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Abstract

Indian soils are inherently poor in quality due to the warm climate and erosion. Conversion
of land uses like forests to croplands and faulty management practices in croplands further
cause soil degradation. This study aimed to understand the extent of these impacts in a
small representative part of eastern India, covering Himalayan terai and nearing alluvial
plains. Soils were collected from (i) forests, (ii) croplands (under agricultural practices for
more than 50-60 years) and (iii) converted lands (converted from forests to croplands or tea
gardens over the past 15-20 years). Different soil quality indicators were assessed and soil
quality index (SQI) was generated to integrate, scale and allot a single value per soil.
Results indicated that continuous organic matter deposition and no disturbances conse-
quence the highest presence of soil carbon pools, greater aggregation and maximum micro-
bial dynamics in forest soils whereas high application of straight fertilizers caused the
highest available nitrogen and phosphorus in cropland soils. The SQI scorebook indicated
the best soil quality under forests (x 0.532), followed by soils of converted land (x 0.432) and
cropland (x 0.301). Comparison of the SQI spatial distribution with land use and land cover
confirmed the outcome. Possibly practices like excessive tillage, high cropping intensity, no
legume in crop rotations, cultivation of heavy feeder crops caused degraded soil quality in
croplands. This study presented an example of soil quality degradation in India due to land
use change and faulty management practices. Such soil degradation on a larger scale may
affect future food security.

1. Introduction

Soil quality can be defined as soils’ potential to optimally function within the ecology and
land-use boundaries towards biological productivity and proper ecosystem services [1, 2]. The
concept of soil quality appeared very prominently in the 1990s and following that emerged the
need for tangible soil indicators to measure it [3]. Scientists considered a wide range of mea-
surable physical, chemical and biological soil parameters as the quantitative indicators of soil
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quality like soil organic carbon (C), C fractions, texture, electrical conductivity (EC), nutrient
contents, pH, aggregate stability, soil microbial characterization etc. [4-8]. The assessment of
soil quality by understanding the threshold range of these indicators in a certain ecology also
shows the sustainability potential of that soil [9].

Changes in land use and land cover (LULC) causes slow but permanent alterations in the
individual soil parameter and in overall soil quality [10]. Under continuous anthropogenic
pressure, shifts in LULC like agricultural expansion, urbanization have become a recent global
trend. Widespread deforestation has been observed in tropical areas in the last few decades
[11]. And these changes in land use, land management and landscape dynamics influenced
soil quality very prominently during this short time [4]. Studies showed that conversion of for-
est area to cultivated lands under anthropogenic pressure results in severe degradation of soil
quality in terms of porosity, aggregate stability, soil C and nitrogen (N) content, humus quality
etc. [12-14]. While, conversion of forests into grasslands and tea gardens caused a noteworthy
decline in soil C content and overall soil quality [14, 15], alteration of grasslands to croplands
led to the further curb in organic C stock as well as soil microbial biomass C, root biomass and
root C [16]. Although a lot of studies established a thumb rule of degradation in soil quality by
converting natural land to croplands, the impact of artificial fertilizer application in the agri-
cultural system sometimes improves certain soil indicators [17]. Metadata analysis indicates
that even within croplands, soil quality indicators change with crop types (annual or perennial)
and management practices [18, 19]. To accurately comprehend the quality of soils, there is a
need to establish a quality index, which integrates different soil parameters along with their
stratification and proper allotment [20, 21]. A numerical soil quality index (SQI) that can pro-
vide a single value for each soil by combining the impact of all quantitative parameters will be
considered and termed as indicators now onward [7, 22]. This SQI can also evaluate and reflect
the soil degradation due to land-use changes and management practices [21].

This study used SQI to understand the soil quality of an area of eastern India. It was impor-
tant as this area is unique in terms of LULC heterogeneity. Several forests of national impor-
tance are situated here and it is also a famous tea-belt. In the last few decades, the increase in
population pressure resulted in many-fold increases in croplands and urban settlements in this
region. New tea gardens were also established in the forest fringe areas [23]. As a result, the vir-
gin lands witnessed several folds of anthropogenic encroachments and interventions [24]. We
hypothesized that LULC change of this area significantly affected the soil quality, which can be
accurately measured by SQI. The objective of this study was to use SQI to understand the
impact of land use on soil quality. For proper visual comprehension, spatial distribution of soil
quality was also studied.

2. Materials and methods
2.1. Study area and soil sampling

This study was conducted in the northern part of West Bengal state (26-27°N; 88-90°E) of
India, south to the Bhutan Himalaya and north to the plains of Bangladesh (Fig 1). It comes
under humid to per-humid bioclimate [25] and covers three entire districts viz. Cooch Behar,
Jalpaiguri and Alipurduar. Physiographically the area can be divided into Himalayan Terai
and flat plains, formed by the alluvial deposition Teesta, Torsa, Jaldhaka, Sankosh, Mahananda
rivers. These all are tributaries of the Brahmaputra River and being in their upper and middle
courses, deposit mainly sand and silt (coarse particles) in this region. The soils of the area are
Entisols (in floodplains) and Inceptisols (above the floodplains) [26]. There are several mixed
semi-evergreen forests and grasslands here, including national parks (like Buxa Tiger Reserve,
Jaldapara, Garumara, Neora Valley) and wildlife sanctuaries (such as Chapramari, Jorepokhri,
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Fig 1. Study area indicating soil sampling locations.

https://doi.org/10.1371/journal.pone.0275062.g001

Mahananda). Croplands, tea gardens and urban sprawls are the other types of land uses. In
Terai and alluvial plains, the cropping system is solely rice-based and the average cropping
intensity is >200%. An increase in population pressure, the subsequent need for the more cul-
tivated area and socio-economic development has caused a change in LULC of this region in
the last 2-3 decades with the rapid conversion of open, unprotected forests to newly cultivated
lands (dominantly) and tea-gardens (in some places) [23, 24]. These converted lands are situ-
ated at the fringe of present-day forests and cultivation practices have started only in the last
15-20 years. However, the cropping system of converted lands is a bit irregular.

A total of 450 surface soil samples (0-20 cm depth) were collected from the area using hand
trowel [27]. Each of these soils was a composite sample, prepared from 4 soil subsamples of the
same/nearby fields. Soils were collected from 3 different land-use ecologies viz. (i) forests, (ii)
croplands (under agricultural practices for more than 50-60 years) and (iii) converted lands (con-
verted from forest to croplands or tea gardens over the past 15-20 years) with 150 samples from
each of the ecology. Deliberately, the sampling was restricted to the Terai and alluvial plains only
(Fig 1), as the Himalayan hills have very different physiography and subsequent soil-forming pro-
cess. In some places (mainly under forest), the thin surface organic layer (O horizon) was gently
scraped aside to collect the mineral soil only. The soil samples were collected during the pre-mon-
soon season (April-May 2016) when the fields were fallow and the soils were dry.

2.2. Land use and land cover analysis from satellite data

Cloud free Landsat 8 OLI data (collection 2 level 2) of 10th March 2016 (Path 138, Row 41, 42)
and 17th March 2016 (Path 139, Row 41, 42) were downloaded from the United States Geolog-
ical Survey data hub (https://earthexplorer.usgs.gov). No preprocessing was done as these data
were already geometrically, radiometrically and atmospherically corrected. After mosaic for-
mation and selection of area of interest, supervised classification was conducted on the image
using the maximum likelihood algorithm in ERDAS Imagine 2016 software [24, 28]. A detailed
ground survey was done for the selection of training sites. Different prominent LULC classes
were identified and to avoid misclassification, they were cross-checked with ground observa-
tions and the author’s prior knowledge about the study area. Finally, spatial filters (3 x 3) were
applied to eliminate the isolated pixels [24].

2.3. Soil analysis

The collected soil samples were air-dried. After removing the visible plant roots, clods were
broken and the soils were passed through 5.0 mm and 2.0 mm sieves. For each soil, a
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subsample of <2.0 mm size was used for Physico-chemical characterization [29]. Soil pH was
measured by a digital pH meter (Systronics, Model 4381). Soil cation exchange capacity (CEC)
was estimated using 1.0 N ammonium acetate (NH4OAc) at pHw 7.0 [29], while soil
exchangeable Al was estimated by KCl extraction and titration [30]. Soil texture was deter-
mined using the international pipette method [31]. Total C of bulk soil was estimated using
Vario EL III elemental analyzer (Elementar, Germany). Inorganic C was measured via pressure
calcimeter [32] and the difference between was total C and inorganic C was considered as soil
organic C. Soil available N and available phosphorus (P) were estimated using Kjeldahl appara-
tus and spectrophotometer (Shimadzu UV-Vis 1800), respectively [33, 34].

Soil samples were physically fractionated into aggregates and as per their densities. For den-
sity fractionation, sodium polytungstate (SPT) was used as the heavy liquid [35]. After adjust-
ing the density to 1.6 g cm™, the samples were shaken in repeated cycles and filtered by
Whatman glass filter paper (0.7 ym pore size) to separate light and heavy density fractions
[36]. The fractions were further analyzed in Vario EL III elemental analyzer (Elementar, Ger-
many) to measure C associated with heavy and light fractions. The soil subsamples of 2.0 to 5.0
mm diameter (separated during air-drying) were used for aggregate analysis by dry sieving
[37]. For each sample, 100 g soil was mounted on a nested set of sieves in a dry sieve shaker (of
2.0, 1.0, 0.5, 0.25, 0.1, 0.05 mm diameters). The sieves were mechanically shaken vertically for
2 mins with 10 mm amplitude. The weight of the soil samples, collected in each of the sieves,
were measured and then used to calculate aggregate stability indices like mean weight diameter
(MWD) and geometric mean diameter (GMD) as per the following equations [36, 38].

MWD =) " XW, (1)

GMD = exp {Z; log X, Wi/m} (2)

Where, X, and Wi represented the mean diameter (mm) of each size fraction and propor-
tion of the total sample weight to corresponding size fraction, respectively. The m and n repre-
sented mass of sample and number of size fractions, respectively. These samples, collected in
the sieves, were then oven dried at 65°C and analyzed in Vario EL III elemental analyzer (Ele-
mentar, Germany) for aggregate associated C.

Soil microbial activity was measured by enzymatic activities, as represented by fluorescein
diacetate hydrolysis (FDA-HR) assay [39]. Air-dried soils were mixed with potassium phos-
phate buffer and FDA [40]. The mixture was incubated, filtered through a cellulose nitrate
membrane filter (0.45 ym pore size) and the extract was measured in 492 nm using a spectro-
photometer (Shimadzu UV-Vis 1800). The reading was converted to ug g”* h™". In contrast,
separate subsamples of all the soils were stored at 4°C in the field-moist condition. These soils
were used to determine soil microbial biomass C following the chloroform fumigation-extrac-
tion method [41]. Soil microbial quotient was computed as the percentage of organic C present
as microbial biomass C [29].

2.4. Development of soil quality index

For the development of SQI, the numbers of soil indicators were reduced following their high
eigenvalues (>1) in principal component analysis (PCA). The variables with the highest eigen-
vectors and absolute factor loadings (corresponding to each of the principal components
(PC)) were only considered to develop a minimum data set (MDS) [21, 42]. The multivariate
correlation coefficient was then calculated to see which variables could be considered redun-
dant and could therefore be eliminated [42]. In case of variables with high correlation
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(Pearson’s correlation coefficient >0.6), only the variable with higher eigenvector loading was
retained for the MDS [42, 43]. Next, these selected variables were transformed to indicator
scores (within a range of 0-1) as per the following equation:

x; — min (x)

/i max (x) — min (x) 3)

Where, x; is the original variable and y; is the transformed indicator score [7]. Next, they
were used to build an SQI through weighted additive function [7, 44]. Here, the weight of any
variable was calculated as the amount of variation (%) in the total data set explained by that
PC, divided by the cumulative variation % explained by all the PCs with eigenvalues >1. It
resulted in the generation of coefficients for that variable [42]. Following the addition of weight
to the soil quality indicators, SQI was built as follows:

SQI = Y7 Si x Wi (4)

Where, S; and W; are the selected soil quality indicators and their corresponding weight,
respectively and n is the number of indicators.

2.5. Mapping of soil quality index

The spatial variability of the SQI was estimated through geostatistical techniques in ArcGIS
10.8.1 software (ESRI Inc., USA). In semi-variogram (y(h)), the average dissimilarity between
the data separated by a vector (h) was estimated using following equation [45]:

1() = gy S e = s+ ) )

Where, z(x;) is the value of the variable z at location of x;, h is the lag distance or separation
distance and N(h) is the number of pairs of sample points separated by h.

Next, the semi-variogram were fitted in standard models using weighted least square tech-
nique and three spatial variations parameters were calculated viz. nugget (Cy), sill (C+C,) and
range (a). Among the four standard semi-variogram models (Linear, Exponential, Spherical
and Gaussian), the Gaussian was found as best fit model as per minimum residual sum of
square (calculated in gstat auxiliary packages in R software) [45, 46]. Mathematical expressions
of the Gaussian semi-variogram models is given below:

Gaussian model:

= i-ep [ o ©

Next, the fitted semi-variogram parameters corresponding to best fit model were used to
create SQI map of the study area through ordinary kriging (Fig 2). Estimates of SQI values at
unsampled locations, z(u), were computed as following [45, 47]:

o) = 3 22(n,) )

n(u)

where, z(u) is the kriging estimated values of SQI at any unsampled site, based on values of
known location z(u,) located in close neighborhood and A, is weight assigned to z(u,). To
understand the existence of outliers, Cook’s distance plot was calculated. Leave-out one cross-
validation was performed between observed and estimated values and correlation coefficient
(r), regression coefficient (R?) and root mean square error (RMSE) were calculated for that.
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The SQI spatial variability was compared with the satellite data derived land use map of the
area (Fig 2).

3. Results

Following the objective, this study adopted a stratified approach to understand the impact of
LULC on soil quality. First, different soil indicators were analyzed and a comprehensive SQI

was built to quantify the soil quality through a single value. Finally, the spatial distribution of
soil quality was observed.

3.1. Determination of soil indicators

All the soils were acidic in nature (forest x: 5.29, converted lands x: 5.38, croplands x: 5.59)
(Table 1). The dominant number of soils were of sandy loam texture while the presence of
loam, silty loam, sandy clay loam and loamy sand were also observed. Soil CEC was found to
be low (forest x: 4.14, converted lands : 4.05, croplands x: 4.19 meq 100 g soil) while pres-
ence of significant amounts of exchangeable Al was observed. Table 1 indicated no significant
impact of land use on soil texture, CEC and exchangeable Al. X-ray diffraction analysis of the
bulk soil samples indicated the dominance of muscovite, quartz, zeolite types of minerals in all
the soils [26].

Total C was found much higher in the forest soils (¥: 1.21%) than the converted lands (x:
0.87%) and cropland soils (x: 0.79%). On a similar note, soil organic C was highest in forests
(x: 11.61 g Kg'"), followed by soils of converted lands (x: 8.25 g Kg™') and croplands (¥: 7.30 g

PLOS ONE | https://doi.org/10.1371/journal.pone.0275062 September 22, 2022 6/17


https://doi.org/10.1371/journal.pone.0275062.g002
https://doi.org/10.1371/journal.pone.0275062

PLOS ONE

Soil quality evaluation under different land uses in eastern India

Table 1. Soil properties under different land uses.

Parameters Forest Converted lands Croplands

Mean Range Mean Range Mean Range
pH 5.29 4.75-5.73 5.38 4.43-7.83 5.59 4.2-8.04
EC(dSm™) 0.15 0.1-0.2 0.14 0.1-0.2 0.17 0.1-0.3
CEC (meq 100 g'1 soil) 4.14 1.54-6.94 4.05 1.56-6.89 4.19 4.09-7.21
Exchangeable Al (meq 100 g'1 soil) 0.22 0.11-0.28 0.15 0.10-0.21 0.18 0.11-0.29
Texture
Clay (%) 14.53 6.0-18 15.76 4.0-26 14.29 4.0-24
Silt (%) 22.05 2.0-42 21.04 2.0-48 22.91 2.0-64
Sand (%) 63.31 43-87 63.20 30-92 63.64 20-90
Soil total C (%) 1.21 0.52-2.87 0.87 0.60-1.37 0.79 0.19-1.05
Soil organic C (g Kg'l) 11.61 4.85-28.13 8.25 5.71-13.12 7.30 0.963-14.42
Available N (Kg ha™') 147.3 85.3-198.2 188.4 50.2-323.6 202.7 109.1-281.0
Available P (P,O5 Kg ha') 51.7 13.7-260.8 77.9 23.5-182.6 80.3 12.7-559.9
Density fractionation of soil
Heavy fraction (g kg'l) 965.82 954.56-976.69 970.60 962.66-979.88 968.55 957.27-980.59
Light fraction (g kg’l) 2.43 0.31-5.35 1.94 0.12-3.34 1.20 0.41-2.73
(Light fraction/ Heavy fraction) x 100 0.25 0.03-0.54 0.20 0.01-0.34 0.12 0.04-0.27
C associated within density fraction
Heavy fraction (g kg™) 114 6.32-13.59 8.41 6.23-11.78 7.88 6.72-11.14
Light fraction (g kg™) 259.53 212.5-767.51 188.33 80.36-388.14 188.03 29.11-319.28
(C in Heavy fraction/Light fraction) x 100 4.15 3.69-4.31 5.78 2.58-17.15 5.37 2.73-28.31
Soil aggregation
Mean Weight Diameter (mm) 1.40 0.62-1.8 1.35 0.96-1.72 1.31 0.35-1.81
Geometric Mean Diameter (mm) 1.01 0.58-1.23 0.97 0.73-1.19 0.95 0.48-1.23
Macroaggregate associated C (g kg™") 12.11 7.83-16.04 11.05 7.16-17.61 8.55 3.93-15.10
Microaggregate associated C (g kg™) 12.21 4.11-16.62 11.33 6.82-20.81 9.14 3.32-16.05
Microbial biomass C (ug g'l) 73.35 4.36-261.08 36.45 5.47-346.97 25.94 1.86-77.99
Microbial quotient 0.72 4.99-2.73 0.44 0.64-3.73 0.45 0.01-4.36
Fluorescein Di-Acetate (ug g.;f1 h) 710.66 166.02-2207.15 464.71 235.44-898.62 454.47 17.87-1062.70

https://doi.org/10.1371/journal.pone.0275062.t001

Kg™). Cropland soils were high in available N and P (¥: 202.7 Kg N and 80.33 Kg P,Os ha™) in
comparison to soils of converted lands (x: 188.4 Kg N and 77.9 Kg P,0Os ha-1) and forests (x:
147.3 Kg N and 51.7 Kg P,Os ha™).

In density fractionation of soils, 96.9+1% soil mass was recovered. Nearly the entire amount
of the soils was found within the heavy density fractions while only small quantity of soils were
separated as light density fractions. A ratio of these two fractions ((light fraction/ heavy frac-
tion) x 100) indicated a comparatively higher presence of light fractions in forest soil, followed
by soils of converted lands and croplands (Table 1). A very high amount of C was found to be
associated with the light density fractions in all the soils while C associated with heavy density
fractions was much less. Soil aggregate stability was estimated using MWD and GMD under
all the three LULC classes. Both of these indices confirmed a higher presence of soil macroag-
gregate in forest soils (x: MWD: 1.40, GMD: 1.01), followed by converted land soils (X: MWD:
1.35, GMD: 0.97) and soils of croplands (x: MWD: 1.31, GMD: 0.95). Among the different
LULC classes, forest soils were found to hold maximum C within aggregates (macro: X 12.11 g
kg™'; micro: x 12.21 gkg'). Lowest aggregate occluded soil C was observed under croplands
(macro: X 8.55 g kg''; micro: x 9.14 gkg™") (Table 1).
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Forest soils also represented a much higher microbial biomass C (X 73.35 ug g'*) and micro-
bial quotient (¥ 0.72) in comparison to the soils of converted lands (microbial biomass C: x
36.45 pg g, microbial quotient: X 0.44) and croplands (microbial biomass C: X 25.94 ug g”',
microbial quotient: X 0.45) (Table 1). Soil enzymatic activities (as represented by FDA-HR)
were also found low in the soils of croplands (X 454.47 ug g h-1) and converted lands (X
464.71) in comparison to forests (X 710.66).

3.2. Soil indexing and mapping

To create soil quality index, the principle of MDS was followed in this study. A total of 19 indi-
cators (Table 2) were considered for SQI formation. It was further reduced to 8 indicators fol-
lowing high eigenvalues (> 1) obtained in PCA. Selection of soil indicators for MDS under
these 8 PCs was made using eigenvectors (Table 2) and the sorted soil indicators were (i) den-
sity fractionation of soil, (ii) FDA, (iii) microbial biomass C, (iv) available P, (v) C associated
within density fraction, (vi) available N, (vii) ratio of macroaggregated and microaggregated C
and (viii) total C. Among these, available N (eigenvector 0.843) and available P (eigenvector
0.778) were showed high correlation (Pearson’s correlation coefficient >0.6) (Fig 3) and only
available N was kept in MDS following its higher eigenvector loading (Table 2) [42, 43].

Table 3 showed the relative proportion of these indicators for the calculation of a weighted
additive index. The SQI score-sheet indicated that forest soils (X 0.532) were best in quality,
followed by soils of converted lands (x 0.432) and croplands (x 0.301) (Fig 4). However, soils
of converted lands exhibited a more stretched range of SQI (0.124 to 0.687) in comparison to
forest soils (0.257 to 0.678) and soils of croplands (0.147 to 0.563).

Table 2. Selection of parameters (indicators) for soil quality index using eigenvectors obtained through principal component analysis.

Parameters PC1 PC2 PC3 PC4 PC5 PCé PC7 PC8

pH -0.001 0.012 -0.001 0.032 0.049 0.054 -0.123 0.166
EC 0.023 -0.055 -0.145 0.008 0.003 0.005 0.000 0.004
CEC 0.011 -0.016 0.484 0.005 0.002 -0.001 -0.001 0.001

Exchangeable Al 0.015 -0.001 0.041 0.002 0.007 0.000 0.002 0.008
Clay 0.001 0.000 0.007 -0.500 0.071 -0.212 0.003 0.063
Silt -0.001 0.001 -0.010 -0.319 0.067 -0.200 0.008 0.060
Sand 0.000 0.001 0.000 0.003 0.005 0.005 -0.010 0.016
Soil total C 0.000 0.000 -0.001 -0.013 0.011 -0.017 -0.603 0.762
Soil organic C 0.000 0.000 0.000 -0.001 0.002 0.002 0.000 0.003
Available N 0.000 0.000 0.002 0.201 -0.022 0.843 -0.028 0.046
Available P 0.001 -0.001 0.000 0.778 0.098 -0.437 0.009 0.059
Density fractionation of soil 1.000 0.008 0.008 -0.001 0.001 0.000 0.000 0.000
((Weight of Light fraction/ Heavy fraction) x 100)

C associated within density fraction -0.001 -0.002 -0.007 -0.017 0.988 0.088 0.026 -0.017
((C in Heavy fraction/Light fraction) x 100)

Soil aggregate—Mean Weight Diameter 0.000 0.000 0.000 0.000 -0.018 -0.019 -0.031 0.028
Soil aggregate—Geometric Mean Diameter 0.000 0.000 0.000 0.000 -0.011 -0.011 -0.016 0.015
Macroaggregated C/ Microaggregated C 0.000 0.000 0.000 -0.001 -0.020 0.030 0.786 0.613
Microbial biomass C -0.012 0.023 0.863 -0.002 0.008 0.000 0.000 0.001
Microbial quotient 0.000 0.000 0.009 -0.005 -0.024 -0.016 0.008 0.010
Fluorescein di-acetate -0.007 0.998 -0.020 0.001 0.001 0.000 0.001 -0.002

PC: Principal component

(Bold texted cells indicated selected parameters in PCA and their corresponding eigenvectors)

https://doi.org/10.1371/journal.pone.0275062.t002
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Fig 3. Heatmap of variables showing Pearson’s correlation coefficient.

https://doi.org/10.1371/journal.pone.0275062.g003

Ordinary kriging interpolation method was used in this research for spatial mapping i.e. to
calculate the values of SQI in unsampled locations [45, 48]. The resultant map indicated a
diverse distribution of the soil quality. For easy understanding, the range of SQI has been
divided into four classes viz. very high (score >5), high (4-5), medium (3-4) and low (<3).
The Fig 5A showed that soils collected from forests and converted lands fit into very high or
high SQI while medium to low SQI scores were observed under the croplands.

Table 3. Proportion and eigenvalues of the selected indicators for calculation of weighted additive soil quality index.

Indicator parameter PC* Variance Proportion Cumulative proportion
Density fractionation 1 12844.83 0.572 0.572
Fluorescein di-acetate 2 3660.33 0.163 0.735
Microbial biomass C 3 2604.90 0.116 0.851
Available P ¥ 4 1055.43 0.047 0.974

C associated within density fraction 5 943.15 0.042 0.893
Available N 6 763.50 0.034 0.927
Macroaggregated C/Microaggregated C 7 538.94 0.024 0.998

Total C 8 44.91 0.002 1

* Principal component (This proportion of selected parameters were used to calculate weighted additive index); + Available P was not considered in final dataset due to

high correlation (Pearson’s correlation coefficient >0.6) with available N but low eigenvector loading than available N

https://doi.org/10.1371/journal.pone.0275062.t003
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Fig 4. Soil quality index scores under different land use classes.

https://doi.org/10.1371/journal.pone.0275062.g004

4. Discussion

Soils of this area are mainly sandy as all the rivers leave their upper reach here and thus deposit
coarse particles. Presence of such soil and very high rainfall (> 3000 mm per year, as per FAO
ClimWat database) resulted in leaching of basic cations and acidic soils here. The low pH also
possibly consequence noteworthy presence of exchangeable Al [49, 50].

4.1. Soil indicators under different LULC

The higher C status in forest soils in comparison to converted and cropland soils was expected
as tillage operations cause fast depletion of soil C through mineralization [51-53]. Continuous
C deposition in forest soils through leaf and litter fall was another reason for high soil C status.
Converted lands, which were mainly distributed along forest fringes, showed lesser amount of
C than forest soils but higher C than cropland soils (Table 1). Relatively recent human inter-
vention and less intense cropping practices in converted lands were the possible reasons for
this. The higher presence of available N and P in cropland soils can be attributed to the regular
application of nitrogenous and phosphatic fertilizers there, as indicated by the field survey.
Physical fractionation of soils was done to comprehend soil structure and C distribution
within aggregates and in attachment with mineral matrix [35, 36, 38, 54]. In density fraction-
ation, heavy density fraction represented humified/ amorphous organic matter attached to soil
mineral matrix [55] whereas light density fraction represented loose and undecomposed
plant/ organic residues [55, 56]. Continuous fresh organic matter addition in forest soils by
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Fig 5. Comparative maps of soil quality index and land uses of the study area.

https://doi.org/10.1371/journal.pone.0275062.9005

leaf-litter fall possibly caused the comparative higher light density fractions there. Due to pres-
ence of high C in this fresh organic matter, the light fraction carries high amounts of C [57].
The heavy fraction contains a lot less C as only a very small portion ultimately gets humified
and sequestrated in soils [58].

There is an accepted scientific perception that forest soils have good aggregation due to its
undisturbed ecology [13, 59]. The presence of high organic C in these soils also favors the pro-
cess since C (or organic matter) is the key to bind soil particles into aggregates [60]. While
humic substances and soil particles combine to form microaggregates, microbial polysaccha-
rides, organic mucilages bind the microaggregates into larger macroaggregates [61]. Con-
versely, tillage operations break-down the macroaggregates in croplands, exposing physically
protected C to soil microorganisms and causing C loss from soils [36, 62]. In this study, highest
and lowest soil macroagegate formation was observed in forest and cropland soils. As evident
from Table 1, clay content did not vary enough to influence this difference in soil aggregation.

The change in LULC also affected soil macro and microaggregate occluded C. Highest
aggregate occluded C was found in forest soils followed by soils of converted and croplands. In
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soils, aggregates protect the encrusted C from microbial decomposition [36, 63]. Therefore,
higher soil aggregation leads to a longer turnover time of C or pathway of its sequestration
[61]. This study, therefore, inferred a possible C accrual process in the forest soils.

In this research, microbial activities were represented by FDA-HR as different microbial
enzymes (like lipase, esterases, protease etc.), responsible for soil organic matter decomposi-
tion, get involved in it FDA-HR [40, 64]. The high microbial biomass C and microbial activity
in forest soils can be explained by easy availability of soil organic C, the food and energy source
of soil microbes [29]. In addition, healthy ecology, permanent soil cover and no anthropologi-
cal perturbation in forest soils might also have favored better microbial proliferation [65].
Other studies also found low microbial biomass C in agricultural soils or in soils of converted
lands (from native forests to croplands or tea plantations) due to disturbances and degradation
of overall soil health [66-68].

4.2. Evaluation of soil quality through indexing

Evaluation of overall soil quality is important for identifying soil’s potential to perform under
different land uses [7]. Estimation of soil quality under different co-existing LULC is also
important as uncontrolled land use change and farming results in degradation of soil quality
[22, 69, 70]. In this study, MDS was used to synthesize SQI, which can lead to a single unique
quantitative value as a decision tool for soil quality [45]. Only 7 indicators were selected
through PCA technique after correlation test, as detailed earlier. The finally prepared additive
index has the potential to avoid the complexity of expressing different indicators in separate
numerical scales through data normalization [7, 42].

The lowest SQI score of cropland soils (Fig 4) was possible due to faulty management prac-
tices (like high cropping intensity, excessive tillage, absence of legumes in crop rotations, culti-
vation of heavy feeder crops etc.) [24, 26]. The comparatively better soil quality of the
converted lands (than croplands) at forest fringe was possibly due to less intensive cropping
practices (in lands converted from forest to croplands) or sustainable, less exhaustive soil use
(in lands converted from forest to new tea plantations) and enduring inherited forest soil
health [71]. The diverse duration and type of the conversion process possibly caused a wide
range of soil quality in converted lands. Following the objective, this study confirmed the best
soil quality under forest cover and a process of soil degradation under continuous cultivation
practices. The constant and sharp decline of SQI in converted lands and croplands indicated
that sustainable management practices were not followed. This might restrict the soils to per-
form their maximum and diverse ecosystem services in the future [7, 72].

4.3. Spatial distribution of soil quality

Understanding the spatial distribution of soil quality is important as heterogeneity of LULC
and diversity of management practices can influence soil properties a lot [4, 10, 19]. The SQI
map, prepared by ordinary kriging interpolation, indicated a better soil quality in forests fol-
lowed by soils of converted and croplands (Fig 5A). As results indicated a clear connection of
soil quality with LULC of the area, a comparison was drawn between the two (Fig 5A and 5B).
The land use was found to be distributed into six distinct classes viz. forest area, plantation
(mainly tea gardens), croplands, fallow/ cities/ rural sprawls, rivers and riverbeds (Fig 5B).
Among these, croplands and agricultural fallows swap their roles seasonally while rivers and
riverbeds do not contain soils. This comparison confirmed that soils of croplands, fallows,
urban and rural areas had medium to low SQI while areas entirely under forest showed high to
very high SQI scores. Soils of tea gardens and croplands near the forest fringe (i.e. converted
lands) showed medium to high SQI in most places. This study portrayed the spatial
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distribution of soil quality in association with the LULC of the area. A clear declining trend of
soil quality was observed as forest> converted lands> croplands.

This study represents a typical example of soil quality degradation due to land use change
and faulty management practices. An increase in population pressure, need for more agricul-
tural lands for food security, un-planned new tea plantations have wiped out a large portion of
the natural forests of this area since the last century [23, 24, 73]. Although governmental and
non-governmental protection measures have cut down the deforestation rate manifold, the
practice is still going on [23]. These changes of LULC have affected the soil quality of this
region, as indicated in this study. Besides, the cultivation of heavy feeder crops (like maize),
application of straight fertilizers, high cropping intensity, heavy tillage etc. have caused an
unstable soil quality in the croplands [74, 75].

5. Conclusions

The scenario presented in this paper is not an exclusive event. While anthropogenic pressure is
changing land uses and soil quality everywhere in India, faulty management practices degrade
croplands’ soil quality. This is a matter of great concern as Indian soils are inherently poor in
health and hold very low soil C due to tropical sub-tropical climate and huge soil erosion. Proper
soil management and preservation of soil quality is a serious issue here to ascertain future food
security. Indian national parks and sanctuaries are already protected by the laws. However, to pro-
tect open forests and trees outside forestry and to restrict further soil degradation through land
use change, holistic initiatives from governmental, international, quasi-governmental, private-
public sectors are required. Community management (involving local indigenous people) can
also be an approach for land use and soil quality conservation in forest fringes. Sustainable man-
agement practices in croplands like more organic manure dependency, minimum tillage also
should be assured along with regular monitoring to uplift the cropland soil quality.

Author Contributions

Conceptualization: Shovik Deb, Somsubhra Chakraborty.
Data curation: Dibyendu Deb, Priyabrata Santra.

Formal analysis: Parijat De, Dibyendu Deb, Anarul Hoque.
Funding acquisition: Shovik Deb, Somsubhra Chakraborty.
Investigation: Parijat De, Anarul Hoque.

Methodology: Parijat De.

Project administration: Shovik Deb, Somsubhra Chakraborty.
Software: Dibyendu Deb, Priyabrata Santra.

Supervision: Shovik Deb, Somsubhra Chakraborty, Puspendu Dutta, Ashok Choudhury.
Writing - original draft: Shovik Deb.

Writing - review & editing: Shovik Deb, Somsubhra Chakraborty, Priyabrata Santra, Pus-
pendu Dutta, Ashok Choudhury.

References

1. Doran JW, Parkin TB. Quantitative indicators of soil quality: a minimum data set. In Doran JW, Jones
AJ. Eds. Methods for Assessing Soil Quality. SSSA Special Publication 49, SSSA, Madison: WI; 1996.
Pp. 25-38. https://doi.org/10.2136/sssaspecpub49.c2

PLOS ONE | https://doi.org/10.1371/journal.pone.0275062 September 22, 2022 13/17


https://doi.org/10.2136/sssaspecpub49.c2
https://doi.org/10.1371/journal.pone.0275062

PLOS ONE

Soil quality evaluation under different land uses in eastern India

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Bunemann EK, Bongiorno G, Bai Z, Creamer RE, Deyn GD, Goede Rde, et al. Soil quality—A critical
review. Soil Biol Biochem. 2018; 120: 105—125. https://doi.org/10.1016/j.s0ilbio.2018.01.030

Karlen DL, Andrews SS, Doran JW. Soil quality: Current concepts and applications. Adv Agron. 2001;
74: 1-40. https://doi.org/10.2136/sssaspecpub49.c21

Allen DE, Singh BP, Dalal RC. Soil health indicators under climate change: a review of current knowl-
edge. In Singh BP, Cowie AL, Chan KY. Eds. Soil Health and Climate Change. Springer-Verlag, Berlin:
Heidelberg; 2011. Pp. 25-45. https://doi.org/10.1007/978-3-642-20256-8_2

Pham TG, Nguyen HT, Kappas M. Assessment of soil quality indicators under different agricultural land
uses and topographic aspects in Central Vietnam. Int Soil Water Conserv Res. 2018; 6: 280—288.
https://doi.org/10.1016/j.iswcr.2018.08.001

Mufioz-Rojas M. Soil quality indicators: critical tools in ecosystem restoration. icroorga Environ Sci
Health. 2018; 5: 47-52. https://doi.org/10.1016/j.coesh.2018.04.007

Ghosh S, Deb S, Ow LF, Deb D, Yusof MF. Soil characteristics in an exhumed cemetery land in Central
Singapore. Environ Monit Assess. 2019; 191: 174. https://doi.org/10.1007/s10661-019-7291-9 PMID:
30788642

Valle SR, Carrasco J. Soil quality indicator selection in Chilean volcanic soils formed under temperate
and humid conditions. Catena. 2018; 162: 386—395. https://doi.org/10.1016/j.catena.2017.10.024

Wienhold BJ, Andrews SS, Karlen DL. Soil quality: a review of the science and experiences in the USA.
Environ Geochem Health. 2004; 26: 89-95. https://doi.org/10.1023/b:egah.0000039571.59640.3c
PMID: 15499764

Nortcliff S. Standardisation of soil quality attributes. Agriculture, Ecosystems and Environment. 2020;
88: 161-168. https:/doi.org/10.1016/S0167-8809(01)00253-5

Song XP, Hansen MC, Stehman SV, Potapov PV, Tyukavina A, Vermote EF, et al. Global land change
from 1982 to 2016. Nature. 2018; 560: 639-643. https://doi.org/10.1038/s41586-018-0411-9 PMID:
30089903

Islam KR, Weil RR. Land use effects on soil quality in a tropical forest ecosystem of Bangladesh. Agric
Ecosyst Environ. 2000; 79: 9—16. https://doi.org/10.1016/S0167-8809(99)00145-0

Devine S, Markewitz D, Hendrix P, Coleman D. Soil aggregates and associated organic matter under
conventional tillage, no-tillage, and forest succession after three decades. PLOS One. 2014; 9:
€84988. https://doi.org/10.1371/journal.pone.0084988 PMID: 24465460

Fan L, Han W. Soil respiration after forest conversion to tea gardens: A chronosequence study. Catena.
2020; 190: 104532. https://doi.org/10.1016/j.catena.2020.104532

Glaser B, Turrién MB, Solomon D, Ni A, Zech W. Soil organic matter quantity and quality in mountain
soils of the Alay Range, Kyrgyzia, affected by land use change. Biol Fertil Soils. 2000; 31: 407—413.
https://doi.org/10.1007/s003749900187

Qiu L, Wei X, Zhang X, Cheng J, Gale W, Guo C, et al. Soil organic carbon losses due to land use
change in a semiarid grassland. Plant Soil. 2012; 355: 299-309. https://doi.org/10.1007/s11104-011-
1099-x

Kong X, Zhang F, Wei Q, Xu Y, Hui J. Influence of land use change on soil nutrients in an intensive agri-
cultural region of North China. Soil Tillage Res. 2006; 88: 85-94. https://doi.org/10.1016/}.still.2005.04.
010

Ruf T, Makselon J, Udelhoven T, Emmerling C. Soil quality indicator response to land-use change from
annual to perennial bioenergy cropping systems in Germany. Glob Change Biol Bioenergy. 2018;
10:444-459. https://doi.org/10.1111/gcbb.12513

Jian J, Du X, Stewart RD. A database for global soil health assessment. Sci Data. 2020; 7: 16. https://
doi.org/10.1038/s41597-020-0356-3 PMID: 31932586

Andrews SS, Karlen DL, Cambardella CA. The soil management assessment framework: a quantitative
soil quality evaluation method. Soil Sci Soc Am J. 2004; 68: 1945—-1962. https://doi.org/10.2136/
$552j2004.1945

Mukherjee A, Lal R. Comparison of soil quality index using three methods. PLOS One. 2014; 8:
€105981. https://doi.org/10.1371/journal.pone.0105981 PMID: 25148036

Cherubin MR, Karlen DL, Cerri CEP, Franco ALC, Tormena CA, Davies CA, et al. Soil quality indexing
strategies for evaluating sugarcane expansion in Brazil. PLOS One. 2016; 11: 1-26. https://doi.org/10.
1371/journal.pone.0150860 PMID: 26938642

Prokop P. Tea plantations as a driving force of long-term land use and population changes in the East-
ern Himalayan piedmont. Land Use Policy. 2018; 77: 51-62. https://doi.org/10.1016/j.landusepol.2018.
05.035

PLOS ONE | https://doi.org/10.1371/journal.pone.0275062 September 22, 2022 14/17


https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.2136/sssaspecpub49.c21
https://doi.org/10.1007/978-3-642-20256-8_2
https://doi.org/10.1016/j.iswcr.2018.08.001
https://doi.org/10.1016/j.coesh.2018.04.007
https://doi.org/10.1007/s10661-019-7291-9
http://www.ncbi.nlm.nih.gov/pubmed/30788642
https://doi.org/10.1016/j.catena.2017.10.024
https://doi.org/10.1023/b%3Aegah.0000039571.59640.3c
http://www.ncbi.nlm.nih.gov/pubmed/15499764
https://doi.org/10.1016/S0167-8809(01)00253-5
https://doi.org/10.1038/s41586-018-0411-9
http://www.ncbi.nlm.nih.gov/pubmed/30089903
https://doi.org/10.1016/S0167-8809(99)00145-0
https://doi.org/10.1371/journal.pone.0084988
http://www.ncbi.nlm.nih.gov/pubmed/24465460
https://doi.org/10.1016/j.catena.2020.104532
https://doi.org/10.1007/s003749900187
https://doi.org/10.1007/s11104-011-1099-x
https://doi.org/10.1007/s11104-011-1099-x
https://doi.org/10.1016/j.still.2005.04.010
https://doi.org/10.1016/j.still.2005.04.010
https://doi.org/10.1111/gcbb.12513
https://doi.org/10.1038/s41597-020-0356-3
https://doi.org/10.1038/s41597-020-0356-3
http://www.ncbi.nlm.nih.gov/pubmed/31932586
https://doi.org/10.2136/sssaj2004.1945
https://doi.org/10.2136/sssaj2004.1945
https://doi.org/10.1371/journal.pone.0105981
http://www.ncbi.nlm.nih.gov/pubmed/25148036
https://doi.org/10.1371/journal.pone.0150860
https://doi.org/10.1371/journal.pone.0150860
http://www.ncbi.nlm.nih.gov/pubmed/26938642
https://doi.org/10.1016/j.landusepol.2018.05.035
https://doi.org/10.1016/j.landusepol.2018.05.035
https://doi.org/10.1371/journal.pone.0275062

PLOS ONE

Soil quality evaluation under different land uses in eastern India

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Deb S., Debnath MK, Chakraborty S, Weindorf DC, Kumar D, Deb D, et al. Anthropogenic impacts on
forest land use and land cover change: Modelling future possibilities in the Himalayan Terai. Anthropo-
cene. 2018; 21: 32—41. https://doi.org/10.1016/j.ancene.2018.01.001

Bhattacharyya T, Pal DK, Chandran P, Ray SK, Mandal C, Telpande B. Soil carbon storage capacity as
a tool to prioritize areas for carbon sequestration. Curr Sci. 2008; 95: 482—-494. https://www.jstor.org/
stable/24102604

Chakraborty S, Li B, Weindorf DC, Deb S, Acree A, De P, et al. Use of portable X-ray fluorescence
spectrometry for classifying soils from different land use land cover systems in India. Geoderma. 2019;
338: 5—13. https://doi.org/10.1016/j.geoderma.2018.11.043

Schoeneberger PJ, Wysocki DA, Benham EC, Soil Survey Staff. Field Book for Describing and Sam-
pling Soils, Version 3.0. Government Printing Office, Washington, DC; 2012.

Hord RM. Digital Image Processing of Remotely Sensed Data. Houston: Brettsbooks; 1982.

Deb S, Chakraborty S, Weindorf DC, Murmu A, Banik P, Debnath MK, et al. Dynamics of organic car-
bon in deep soils under rice and non-rice cropping systems. Geoderma Reg. 2016; 7: 388—-394. htips://
doi.org/10.1016/j.geodrs.2016.11.004

Barnhisel R, Bertsch PM. Aluminium. In Page A.L. Ed. Methods of Soil Analysis Part 2: Chemical and
Microbiological Properties. ASA and SSSA, Madison: WI; 1983. Pp. 275-300. https://doi.org/10.2134/
agronmonogr9.2.2ed

Gee GW, Or D. Particle-size analysis. In Dane JH, Topp GC. Eds. Methods of Soil Analysis Part 4:
Physical Methods (pp. 255-293). ASA and SSSA, Madison: WI; 2002. Pp. 255-293. https://doi.org/10.
2136/sssabookser5.4.c12

Sherrod LA, Dunn G, Peterson GA, Kolberg RL. Inorganic C analysis by modified pressure-calcimeter
method. Soil Sci Soc Am J. 2002; 66: 299-305. https://doi.org/10.2136/SSSAJ2002.2990

Subbiah BV, Asija GL. A rapid method for the estimation of nitrogen in soils. Curr Sci. 1956; 25: 259—
260.

Bray RH, Kurtz LT. Determination of total, organic, and available forms of phosphorus in soils. Soil Sci.
1945; 59: 39-45. https://doi.org/10.1097/00010694-194501000-00006

Crow SE, Swanston CW, Lajtha K, Brooks JR, Keirstead H. Density fractionation of forest soils: meth-
odological questions and interpretation of incubation results and turnover time in an ecosystem context.
Biogeochemistry. 2007; 85: 69-90. https://doi.org/10.1007/s10533-007-9100-8

Deb S, Kumar D, Chakraborty S, Weindorf DC, Choudhury A, Banik P, et al. Comparative carbon stabil-
ity in surface soils and subsoils under submerged rice and upland non-rice crop ecologies: A physical
fractionation study. Catena. 2019; 175: 400—410. https://doi.org/10.1016/j.catena.2018.12.037

Wei K, Chen ZH, Zhang XP, Liang WJ, Chen LJ. Tillage effects on phosphorus composition and phos-
phatase activities in soil aggregates. Geoderma. 2014; 217-218: 37—44. https://doi.org/10.1016/j.
geoderma.2013.11.002

Kemper WD, Rosenau RC. Aggregate stability and size distribution. In Klute A. Ed. Methods of Soil
Analysis Part 1: Physical and Mineralogical Methods, 2nd edn, Agronomy Monograph 9. ASA and
SSSA, Madison: WI; 1986. Pp. 425—-444. https://doi.org/10.2136/sssabookser5.1.2ed.c17

Ntougias S, Ehaliotis C, Papadopoulou KK, Zervakis G. Application of respiration and FDA hydrolysis
measurements for estimating microbial activity during composting processes. Biol Fertil Soils. 2006;
42: 330—337. https://doi.org/10.1007/s00374-005-0031-z

Schnurer J, Rosswall T. Fluorescein diacetate hydrolysis as a measure of total microbial activity in soil
and litter. Appl Environ Microbiol. 1982; 43:1256—1261. https://doi.org/10.1128/aem.43.6.1256-1261.
1982 PMID: 16346026

Voroney RP, Paul EA. Determination of kC and kN in situ for calibration of the chloroform fumigation—
incubation method. Soil Biol Biochem. 1984; 16: 9—14. https://doi.org/10.1016/0038-0717(84)90117-2

Andrews SS, Karlen DL, Mitchell JP. A comparison of soil quality indexing methods for vegetable pro-
duction systems in North California. Agr Ecosyst Environ. 2002; 90: 25—45. https://doi.org/10.1016/
S0167-8809(01)00174-8

Huang W, Zong M, Fan Z, Feng Y, Li S, Duan C, et al. Determining the impacts of deforestation and
corn cultivation on soil quality in tropical acidic red soils using a soil quality index. Ecol Indic. 2021; 125:
107580. https://doi.org/10.1016/j.ecolind.2021.107580

Karlen DL, Parkin TP, Eash NS. Use of soil quality indicators to evaluate conservation reserve program
sites in low. In Doran JW, Jones AJ. Eds. Methods for Assessing Soil Quality. SSSA Special Publication
49. SSSA, Madison: WI; 1996. Pp. 345-355. https://doi.org/10.2136/sssaspecpub49.c21

Santra P, Kumar M, Panwar NR, Das BS. Digital soil mapping and best management of soil resources:
a brief discussion with few case studies. In Rakshit A, Abhilash PC, Singh HB, Ghosh S. Eds. Adaptive

PLOS ONE | https://doi.org/10.1371/journal.pone.0275062 September 22, 2022 15/17


https://doi.org/10.1016/j.ancene.2018.01.001
https://www.jstor.org/stable/24102604
https://www.jstor.org/stable/24102604
https://doi.org/10.1016/j.geoderma.2018.11.043
https://doi.org/10.1016/j.geodrs.2016.11.004
https://doi.org/10.1016/j.geodrs.2016.11.004
https://doi.org/10.2134/agronmonogr9.2.2ed
https://doi.org/10.2134/agronmonogr9.2.2ed
https://doi.org/10.2136/sssabookser5.4.c12
https://doi.org/10.2136/sssabookser5.4.c12
https://doi.org/10.2136/SSSAJ2002.2990
https://doi.org/10.1097/00010694-194501000-00006
https://doi.org/10.1007/s10533-007-9100-8
https://doi.org/10.1016/j.catena.2018.12.037
https://doi.org/10.1016/j.geoderma.2013.11.002
https://doi.org/10.1016/j.geoderma.2013.11.002
https://doi.org/10.2136/sssabookser5.1.2ed.c17
https://doi.org/10.1007/s00374-005-0031-z
https://doi.org/10.1128/aem.43.6.1256-1261.1982
https://doi.org/10.1128/aem.43.6.1256-1261.1982
http://www.ncbi.nlm.nih.gov/pubmed/16346026
https://doi.org/10.1016/0038-0717(84)90117-2
https://doi.org/10.1016/S0167-8809(01)00174-8
https://doi.org/10.1016/S0167-8809(01)00174-8
https://doi.org/10.1016/j.ecolind.2021.107580
https://doi.org/10.2136/sssaspecpub49.c21
https://doi.org/10.1371/journal.pone.0275062

PLOS ONE

Soil quality evaluation under different land uses in eastern India

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

Soil Management: from Theory to Practices. Springer Singapore: Singapore; 2017. Pp. 3-38. https:/
doi.org/10.1007/978-981-10-3638-5_1

Bivand R, Hauke J, Kossowski T. Computing the Jacobian in Gaussian Spatial Autoregressive Models:
An lllustrated Comparison of Available Methods. Geogr Anal. 2013; 45: 150-179. https://doi.org/10.
1111/GEAN.12008

Chen C, HuK, Li H, Yun A, Li B. Three-dimensional mapping of soil organic carbon by combining kriging
method with profile depth function. PLOS One. 2015; 10: e0129038. hitps://doi.org/10.1371/journal.
pone.0129038 PMID: 26047012

Wang XJ. Kriging and heavy metal pollution assessment in wastewater irrigated agricultural soil of Beij-
ing’s eastern farming regions. J Environ Sci Health, Part A. 1998; 33: 1057—-1073. https://doi.org/10.
1080/10934529809376776

Chand JP, Mandal B. Nature of acidity in soils of West Bengal. J Indian Soc Soil Sci. 2000; 48: 20—26.

Pati R, Mukhopadhyay D. Distribution of cationic micronutrients in some acid soils of West Bengal. J
Indian Soc Soil Sci. 2011; 59: 125-133.

Reicosky DC, Dugas WA, Torbert HA. Tillage-induced soil carbon dioxide loss from different cropping
systems. Soil Till Res. 1997; 41: 105—118. https://doi.org/10.1016/S0167-1987(96)01080-X

Baker JM, Ochsner TE, Venterea RT, Giriffis TJ. Tillage and soil carbon sequestration—what do we
really know? Agr Ecosyst Environ. 2007; 118: 1-5. https://doi.org/10.1016/j.agee.2006.05.014

Mehra P, Desbiolles J, Baker J, Sojka RE, Bolan N, Kirkham MB, et al. A review of tillage practices and
their potential to impact the soil carbon dynamics. Advances in Agronomy. 2018; 150: 185-230. https:/
doi.org/10.1016/bs.agron.2018.03.002

Cerli C, Celi L, Kalbitz K, Guggenberger G, Kaiser K. Separation of light and heavy organic matter frac-
tions in soil—testing for proper density cut-off and dispersion level. Geoderma. 2012; 170: 403—-416.
https://doi.org/10.1016/j.geoderma.2011.10.009

Hassink J. Density fractions of soil macroorganic matter and microbial biomass as predictors of C and N
mineralization. Soil Biol Biochem. 1995; 27: 1099—-1108. https://doi.org/10.1016/0038-0717(95)00027-
C

vonLitzow M, Kbégel-Knabner |, Ekschmitt K, Flessa H, Guggenberger G, Matzner E, et al. SOM frac-
tionation methods: relevance to functional pools and to stabilization mechanisms. Soil Biol Biochem.
2007; 39: 2183-2207. https://doi.org/10.1016/j.s0ilbio.2007.03.007

Tan Z, Lal R, Owens L, Izaurralde RC. Distribution of light and heavy fractions of soil organic carbon as
related to land use and tillage practice. Soil Till Res. 2007; 92: 53-59. https://doi.org/10.1016/J.STILL.
2006.01.003

Sehgal J. Pedology: Concepts and Applications. Kalyani Publishers, New Delhi, India; 2002.

Sheklabadi M, Mahmoudzadeh H, Mahboubi AA, Gharabaghi B, Ahrens B. Land use effects on phos-
phorus sequestration in soil aggregates in western Iran. Environ Monit Assess. 2014; 186: 6493—-6503.
https://doi.org/10.1007/s10661-014-3869-4 PMID: 24957658

Haynes RJ, Naidu R. Influence of lime, fertilizer and manure applications on soil organic matter content
and soil physical conditions: a review. Nutr Cycling Agroecosyst. 1998; 51: 123-137. https://doi.org/10.
1023/A:1009738307837

Blanco-Canqui H, Lal R. Mechanisms of carbon sequestration in soil aggregates. CRC Crit Rev Plant
Sci. 2004; 23: 481-504. https://doi.org/10.1080/07352680490886842

Dalal R, Chan KY. Soil organic matter in rainfed cropping systems of the Australian cereal belt. Aust J
Soil Res. 2001; 39:435—-464. https://doi.org/10.1071/SR99042

Jastrow JD, Miller RM, Matamala R, Norby RJ, Boutton TW, Rice CW, et al. Elevated atmospheric CO2
increases soil carbon. Glob Change Biol. 2005; 11: 2057-2064. https://doi.org/10.1111/j.1365-2486.
2005.01077.x

Séanchez-Monedero MA, Mondini C, Cayuela ML, Roig A, Contin M, De Nobili M. Fluorescein diacetate
hydrolysis, respiration and microbial biomass in freshly amended soils. Biol Fertil Soils. 2008; 44: 885—
890. https://doi.org/10.1007/s00374-007-0263-1

Frazao LA, Piccolo MdeC, Feigl BJ, Cerri CC, Cerri CEP. Inorganic nitrogen, microbial biomass and
microbial activity of a sandy Brazilian Cerrado soil under different land uses. Agric Ecosyst Environ.
2010; 135: 161-167. https://doi.org/10.1016/j.agee.2009.09.003

Bardgett R. The Biology of Soil: A Community and Ecosystem Approach. Oxford University Press Inc.,
New York; 2005. https://doi.org/10.1111/J.1475-2743.2006.00049_1.X

Six J, Frey SD, Thiet RK, Batten KM. Bacterial and fungal contributions to carbon sequestration in
agroecosystems. Soil Sci Soc Am J. 2006; 70: 555. https://doi.org/10.2136/sss2j2004.0347

PLOS ONE | https://doi.org/10.1371/journal.pone.0275062 September 22, 2022 16/17


https://doi.org/10.1007/978-981-10-3638-5_1
https://doi.org/10.1007/978-981-10-3638-5_1
https://doi.org/10.1111/GEAN.12008
https://doi.org/10.1111/GEAN.12008
https://doi.org/10.1371/journal.pone.0129038
https://doi.org/10.1371/journal.pone.0129038
http://www.ncbi.nlm.nih.gov/pubmed/26047012
https://doi.org/10.1080/10934529809376776
https://doi.org/10.1080/10934529809376776
https://doi.org/10.1016/S0167-1987(96)01080-X
https://doi.org/10.1016/j.agee.2006.05.014
https://doi.org/10.1016/bs.agron.2018.03.002
https://doi.org/10.1016/bs.agron.2018.03.002
https://doi.org/10.1016/j.geoderma.2011.10.009
https://doi.org/10.1016/0038-0717(95)00027-C
https://doi.org/10.1016/0038-0717(95)00027-C
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1016/J.STILL.2006.01.003
https://doi.org/10.1016/J.STILL.2006.01.003
https://doi.org/10.1007/s10661-014-3869-4
http://www.ncbi.nlm.nih.gov/pubmed/24957658
https://doi.org/10.1023/A:1009738307837
https://doi.org/10.1023/A:1009738307837
https://doi.org/10.1080/07352680490886842
https://doi.org/10.1071/SR99042
https://doi.org/10.1111/j.1365-2486.2005.01077.x
https://doi.org/10.1111/j.1365-2486.2005.01077.x
https://doi.org/10.1007/s00374-007-0263-1
https://doi.org/10.1016/j.agee.2009.09.003
https://doi.org/10.1111/J.1475-2743.2006.00049_1.X
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1371/journal.pone.0275062

PLOS ONE

Soil quality evaluation under different land uses in eastern India

68.

69.

70.

71.

72.

73.

74.

75.

Soleimani A, Hosseini SM, Bavani ARM, Jafari M, Francaviglia R. Influence of land use and land cover
change on soil organic carbon and microbial activity in the forests of northern Iran. Catena. 2019; 177:
227-237. https://doi.org/10.1016/j.catena.2019.02.018

Paramanik B, Deb S, Choudhury A, Chakraborty S, Panda P, Hoque A, et al. Comparative study of soil
aggregation, carbon and microbial dynamics under agro-forestry, grasslands, orchard and cultivated
land use systems. Range Mgmt & Agroforestry. 2020; 41: 258-266.

Vashisht BB, Maharjan B, Sharma S, Kaur S. Soil quality and its potential indicators under different land
use systems in the Shivaliks of India Punjab. Sustainability. 2020; 12: 3490. https://doi.org/10.3390/
su12083490

Murty D, Kirschbaum M, McMurtrie R, McGilvray H. Does conversion of forest to agricultural land
change soil carbon and nitrogen? A review of the literature. Glob Chang Biol. 2002; 8: 105—123. https://
doi.org/10.1046/j.1354-1013.2001.00459.x

Dominati E, Patterson M, Mackay A. A framework for classifying and quantifying the natural capital and
ecosystem services of soils. Ecol Econ. 2010; 69: 1858—1868. https://doi.org/10.1016/j.ecolecon.2010.
05.002

Bera B, Bhattacharjee S, Sengupta N, Saha S. Dynamics of deforestation and forest degradation hot-
spots applying geo-spatial techniques, apalchand forest in terai belt of Himalayan foothills: Conserva-
tion priorities of forest ecosystem. Remote Sens Appl: Soc Environ. 2021; 22: 100510. https://doi.org/
10.1016/j.rsase.2021.100510

De B, Bandyopadhyay S, Mukhopadhyay D. Tillage-mulch-nutrient interaction effect on N, P and K bal-
ance in soil and plant uptake in maize-black gram cropping system in an acid soil of North Bengal. Jour-
nal of the Indian Society of Soil Science 2021, 69: 50-59. https://doi.org/10.5958/0974-0228.2021.
00020.7

Roy S, Paul T, Patra PS, Nandi K, Mondal P. Evaluation of integrated responses of tillage and herbi-
cides on weeds, soil biochemistry and productivity of wheat ( Triticum aestivumL.) in the Eastern Sub-
Himalayan plain of India. Cereal Research Communications. Online first article. https://doi.org/10.1007/
s42976-022-00243-8

PLOS ONE | https://doi.org/10.1371/journal.pone.0275062 September 22, 2022 17/17


https://doi.org/10.1016/j.catena.2019.02.018
https://doi.org/10.3390/su12083490
https://doi.org/10.3390/su12083490
https://doi.org/10.1046/j.1354-1013.2001.00459.x
https://doi.org/10.1046/j.1354-1013.2001.00459.x
https://doi.org/10.1016/j.ecolecon.2010.05.002
https://doi.org/10.1016/j.ecolecon.2010.05.002
https://doi.org/10.1016/j.rsase.2021.100510
https://doi.org/10.1016/j.rsase.2021.100510
https://doi.org/10.5958/0974-0228.2021.00020.7
https://doi.org/10.5958/0974-0228.2021.00020.7
https://doi.org/10.1007/s42976-022-00243-8
https://doi.org/10.1007/s42976-022-00243-8
https://doi.org/10.1371/journal.pone.0275062

