3 was trapped in boric acid containing a
mixed indicator and titrated against standard H2SO4. From the volume of acid consumed
by ammonia, the percent of nitrogen content was calculated.

Nitrogen (%) =
TV (mL)× N·H2 SO4×0.014×Vol. of digested sample

Weight of sample taken (g)×Aliquot taken
× 100

where TV is the titer value, and N·is normality.
Wet ashing of plant samples for nutrient analysis (total P, K, S, and Micronutrients);

One gram plant sample was first pre-digested with 5 mL nitric acid and then digested with
a di-acid mixture consisting of nitric acid and perchloric acid (10:4). The clear digested
materials were made up to 50 mL volume using 6 N HCl and were subsequently used
for the analysis of P, K, S, and Micronutrients. The standard methods of analysis were
followed.

Plant Nutrient uptake was calculated by using the following equation;

Uptake (kg/ha) =
Nutrient Concentration(%)× Biomass (kg/ha)

100

Exploratory data analysis was performed with SPSS 2016 software. The data distri-
butions were analyzed using classical statistics (mean, maximum, minimum, standard
deviation, skewness, and kurtosis). The descriptive statistics of the soil data suggested that
these were not normally distributed. The Pearson correlation coefficients were estimated
for all possible paired combinations of the response variables to generate a correlation
coefficient matrix. Correlation analysis has been carried out to study the association among
the soil fertility variables

r = ∑ xy− nxy
∑i 6=1 rij2 + ∑i 6=1 U

where ‘x’ and ‘y’ are two variables with means, and ‘r’ is the correlation coefficient.
All discrete observations with their location details, such as soil physico-chemical

properties for two site years(after harvest) and before the sowing of pigeon peas, were
assessed for their spatial variability by generating prediction maps using the “Kriging”
interpolation technique [15] in ESRI (Environmental Systems Research Institute) make
ArcGIS 10.7.Spatial dependency was measured as strong, moderate, and weak, based
on the nugget (variance at distance zero) by sill (measure variance) ratio. Further, the
soil fertility maps derived from the kriging interpolation were exported as vector data
for limiting the fertility classes as per IISS-ICAR (Indian Institute of Soil Science—Indian
Council of Agricultural Research) classification, and then these maps were assessed for
their spatio-temporal variability for soil-phase wise site-specific nutrient management.

A variogram is defined as a measure of spatial variability.

r(h) =
1

2N

N

∑
i=1

[z(xi)− z(xi + h)]2

The variogram distance measures the degree of dissimilarity γ(h) between paired
sample points separated by distance h. If z(xi) and z(xj + h) are pairs of samples lying within
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a given class of distance and direction, given N(h) is the number of data pairs within this
class, the experimental semivariogram can be defined as the average squared difference
between the components of data pairs [16] as in the following equation.

The information derived through a semivariogram determines the continuation of
different spatial characteristics for soil properties. C0 is the nugget variance, C is the
structural variance, and sill (C0 + C) represents the degree of spatial variability, which is
affected by both structural and stochastic factors. The nugget–sill ratio (C0/sill) indicates the
percentage of the variation caused by stochastic factors to the total variation of the system.
A higher value indicates that the stochastic factor plays a major role in the variation. From
the point of view of structural factors, the ratio of C0/sill can manifest the autocorrelation
among many systematic variables. If C0/sill < 25%, it means that there exists a strong
spatial autocorrelation; if C0/sill ranges from 25% to 75%, it suggests there exists a moderate
spatial autocorrelation; if C0/sill > 75%, it indicates that there is only a weak spatial
autocorrelation [17].

5. Results and Discussion

Soils of Kalmadari Tanda-1 were derived from the basalt parent material. Bachinaal,
Kurkota, and Ratnagutti soil series of Kalmandari Tanda-1 belong to the soil order Alfisol,
whereas all other soil series of the MWS were of the Vertisol soil order. The majority of soils
of the Kalmandari Tanda-1 micro-watershed area varied from very shallow to moderately
deep. The MRG soil series was very shallow (<25 cm), BHN, RTG, and BMN series were
shallow (25–50 cm), the GUT series was moderately shallow (50–75 cm), and the KMP
and KKT series were moderately deep (75–100 cm) [18].The soil of the MRG, GTT, BMN,
and KMP series belongs to clay texture, whereas that of the RTG, KKT, and BHN series
belongs to sandy clay loam texture. The soils have 15–35% gravelliness. To a larger extent,
gentle sloping was dominant in Kalmandari Tanda-1, followed by a strong to very strong
slope. Soil erosion was found to be moderate to severe in the soils of Kalmandari Tanda-1
(Table 1).

Skewness from descriptive statistics (Table 2) revealed that pH, EC, Cu, Mg, B, and
ESP distribution varied temporally, whereas other parameters remained almost unchanged.
A decline in the trend of soil fertility (Soil OC, available N, P, K, S, Zn, Fe, Cu, Mn, Mg, and
B) from 2018 to 2019 was observed in the soil parameters due to better uptake of nutrients
by pigeon peas during site year-2 supported by normal precipitation (Figure 2).

All the micronutrients were decreased from year 1 to 2 due to the uptake by the
crop. These nutrients are known to form relatively stable chelates with organic ligands,
which decrease their susceptibility to adsorption, fixation, and precipitation [19]. Organic
materials might have enhanced the microbial activity, and the added fertilizers in higher
doses might have helped in better root growth, higher biomass, and root exudates and
ultimately provided carbon and energy to the soil microbes. Farmyard manure (FYM)
applied 15 days prior to planting releases complex organic substances like chelating agents
that could have prevented micronutrients from precipitation, fixation, oxidation, leaching,
and also the addition of these nutrients in the soil. The application of FYM significantly
increased the availability of micronutrients due to the decomposition of FYM and the
consequent release of micronutrients [20]. The results are well supported by the findings of
Ramesh et al. [21] and Gunjal and Chitodkar [22].
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Table 1. Pedon’s morphological features of Kalmandari Tanda-1 MWS.

Sl.
No. Soil Series Mapping Unit Depth

(cm)
Slope
(%)

Color
Texture Drainage Physiography Geology

Consistency
Stoniness Erosion

Surface Sub
Surface Surface Sub

Surface

1
Bachnal
(BHN)

BHNhB2g1 25–50 1–3 5 YR 3/2 5 YR 4/3 scl MWD Pd

Basalt *

sh, fri, ss, sp h, fri, ss, sp - M

BHNhC2 & g1 25–50 3–5 5 YR 3/2 5 YR 4/3 scl MWD Pd sh, fri, ss, sp h, fri, ss, sp - M

BHNhD3g1 25–50 5–10 5 YR 3/2 5 YR 4/3 scl MWD Pd sh, fri, ss, sp sh, fri, ss, sp - S

2
Bheemanhalli
(BMN)

BMNmC2g1 25–50 3–5 10 YR 3/1 10 YR 4/3 c WD Pd

Basalt

sh, fm, s, p vh, fm, s, p - M

BMNmC3g1S1 25–50 3–5 10 YR 3/1 10 YR 4/3 c WD Pd sh, fm, s, p vh, fm, s, p Strong S

3
Gutti
(GUT)

GUTmB2g1 50–75 1–3 10 YR 3/2 10 YR 3/1 c SPWD Lpdp sh, fm, s, p vh, fm, s, p - M

GUTmC2g1 50–75 3–5 10 YR 3/2 10 YR 3/1 c SPWD Lpdp sh, fm, s, p vh, fm, s, p - M

GUTmC3g1 50–75 3–5 10 YR 3/2 10 YR 3/1 c SPWD Lpdp sh, fm, s, p vh, fm, s, p - S

4 Kurkota
(KKT) KKThE3g1S1 75–100 10–15 5 YR 3/4 5 YR 3/4 scl WD Lpdp Basalt * sh, fri, ss, sp h, fri, ss, sp Strong S

5
Kamalapur
(KMP)

KMPmB2 0.75–1.0 1–3 10 YR 3/2 10 YR 3/1 c SPWD Lpdp Basalt sh, fm, s, p. vh, fm, s, p - M

KMPmC2 & g1 75–100 3–5 10 YR 3/2 10 YR 3/1 c SPWD Lpdp

Basalt

sh, fm, s, p vh, fm, s, p - M

KMPmC3g1 75–100 3–5 10 YR 3/2 10 YR 3/1 c SPWD Lpdp sh, fm, s, p vh, fm, s, p - S

6
Margutti
(MRG)

MRGmC2g1 0–25 3–5 10 YR 4/3 10 YR 4/3 c MWD Pd sh, fm, s, p sh, fm, s, p - M

MRGmC2g1S1 0–25 3–5 10 YR 4/3 10 YR 4/3 c MWD Pd sh, fm, s, p sh, fm, s, p Strong M

MRGmC3g1 0–25 3–5 10 YR 4/3 10 YR 4/3 c MWD Pd sh, fm, s, p sh, fm, s, p - S

MRGmC3g1S1 0–25 3–5 10 YR 4/3 10 YR 4/3 c MWD Pd sh, fm, s, p sh, fm, s, p Strong S

7
Ratnagutti
(RTG)

RTGhC2 & g1 25–50 3–5 5 YR 3/3 5 YR 3/3 scl MWD Lpdp

Basalt *

sh, fri, ss, sp h, fri, ss, p - M

RTGhC2g1S1 25–50 3–5 5 YR 3/3 5 YR 3/3 scl MWD Lpdp sh, fri, ss, sp h, fri, ss, p Strong M

RTGhD3g1S1 25–50 5–10 5 YR 3/3 5 YR 3/3 scl MWD Lpdp sh, fri, ss, sp h, fri, ss, p Strong S

Note: Structure: 2: At both surface and subsurface, is 2 msbk moderate, m: medium, sbk: subangular blocky. Consistency: vh: very hard, h: hard, sh: slightly hard, fri: friable, fm: firm,
s: sticky, p: plastic, ss: slightly sticky, sp: slightly plastic. Drainage: MWL: Moderately well drained, WD: Well drained, SPWD: somewhat poorly well drained. Physiography: Pd:
Pediment, Lpdp:Lower pediplain, Land use: Agriculture in all the soil phases. * Basalt with lateritic intrusion.
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Table 2. Descriptive statistics of physicochemical properties of surface soil samples (after harvest) of Kalmandari Tanda-1 MWS during 2018–2019 and 2019–2020.

Parameter
2018 2019

Min Max Mean SD Skewness Kurtosis Min Max Mean SD Skewness Kurtosis

pH 5.88 7.78 6.63 0.44 0.71 0.65 6.05 6.9 6.50 0.33 −0.14 −1.66
EC 0.11 0.49 0.27 0.09 0.64 0.23 0.12 0.18 0.15 0.02 −0.06 −1.08

CaCO3 5.23 9.00 6.67 0.84 0.84 1.52 5.73 9.25 7.16 0.81 0.64 0.85
OC 0.27 0.69 0.50 0.09 −0.52 1.12 0.19 0.61 0.42 0.09 −0.52 1.12
N 121.5 310.5 225.6 40.7 −0.51 1.14 104.0 283.5 199.4 39.7 −0.37 0.75

P2O5 20.2 44.7 30.7 6.3 0.88 0.27 20.3 41.7 28.5 6.2 0.72 −0.34
K2O 302.4 449.8 361.7 45.7 0.45 −0.91 273.3 417.9 333.9 41.9 0.57 −0.67

S 7.00 13.60 10.69 2.08 −0.27 −1.10 5.05 11.65 8.74 2.08 −0.27 −1.10
Zn 0.22 0.75 0.44 0.18 0.69 −0.91 0.19 0.69 0.38 0.17 0.81 −0.85
Fe 1.15 4.65 2.97 1.12 −0.18 −1.57 0.54 4.04 2.36 0.2 −0.04 −0.81
Cu 0.55 1.21 0.85 0.19 −0.06 −0.79 0.44 1.10 0.74 2.53 0.1 −1.4
Mn 6.99 14.50 10.44 2.55 0.08 −1.44 5.87 13.38 9.32 4.08 0.02 −1.15
Ca 16.8 30.54 23.88 4.07 0.01 −1.17 15.00 48.00 21.89 1.13 0.04 −1.19
Mg 5.23 9.15 7.25 1.15 0.03 −1.18 1.00 9.00 3.28 0.15 −0.34 −1.39
B 0.19 0.52 0.37 0.10 −0.35 −1.38 0.14 0.47 0.32 0.29 1.35 1.25

Na 0.74 1.85 1.09 0.28 1.33 1.24 0.71 1.80 1.04 0.85 1.36 0.85
ESP 2.43 5.28 3.28 0.84 1.34 0.89 2.25 5.04 3.06 2.36 −0.45 −1.44
CEC 28.54 35.70 33.16 2.35 −0.48 −1.50 29.29 36.45 33.91 9.44 −0.04 −0.53
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The free CaCO3 content of soil phases ranged from 5.23 to 9.00 and 5.73 to 9.25 with a
mean of 6.67 and 7.16 during the year 2018–2019 and 2019–2020, respectively, in Kalmandari
Tanda-1 MWS. Accumulation of bases, especially Ca2+ and Mg2+ in semi-arid climates,
is known to favor the calcification process leading to the accumulation of free lime in
the soil. The higher accumulation of free lime in soils was due to their base-rich parent
materials [23].

The CEC of soil series of soil phases ranged from 28.53 to 35.70 Cmol(p+) kg−1 and
29.29 to 36.45 Cmol(p+) kg−1 with a mean of 33.15 Cmol(p+) kg−1 and 33.90 Cmol(p+) kg−1

in Kalmandari Tanda-1 MWS, respectively in the year 2018–2019 and 2019–2020. Increased
CEC below 15 cm from site year-1 (2018–2019) to site year-2 (2019–2020) was due to
increased Ca, Mg, and Na concentrations [24]. This is due to the accumulation of clay and
the presence of a greater extent of the expanding type of clay [25,26].

The variation in the exchangeable sodium percentage (ESP) due to Na and CEC was
greatly influenced by factors such as the type of minerals, concentration of electrolytes,
and status of soluble cations in the soil. The findings are in accordance with the works of
Srinath [27].

It was observed that the soil parameters, such as soil OC with N, Mg with Ca, ESP
with Na, and CEC with Mn and K2O, showed a significant, high positive association
(p < 0.01) during both site years. The mixing roots and shoots of pigeon peas in soils have
increased the formation of free micro-aggregates and improved OC and N stabilization
and mineralization in the semi-arid agro ecosystem [28]. Similarly, a significant moderate
positive association (p < 0.05) was observed among soil OC and N with Cu, Mn and CEC,
and Zn with Fe (p < 0.05). Higher CEC usually indicates the presence of more clay and
organic matter in the soil. Organic molecules produced hold and protect micronutrients.
Available P2O5 has a significant moderate negative association (p < 0.05) with Na in two
site years. A similar trend of association between soil parameters in both the site years
(Tables 3 and 4) indicates their resistance to change.

Table 3. Association between chemical properties of surface soil samples (after harvest) of Kalmandari
Tanda-1 MWS of 2018–2019.

Parameters EC OC N P2O5 K2O Zn Mn Ca Mg Na ESP

EC 1
OC 0.484 * 1
N 0.483 * 1.000 ** 1

P2O5 0.041 0.157 0.160 1
K2O 0.013 0.343 0.345 −0.209 1
Zn 0.084 0.128 0.127 −0.010 −0.109 1
Fe 0.118 0.009 0.010 −0.030 0.065 0.532 **
Cu 0.133 0.456 * 0.459 * −0.168 −0.031 0.018
Mn 0.002 0.479 * 0.483 * −0.293 0.778 ** 0.044 1
Ca 0.091 0.590 ** 0.591 ** −0.269 0.616 ** −0.141 0.786 ** 1
Mg 0.059 0.491 * 0.493 * −0.349 0.599 ** −0.178 0.775 ** 0.980 ** 1
Na 0.106 −0.183 −0.180 −0.486 * 0.068 −0.213 0.102 0.080 0.154 1

ESP 0.090 −0.335 −0.332 −0.403 −0.131 −0.226 −0.143 −0.160 −0.085 0.963 ** 1
CEC 0.074 0.481 * 0.483 * −0.347 0.700 ** 0.079 0.879 ** 0.833 ** 0.834 ** 0.160 −0.105

* and ** significant at p = 0.05 and p = 0.01 respectively.
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Table 4. Association between chemical properties of surface soil samples (after harvest) of Kalmandari
Tanda-1 MWS in 2019–2020.

Parameters pH OC N P2O5 K2O Zn Fe Cu Mn Ca Mg B Na ESP

OC −0.461
*

N −0.465
*

0.999
**

P2O5 −0.139 0.170 0.160
K2O −0.017 0.327 0.323 0.016
Zn −0.213 0.163 0.158 −0.040 −0.210
Fe 0.071 0.009 0.013 0.025 0.026 0.506 *

Cu −0.452
* 0.456 * 0.451 * −0.030 −0.050 0.063 0.030

Mn −0.176 0.479 * 0.478 * −0.230 0.721
** 0.024 0.258 0.190

Ca −0.277 −0.049 −0.060 0.221 0.161 0.210 0.183 0.113 0.130

Mg −0.264 −0.088 −0.097 0.067 0.131 0.315 0.217 0.239 0.080 0.845
**

B −0.320 −0.083 −0.073 −0.290 −0.459
* 0.440 * 0.082 0.205 −0.200 0.100 0.346

Na 0.310 −0.186 −0.171 −0.439
* 0.111 −0.300 0.098 0.079 0.100 −0.200 0.008 −0.150

ESP 0.391 −0.332 −0.317 −0.380 −0.060 −0.310 0.035 0.024 −0.100 −0.200 0.016 −0.110 0.967
**

CEC −0.295 0.481 * 0.486 * −0.320 0.627
** 0.076 0.354 0.214 0.879

** 0.120 0.053 −0.060 0.160 −0.090

* and ** significant at p = 0.05 and p = 0.01 respectively.

6. Spatial Dependency of Soil Fertility Parameters of Kalmandari Tanda-1 MWS

The data pertaining to semivariogram parameters of soil fertility of Kalmandari Tanda-
1 MWSs for the years 2018, 2019, and 2020 are presented in Tables 5–7, respectively. Different
semivariogram models were tested to the empirical semivariogram model (Figures 5 and 6)
to best fit various soil fertility parameters. All soil parameters were characterized by using
models dependent on the distance function. Analysis of the variogram indicated that most
of the soil parameters’(site year 1 and site year 2) semivariograms were well described with
the exponential model, except for pH, available K, and exchangeable Ca and Mg, which
were best fitted to K-Bessel model for the soil samples collected in June 2018. Available P
was a best fitted to Stable model. Nugget (C0) usually expresses the variations caused by
experimental error or a smaller sampling scale. Available N had bigger C0 = 399.96, 586.33,
and 402.21 during 2018, 2019, and 2020, respectively. The initial very high variance at zero
distance in available N induced by the application of high contributions of N fertilizer,
namely Urea and DAP at the rate of 25 kg ha−1 and 50 kg ha−1, respectively, in addition to
the biological N fixed by Rhizobium of pigeon pea root nodules. High variance in the soil
available N at zero distance was also contributed by the addition of FYM and leaf shedding
of pigeon peas.
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Table 5. Semivariogram parameters of best-fitted kriging model to predict soil properties of Kalman-
dari Tanda-1 in 2018.

Parameter Model Nugget
(Co) Partial Sill Range

in m
Sill

(Co + C)
Ratio

Co/(Co + C) SD RMS

pH K Bessel 0.000 0.501 1181.468 0.501 0.000 Strong 0.829
EC Exponential 0.001 0.008 635.428 0.010 0.127 Strong 0.894

CaCO3 Exponential 0.081 0.261 746.017 0.342 0.237 Strong 0.898
OC Exponential 0.002 0.003 19,060.798 0.005 0.385 Moderate 0.958
N Exponential 399.960 638.652 1899.030 1038.612 0.385 Moderate 0.958
P Stable 0.000 73.775 775.113 73.775 0.000 Strong 0.967
K K Bessel 0.000 1265.411 960.064 1265.411 0.000 Strong 0.956
S Exponential 1.326 2.716 745.684 4.042 0.328 Moderate 0.965

Zn Exponential 0.000 0.033 671.323 0.033 0.000 Strong 0.878
Fe Exponential 0.112 0.952 702.049 1.064 0.105 Strong 0.880
Cu Exponential 0.010 0.021 1186.936 0.030 0.324 Moderate 0.946
Mn Exponential 0.000 3.818 829.023 3.818 0.000 Strong 0.963
Ca K Bessel 0.000 14.455 1024.414 14.455 0.000 Strong 0.973
Mg K Bessel 0.000 1.247 1119.738 1.247 0.000 Strong 0.975
B Exponential 0.001 0.005 749.152 0.006 0.175 Strong 0.914

ESP Exponential 0.027 0.152 847.641 0.179 0.150 Strong 0.921

Table 6. Semivariogram parameters of best-fitted kriging model to predict soil properties of Kalman-
dari Tanda-1 in 2019.

Parameter Model Nugget
(Co)

Partial
Sill

Range
in m

Sill
(Co + C)

Ratio
Co/(Co + C)

SD
Dependence RMS Statd.

pH K Bessel 0.000 0.209 863.715 0.209 0.000 Strong 0.870
EC K Bessel 0.000 0.011 586.302 0.011 0.000 Strong 0.971

CaCO3 Exponential 0.003 0.394 717.577 0.397 0.007 Strong 0.926
OC Exponential 0.001 0.008 4458.931 0.009 0.110 Strong 0.976
N Exponential 586.331 1570.186 4457.730 2156.517 0.272 Moderate 0.977
P Stable 0.000 35.596 1794.973 35.596 0.000 Strong 0.901
K Stable 0.000 1324.721 1054.880 1324.721 0.000 Strong 0.952
S Exponential 2.147 2.006 983.912 4.153 0.517 Moderate 0.954

Zn Exponential 0.000 0.037 690.222 0.037 0.000 Strong 0.902
Fe Exponential 0.000 1.214 808.215 1.214 0.000 Strong 0.901
Cu Exponential 0.010 0.019 562.016 0.029 0.353 Moderate 0.973
Mn K Bessel 0.000 5.796 1393.508 5.796 0.000 Strong 0.947
Ca K Bessel 0.000 14.020 1012.739 14.020 0.000 Strong 0.987
Mg Exponential 0.030 1.045 747.200 1.075 0.028 Strong 1.016
B Exponential 0.012 0.012 720.809 0.024 0.500 Moderate 1.007

ESP Exponential 0.342 0.108 847.641 0.449 0.760 Weak 0.915

Table 7. Semivariogram parameters of best-fitted kriging model to predict soil properties of Kalman-
dari Tanda-1 in 2020.

Parameter Model Nugget
(Co)

Partial
Sill

Range
in m

Sill
(Co + C)

Ratio
Co/ (Co + C) SD RMS

pH Exponential 0.000 0.116 554.547 0.116 0.000 Strong 0.826
EC Exponential 0.000 0.000 446.894 0.000 0.000 Strong 0.894

CaCO3 Exponential 0.029 0.385 725.591 0.414 0.070 Strong 0.974
OC Exponential 0.002 0.003 1906.080 0.005 0.385 Moderate 0.976
N Exponential 402.215 642.439 1905.066 1044.654 0.385 Moderate 0.898
P Exponential 6.995 25.561 713.604 32.556 0.215 Strong 0.958
K Stable 0.000 1271.490 993.881 1271.490 0.000 Strong 0.958
S Exponential 1.326 2.716 745.684 4.042 0.328 Moderate 0.976

Zn Exponential 0.000 0.037 709.653 0.037 0.000 Strong 0.880
Fe Exponential 0.000 1.214 836.776 1.214 0.000 Strong 0.878
Cu Exponential 0.010 0.021 1186.936 0.030 0.324 Moderate 0.957
Mn Stable 0.000 5.946 1617.641 5.946 0.000 Strong 0.965
Ca Exponential 0.000 112.696 624.561 112.696 0.000 Strong 0.946
Mg Stable 0.000 7.887 3320.276 7.887 0.000 Strong 0.963
B Exponential 0.001 0.012 720.045 0.013 0.073 Strong 0.914

ESP Exponential 0.236 0.140 857.106 0.377 0.628 Moderate 0.921
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Figure 6. Semivariogram models of soil properties. 

Soil OC showed a maximum range of 19,060.798 m and 4458.93 in June 2018 and 
June 2019, respectively. Exchangeable Mg had 3320.28 m as the maximum range in 2020. 
Soil EC showed the lowest range in June 2018 (635.43) and January 2020 (446.89), whereas 
Cu (562.01)showed the lowest range in June 2019. This shows the maximum variance at a 
closer distance, and further, there will not be any spatial autocorrelation after this min-
imum distance. The variance becomes constant among the observed soil variables. 

The Nugget–Sill (spatial dependency) higher ratio indicates that the spatial varia-
bility is primarily caused by stochastic factors, such as fertilization, farming measures, 
cropping systems, and other human activities. The lower ratio suggests that structural 
factors, such as climate, parent material, topography, soil properties, and other natural 
factors, play a significant role in spatial variability. The values of <0.25, 0.25–0.75, and 
>0.75 show strong, moderate, and weak spatial autocorrelation in soil properties, respec-
tively. The spatial dependency for the soil OC, available N, S, and Cu was moderate, with 
nugget–sill ratios– of 0.385, 0.385, 0.328, and 0.324, respectively,in June 2018. Similarly, 
available N (0272), S (0.517), Cu (0.353), and B (0.500) were moderate in spatial depend-
ence in January 2019, whereas ESP (0.760)showed weak spatial dependency in January 
2019.Soil OC (0.385), available N (0.385), S (0.328), Cu (0.324), and ESP (0.628) had mod-
erate spatial dependency in January 2020.The moderate spatial dependence of these soil 
parameters may be due to the fact that the variability was controlled by both external 
factors (fertilization and mono-cropping system of pigeon peas) and internal factors 
(climate, parent material, topography, soil type)that contributed to the variation. Similar 
results were also reported by Rakesh and Kunal [3]. In both years, the standardized root 
mean square error (RMSE) was close to one; hence the selected model was best fitted. ESP 
has exhibited the variance at distance zero [Nugget (C0) = 0.342] almost the same as that 
of the sill the maximum variance = 0.449. Since ESP is a cause of excess Na accumulation, 

Sustainability 2023, 15, 3998 18 of 26 
 

 

 

Figure 6. Semivariogram models of soil properties. 

Soil OC showed a maximum range of 19,060.798 m and 4458.93 in June 2018 and 
June 2019, respectively. Exchangeable Mg had 3320.28 m as the maximum range in 2020. 
Soil EC showed the lowest range in June 2018 (635.43) and January 2020 (446.89), whereas 
Cu (562.01)showed the lowest range in June 2019. This shows the maximum variance at a 
closer distance, and further, there will not be any spatial autocorrelation after this min-
imum distance. The variance becomes constant among the observed soil variables. 

The Nugget–Sill (spatial dependency) higher ratio indicates that the spatial varia-
bility is primarily caused by stochastic factors, such as fertilization, farming measures, 
cropping systems, and other human activities. The lower ratio suggests that structural 
factors, such as climate, parent material, topography, soil properties, and other natural 
factors, play a significant role in spatial variability. The values of <0.25, 0.25–0.75, and 
>0.75 show strong, moderate, and weak spatial autocorrelation in soil properties, respec-
tively. The spatial dependency for the soil OC, available N, S, and Cu was moderate, with 
nugget–sill ratios– of 0.385, 0.385, 0.328, and 0.324, respectively,in June 2018. Similarly, 
available N (0272), S (0.517), Cu (0.353), and B (0.500) were moderate in spatial depend-
ence in January 2019, whereas ESP (0.760)showed weak spatial dependency in January 
2019.Soil OC (0.385), available N (0.385), S (0.328), Cu (0.324), and ESP (0.628) had mod-
erate spatial dependency in January 2020.The moderate spatial dependence of these soil 
parameters may be due to the fact that the variability was controlled by both external 
factors (fertilization and mono-cropping system of pigeon peas) and internal factors 
(climate, parent material, topography, soil type)that contributed to the variation. Similar 
results were also reported by Rakesh and Kunal [3]. In both years, the standardized root 
mean square error (RMSE) was close to one; hence the selected model was best fitted. ESP 
has exhibited the variance at distance zero [Nugget (C0) = 0.342] almost the same as that 
of the sill the maximum variance = 0.449. Since ESP is a cause of excess Na accumulation, 

Figure 6. Semivariogram models of soil properties.

Soil OC showed a maximum range of 19,060.798 m and 4458.93 in June 2018 and June
2019, respectively. Exchangeable Mg had 3320.28 m as the maximum range in 2020. Soil
EC showed the lowest range in June 2018 (635.43) and January 2020 (446.89), whereas Cu
(562.01)showed the lowest range in June 2019. This shows the maximum variance at a
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closer distance, and further, there will not be any spatial autocorrelation after this minimum
distance. The variance becomes constant among the observed soil variables.

The Nugget–Sill (spatial dependency) higher ratio indicates that the spatial variability
is primarily caused by stochastic factors, such as fertilization, farming measures, cropping
systems, and other human activities. The lower ratio suggests that structural factors, such
as climate, parent material, topography, soil properties, and other natural factors, play a
significant role in spatial variability. The values of <0.25, 0.25–0.75, and >0.75 show strong,
moderate, and weak spatial autocorrelation in soil properties, respectively. The spatial
dependency for the soil OC, available N, S, and Cu was moderate, with nugget–sill ratios–
of 0.385, 0.385, 0.328, and 0.324, respectively, in June 2018. Similarly, available N (0272),
S (0.517), Cu (0.353), and B (0.500) were moderate in spatial dependence in January 2019,
whereas ESP (0.760)showed weak spatial dependency in January 2019.Soil OC (0.385),
available N (0.385), S (0.328), Cu (0.324), and ESP (0.628) had moderate spatial dependency
in January 2020.The moderate spatial dependence of these soil parameters may be due to
the fact that the variability was controlled by both external factors (fertilization and mono-
cropping system of pigeon peas) and internal factors (climate, parent material, topography,
soil type)that contributed to the variation. Similar results were also reported by Rakesh
and Kunal [3]. In both years, the standardized root mean square error (RMSE) was close to
one; hence the selected model was best fitted. ESP has exhibited the variance at distance
zero [Nugget (C0) = 0.342] almost the same as that of the sill the maximum variance = 0.449.
Since ESP is a cause of excess Na accumulation, which is a rare phenomenon in the study
area, therefore it reflects a weak spatial dependency.

7. Spatio-Temporal Variability of Soil Fertility of Kalmandari Tanda-1 MWS

The main application of geostatistics is the estimation and mapping of soil properties
at unsampled locations. The original kriged output surface has been exported as vector data
for the convenience of presenting actual soil fertility classes (IISS-ICAR, Bhopal) with the
corresponding area covered. The prediction maps of soil fertility parameters assessed for
three different years (June 2018, January 2019, and January 2020) are presented in Figure 7.
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seasons of pigeon pea (a–d).

The Kamalpur series (KMPmC2g1) and Bhimanhalli series (BMNmC2g1) soil phases
are slightly alkaline (38 ha, 5.87% of total area) and moderate to strongly alkaline (32 ha,
4.96%) nature in June 2018, before the sowing of pigeon pea, and the rest of the phases
showed slightly acidic (183 ha, 28.39% including soil phases BHNhB2g1, BHNhC2g1, BM-
NmC3g1S1, GUTmC3g1, KMPmC3g1, RTGhC2g1S1, and RTGhD3g1S1) to neutral pH
(covering 392 ha, 60.77% including soil phases BHNhC2, GUTmB2g1, GUTmC2g1, KK-
ThE3g1S1, KKThF3g1S1, KMPmB2, KMPmC2, MRGmC2g1, MRGmC3g1, MRGmC3g1S1,
RTGhC2, RTGhC2g1). The initial alkalinity may be due to the accumulation of bases during
the prolonged dry spell from previous years and the nature of basic basalt parent material.
The gradual decline in the alkalinity in 2019 and 2020 may be due to the application of acidic
fertilizer. Additionally, adequate rainfall might have helped in decomposing the litters of
pigeon peas which releases organic acids to reduce the soil pH. Soil EC (Non-saline), ESP
(Non-alkaline), available P2O5 (medium), Fe (deficient), Mn (sufficient), Cu (sufficient),
exchangeable Ca (sufficient), and Mg (sufficient)have shown a similar trend in both site
years 1 and 2 as that of before sowing to corresponding soil parameters. Since the Fe uptake
by pigeon pea stover is more (Table 8) and has no external application to soil, hence Fe is
found deficient. Therefore, it may be recommended the application of FeSO4 @ 10 kg ha−1

for rainfed areas.
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Table 8. Nutrient uptake (kg ha−1) by pigeon pea at Kalmandari Tanda-1 MWS in 2019 and 2020.

Soil Phase
2019 2020

N P K S Fe Zn N P K S Fe Zn

BHNhB2g1 71.04 10.77 47.47 7.19 453.19 114.63 75.89 14.09 51.43 8.25 463.66 118.63
BHNhC2 64.90 9.61 37.51 6.55 425.96 102.16 72.31 13.25 42.12 7.75 442.82 107.94

BHNhC2g1 66.12 9.74 35.08 5.56 421.17 104.11 71.96 13.20 39.59 6.72 442.03 110.42
BHNhD3g1 61.09 9.32 36.65 8.99 401.37 96.76 63.96 12.14 39.10 9.76 398.20 97.32
BMNmC2g1 69.90 10.91 46.37 5.21 439.67 111.21 76.70 14.57 50.72 6.28 448.90 115.44

BMNmC3g1S1 70.30 11.41 45.80 6.77 440.15 107.94 76.40 14.97 50.16 7.88 452.20 112.47
GUTmB2g1 73.36 12.34 48.63 7.93 483.95 111.22 79.59 15.97 52.91 9.05 494.17 115.39
GUTmC2g1 67.91 10.71 47.79 9.31 432.97 101.93 76.58 14.77 53.69 7.61 456.78 109.30
GUTmC3g1 69.20 10.71 46.26 9.83 433.30 97.11 76.05 14.39 50.91 9.16 447.39 101.92

KKThE3g1S1 62.84 9.13 41.25 7.01 395.60 108.03 66.96 12.23 44.83 8.01 404.24 111.51
KKThF3g1S1 60.75 8.38 39.31 4.95 389.87 104.47 65.33 11.55 43.36 5.98 404.07 109.28

KMPmB2 71.52 11.83 49.93 6.80 462.21 107.17 81.65 16.29 57.75 8.42 506.55 118.95
KMPmC2 68.17 10.88 46.09 5.73 421.36 98.18 74.83 14.60 50.78 6.87 435.73 103.15

KMPmC2g1 67.24 10.27 46.91 9.33 446.45 101.86 74.54 14.10 52.65 8.38 472.90 109.31
KMPmC3g1 66.52 10.81 46.29 8.28 432.00 102.16 73.93 14.66 51.53 8.81 451.61 108.44
MRGmC2g1 67.38 10.36 47.42 8.81 440.71 102.60 77.41 14.73 54.86 7.27 485.99 114.51

MRGmC2g1S1 64.11 10.56 47.80 10.35 448.98 103.79 75.05 15.08 55.12 11.22 484.74 114.11
MRGmC3g1 63.39 10.34 46.60 5.60 435.16 106.82 72.88 14.55 51.56 6.87 455.77 114.10

MRGmC3g1S1 64.60 10.27 45.74 6.06 442.11 105.34 74.94 14.57 51.91 7.42 467.25 113.57
RTGhC2 61.91 9.34 36.36 5.51 440.70 107.31 67.93 12.71 39.80 6.49 444.07 110.10

RTGhC2g1 62.87 9.44 37.07 8.69 426.33 108.71 69.36 12.93 41.28 10.06 439.65 113.79
RTGhC2g1S1 61.91 9.30 39.21 8.74 428.48 101.81 68.96 12.89 43.98 10.95 447.49 107.93
RTGhD3g1S1 61.09 9.03 36.48 7.94 415.85 100.18 70.64 12.94 41.45 8.92 433.22 106.64

Soil OC in phases of Kurkota series (KKThE3g1S1 and KKThF3g1S1), Ratnagutti series
(RTGhC2g1S1and RTGhD3g1S1) showed low (58 ha, 0.03% of total area), whereas the rest
of the soil phases had medium soil OC in June 2018. Further, it has shown a temporally
declining trend in both site years 1 & 2. This may be due to water erosion caused by
heavy rain. The available N showed a declining trend temporally. During June 2018, that
is, before the sowing of pigeon peas, the available N was medium in Kamalapur series
(KMPmC3g1) and Margutti series (MRGmC2g1S1 and MRGmC3g1) soil phases covering
96 ha, 14.93% of 645 ha total area of the micro watershed and rest of the study area showed
low available N covering 549 ha (85.07%) of the total area. In the subsequent year, January
2019, a few parts of soil phase MRGmC3g1 retained medium level (11 ha, 1.75%) available
N, whereas the rest two soil phases have declined to low N, covering a maximum area of
634 ha (98.25%). During January 2020, all soil phases had low available N. This declining
trend from medium available N to low N may be due to the uptake by pigeon pea crops in
two site years, 2018–2019 and 2019–2020. This is also supported by the increased uptake
of available nutrients and increased seed yield during 2019–2020 with a good amount of
rainfall. Therefore, soil-available N has been utilized by the pigeon pea.

Soil CaCO3 was slight (BMNmC2g1, BMNmC3g1S1, GUTmC3g1, and RTGhD3g1S1
covering a smaller area of 61 ha, 9.51%)in June 2018 before sowing and has shown increasing
accumulation after the harvest of the pigeon pea in both the site years, this may be due
to a corresponding increase in exchangeable Ca and Mg. Available K2O and Zn showed
a similar spatio-temporal trend that is from high to medium and sufficient to deficient,
respectively, from June 2018 before sowing to after harvest in both site years. This may
be due to variation in uptake in K2O & Zn by pigeon peas as influenced by rainfall and
exhausted during the initial rainfall after a long dry spell and with no external application
of these nutrient elements. Available B has shown an initial slight increase in a few areas
of the Bhimanhalli series (BMNmC3g1S1) of January 2019 when compared to June 2018.
Further, the decline in trend was observed in January 2020 from medium to low nutrient
levels. Whereas, available S has increased in a larger area during 2019 when compared
to 2018, then showed a decline in trend temporally during 2020. This may be due to low
rainfall till June 2018, causing medium S availability in January 2019, and subsequently, the
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high rainfall during 2019 made the pigeon pea uptake these nutrient elements causing low
soil available S and B in 2020.

8. Nutrient Uptake in Pigeon Pea

Nitrogen uptake by pigeon peas ranged from 60.75 (KKThF3g1S1) to 73.36 (GUTmB2g1)
and from 63.96 (BHNhD3g1) to 81.65 (KMPmB2) with a mean of 66.01 and 73.21 in Kalman-
dari Tanda-1 MWS during 2019 and 2020 respectively. The uptake of nutrients by the crop
is mainly a function of the yield and efficient development of roots. The nitrogen uptake by
the pigeon pea grain was higher than by the stalk during both years. This may be due to
the fact that the larger part of nitrogen absorbed by the plant would have migrated into the
grains at the time of harvest. Nitrogen was absorbed in greater amounts than any other
nutrient elements studied. This might be due to more availability of nutrients through
fertilization, which increased the cation exchange capacity of plant roots. Thus, it makes the
plant roots more efficient in absorbing nitrogen [29], which directly influences the activity
of microorganisms which enables the N-fixing by Rhizobium to fix atmospheric nitrogen
by symbiotic association with legumes, making plant roots more efficient at absorbing the
nitrogen nutrient from soil [30].

Phosphorous uptake by pigeon peas ranged from 8.38 (KKThF3g1S1) to 12.34
(GUTmB2g1) and from 11.55 (KKThF3g1S1) to 16.29 (KMPmB2) with a mean of 10.23
and 13.96 in Kalmandari Tanda-1 MWS during 2019 and 2020, respectively. The increase
in uptake of P with a successive increase in P fertilization and added supply of nutri-
ents increases the CEC of root and root proliferation by stimulating the cellular activities
and translocation of certain growth-stimulating compounds to roots. Thus, the extensive
root system development with balanced fertilization along with organic fertilizers in ad-
equate amounts might have assisted in the efficient absorption and utilization of other
nutrients [31].

Potassium Uptake by pigeon peas ranged from 35.08 (BHNhC2g1) to 49.93 (KMPmB2)
and from 39.10 (BHNhC2g1) to 57.75 (KMPmB2) with a mean of 43.39 and 48.32 in Kalman-
dari Tanda-1 MWS during 2019 and 2020, respectively. The increased uptake of K by pigeon
peas may be due to the release of potash from the K-bearing minerals by complex agents
and organic acids produced during the decomposition of FYM. In addition, it might be due
to bacterial activities and applied fertilizers that were being made available to the crop via
N-fixation as well as the release of native potassium in soil [32].

Sulfur uptake by pigeon peas ranged from 4.95 (KKThF3g1S1) to 10.35 (MRGmC2g1S1)
and from 5.98 (KKThF3g1S1) to 11.22 (MRGmC2g1S1) with a mean of 7.44 and 8.17 in
Kalmandari Tanda-1 MWS during 2019 and 2020 respectively. Uptake of S might be due to
the favorable influence of NPK on a higher degree of root proliferation, anchorage, and
deep penetration which in turn absorb a higher amount of nutrients from the Rhizosphere
and supply to the crop resulting in higher plant height, LAI, and dry matter production
and higher S content in the grain and stalk of the pigeon pea [33].

Iron uptake by pigeon peas ranged from 389.87 (KKThF3g1S1) to 483.95 (GUTmB2g1)
and from 398.20 (BHNhD3g1) to 506.55 (KMPmB2) with a mean of 432.94 and 451.28 in
Kalmandari Tanda-1 MWS during 2019 and 2020, respectively. The uptake of Fe was
increased in general under the conjoint use of chemical fertilizers along with organic, which
improved fertility levels and would be attributed to the better availability of micronutrients
and their transport into the plant [34].

Zinc uptake by pigeon peas ranged from 96.76 (BHNhD3g1) to 114.63 (BHNhB2g1)
and from 97.32 (BHNhD3g1) to 118.95 (KMPmB2) with a mean of 104.59 and 110.62 in
Kalmandari Tanda-1 MWS during 2019 and 2020, respectively. The increased zinc uptake
with the increase in fertility levels with FYM is attributed to the better availability of
nutrients and their transport to the plant from the soil [35]. This may also be attributed
to higher biomass production and the fact that the decomposition of FYM releases zinc
cations, which were easily taken up by plants [36].
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9. Seed Yield

Seed yield ranged from 1207 kg ha−1 (MRGmC3g1S1) to 1394 kg ha−1 (GUTmB2g1)
and 1325 kg ha−1 (BHNhD3g1) to 1496 kg ha−1 (GUTmB2g1) with a mean of 1301 to
1421kg ha−1 in Kalmandari Tanda-1 MWS, respectively, in the year 2018–2019 and 2019–
2020 (Figure 8).
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The source-sink relationship and the rate at which translocation takes place from
source to sink during the reproductive stage largely determine grain yield. Pigeonpea
yield is a function of different yield components, such as the number of pods per plant.
Source components such as LAI and dry matter accumulation play an important role in
determining the final grain yield [37]. Jat and Ahlawat [38] also reported that the combined
application of various organic and inorganic sources resulted in higher production by
improving physical soil conditions and soil productivity. The low yield was attributed due
to slightlyless improvement in growth and yield parameters. It also may be due to less
limitation of land components like erosion, slope, texture, etc. [39].

10. Conclusions

The spatio-temporal variability of soil fertility parameters was generated using the k
riging technique. It was observed that the maximum area was under neutral pH (392 ha,
60.77%) in 2018, and soil phases with slightly alkaline (38 ha, 5.87% of total area) showed
a gradual decline in the pH to neutral in 2019 and 2020 after the harvest of pigeon pea
in Kalmandari Tanda-1.Assessment of spatio-temporal variability of soil properties and
nutrient uptake studies at mapping unit/soil-phase unit level includes the results drawn
from both the soil intrinsic and extrinsic properties. Soil pH, organic carbon, available K, S,
and Zn have shown significant spatio-temporal variations among three different sets of
surface soil samples analyzed, one before the maturity of the pigeon pea (June 2018) and
the other two after maturity (January 2019 and January 2020) of the pigeon pea. Assessment
of soil-phase-wise soil properties and nutrient uptake studies will help to identify the
limitations of the soil in management units in supporting plant growth and enables to
address the site-specific nutrient reclamation.
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The higher nutrient uptake and pigeon pea yield were observed in GUTmB2g1 and
KMPmB2 soil phases of Kalmandari Tanda-1 MWS, which were characterized by moderate
to deep soil depth, good soil properties with clay texture, and very gently sloping with
moderate erosion. Though KKThE3g1S1 and KKThF3g1S1 soil phases of Kalmandari
Tanda-1 MWS had moderately deep soils, showed less nutrient uptake and pigeon pea
seed yield because of low to medium soil fertility, strong to very strong slope with severe
erosion, which needs to be intervened with soil and water conservations measures to
control maximum runoff, loss of soil and nutrients from land leveling, erosion barriers,
and by addition of organic manures to improve soil physical and chemical properties of
these phases. Therefore, the soil fertility and nutrient uptake was found to be low in soil
phases wherever a strong to very strong slope existed, which is a major yield-limiting
factor. Hence, precision land leveling and soil fertility management are necessary for all
the pigeon pea-growing soils to maximize the production and productivity of the region.
The spatio-temporal variability in soil properties, yield, and nutrient uptake of pigeon peas
was attributed to slope and availability of soil moisture in this mono-cropping rainfed
condition.
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