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Abstract. Agricultural intensification, an inevitable process to feed the ever-increasing population, affects soil
quality due to management-induced changes. To measure the soil quality in terms of soil functioning, several
attempts were made to develop a soil quality index (SQI) based on a set of soil attributes. However, there is
no universal consensus protocol available for SQI, and the role of soil biological indicators in SQI is meagre.
Therefore, the present work aims to develop a unitless soil biological quality index (SBQI) scaled between O
and 10, which would be a major component of SQI in the future. The long-term organic manure amended (OM),
integrated nutrient management enforced (INM), synthetic fertilizer applied (IC), and unfertilized control (con-
trol) soils from three different predominant soil types of the location (Tamil Nadu state, India) were chosen for
this. The soil organic carbon, microbial biomass carbon, labile carbon, protein index, dehydrogenase activity,
and substrate-induced respiration were used to estimate the SBQI. Five different SBQI methods, viz. simple ad-
ditive (SBQI1 and SBQI2), scoring function (SBQI3), principal component analysis-based statistical modelling
(SBQI4), and quadrant-plot-based method (SBQIS5), were developed to estimate the biological quality as a unit-
less scale. All five methods have the same resolution to discriminate the soils and INM =~ OM > IC > control is
the relative trend being followed in all the soil types based on the SBQIs. All five methods were further validated
for their efficiency in 25 farmers’ soils of the location and proved that these methods can scale the biological
health of the soil. Among the five SBQIs, we recommend SBQIS, which relates the variables to each other to

scale the biological health of the soil.

1 Introduction

Soil quality, according to Doran and Parkin (1994), is the
capacity of a soil to function, within the ecosystem and land-
use boundaries, to sustain productivity, maintain environ-
mental quality, and promote plant and animal health. Soil
quality uses several physical, chemical, and biological at-
tributes of soil either individually or in combinations to de-
termine whether the soil function under different manage-
ment and agricultural practices is improving, stable, or de-
grading (Andrews et al., 2002; Biinemann et al., 2018). As
the soil functions of interest and the environmental factors
differ among the soil systems, no universal method is avail-
able to measure the quality using a common set of indicators
(Bouma, 2002; Rinot et al., 2019). Selected soil attributes

that are used to assess the soil quality are referred to as “soil
quality indicators”. Their measures in the soil as influenced
by nutrient management, tillage, cropping system, and all
ecosystem disturbance activities were used to assess the soil
quality and its sustainability (Andrews et al., 2004; Karlen
et al., 2006; Masto et al., 2008; Bai et al., 2018). Alterna-
tively, soil properties such as soil organic carbon and its frac-
tions, soil aggregates and their stability, and several microbial
attributes that are sensitive to management practices were
also used to monitor the quality (Bastida et al., 2016; Duval
et al., 2020; Giannitsopoulos et al., 2019; Khan et al., 2020;
Li et al., 2020; Liu et al., 2019; Yang et al., 2019). Apart
from these, several biochemical properties, including respi-
ration, nitrification, and enzyme activity, were also reported
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as good sensitivity indicators for the soil quality (Bastida
et al., 2015, 2019; Bhowmik et al., 2019; Jian et al., 2020;
Mundepi et al., 2019; VeVerka et al., 2019). However, the
choice of soil indicators and their contribution to soil quality
vary according to several factors, including climate and in-
tended land-use patterns (Karlen et al., 2006; Stewart et al.,
2018). Soil quality was used as a tool to test the effects of soil
management practices and tillage systems (Armenise et al.,
2013; Jernigan et al., 2020; Williams et al., 2020), land-use
type (Masto et al., 2008; Rahmanipour et al., 2014), cover
crop (Bastida et al., 2006; Fu et al., 2004; Navas et al., 2011;
Jian et al., 2020), and native ecosystems and grassland degra-
dation (Alves de Castro Lopes et al., 2013; Li et al., 2013;
Pérez-Jaramillo et al., 2019) on soil function.

The term “soil quality index” (SQI) is defined as “the min-
imum set of parameters that, when interrelated, provides nu-
merical data on the capacity of soil to carry out one or more
functions” (Acton and Padbury, 1993). SQI is the function of
more than a few soil quality indicators, which is defined as
a “measurable property that influences the capacity of a soil
to carry out a given function” (Acton and Padbury, 1993).
The soil quality index assessment studies showed that SQI is
complex because of diversity of soil quality indicators (rep-
resenting physical, chemical, and biological attributes of the
soil) and unease in integrating them all to establish a single
measurable scale (Garcia et al., 1994; Halvorson et al., 1996;
Papendick and Parr, 1992). Several attempts were made to
aggregate the information got for each soil quality indica-
tor into an SQI. The simple addition of soil quality indica-
tors (Veldsquez et al., 2007; Mukherjee and Lal, 2014) or
scoring function of soil quality indicators (Moebius-Clune
et al., 2016) are the two common approaches used to scale
the soil quality index between 0 and 1 or between 0 and 10.
The selection of soil quality indicators should be deliberate
to the soil functions of interest (Nortcliff, 2002); threshold
values of such identified indicators should be based on the
local conditions and indicator selection should be based on
expert opinion or statistical procedures or a combination of
both to get a minimum dataset. However, the soil quality in-
dex should link the scientific knowledge and agricultural and
land management practices to assess sustainability (Romig
et al., 1995). Most of the SQIs place more importance on
the physical (soil aggregation, water retention) and chemical
indicators (carbon dynamics and nutrient-carrying capacity),
with less importance given to biological attributes (micro-
bial biomass carbon, arthropods) (Biswas et al., 2017; Calero
et al., 2018; Menta et al., 2018; Pulido et al., 2017; Schmidt
et al., 2018). To emphasize the biological and biochemi-
cal attributes in soil quality, the biological quality of soil
(BSQ) was first proposed by Parisi (2001), which was used
to measure the bioindicators of soil, especially the arthro-
pods of soil. This approach was successfully validated with
other physical and chemical indicators by several researchers
(Blasi et al., 2013; Menta et al., 2014, 2018; Riidisser et al.,
2015; Visioli et al., 2013). Pascazio et al. (2018) used micro-
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bial biomass, 8 glucosidase, mineralizable nitrogen, and ure-
ase to represent the biological indicators to measure the SQI.
Similarly, Vincent et al. (2018) used bacterial and fungal den-
sity and richness with mycorrhizal colonization as bioindi-
cators for SQI. From these works, it is evident that there is
no consensus on representing the biological component of
the SQI. In the present work, we developed a unitless soil
biological quality index (SBQI) using six important biologi-
cal attributes of soil. This index may be a part of an SQI in
the future to assess the soil quality for sustaining agricultural
productivity.

2 Materials and methods

2.1 Experimental sites and soil sampling

Long-term permanent manure trials being maintained by
Tamil Nadu Agricultural University, India, at three differ-
ent locations of Tamil Nadu state, India, viz. the (i) Depart-
ment of Soil Science and Agricultural Chemistry, Coimbat-
ore, (ii) Agricultural College and Research Institute, Madu-
rai, and (iii) Agricultural Research Station, Kovilpatti (des-
ignated as Coimbatore, Madurai, and Kovilpatti, respec-
tively), were selected for this investigation. The details of
the study area, trial details, and their basic soil charac-
teristics were given in Table 1. In all these experimental
plots, organic (farmyard manure, green manure) and inor-
ganic (nitrogenous, phosphate, and potash fertilizers) nu-
trient management was assessed for crop response over
a period of time. All the experimental plots were single
non-replicated plots with 5m x 4m size. Though differ-
ence exists in the set of treatments being adopted among
the three long-term trials, we chose four long-term nu-
trient management-adopted soils existing in all three tri-
als for our investigation, i.e. control soil (control); inor-
ganic fertilizer applied soil (IC); organic amendment ap-
plied soil (OM); and integrated nutrient management (both
organic and inorganic) adopted soil (INM). The details of
each treatment are as follows: control represents the plot
in which the crop (Coimbatore — maize followed by sun-
flower; Madurai — rice; Kovilpatti — cotton followed by ba-
jra) was raised without any nutrient amendments. The soils
with naturally added crop residues were incorporated during
tillage. In IC, nitrogen (N), phosphorus (P), and potassium
(K) were applied in the form of urea, superphosphate, and
murate of potash at the recommended dosage varying among
the crops (maize — 135:62.5: 50 kg NPKha~!; sunflower —
40:20:20kg NPKha™!; rice — 120:60:60kg NPKha~!;
cotton and bajra — 40:20:0kg NPKha™'). A half dose of
N and a full dose of P and K fertilizers were applied as
basal, while the remaining half of N was top-dressed during
crop growth. An OM plot was applied with farmyard manure
alone as a nutrient amendment (12.5 tha™! of farmyard ma-
nure, FYM, irrespective of the crop). The well-decomposed
manure was incorporated into the soil during the last plough-
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Table 1. Study area and soil characteristics.

Details Coimbatore Madurai Kovilpatti

Centre TNAU, Coimbatore AC & RI, Madurai ARS, Kovilpatti
Geographical coordinates 11°N, 77°E 9.97°N, 78°E 09.12°N, 77.53°E
Altitude 426 m 147m 106 m

Max and min temperature 34.2 and 20°C 32 and 23°C 36 and 29°C
Annual rainfall 670 mm 1100 mm 730 mm

Climate type semi-arid sub-tropical arid sub-tropical semi-arid tropic
Year of establishment 1909 1975 1982

Test crop Maize — sunflower Rice —rice Cotton

Cropping method Irrigated Wetland Dryland

Variables Nutrient management®  Nutrient management  Nutrient management
Soil texture sandy loam sandy clay loam Clayey

Soil classification Typic Haplustalfs Typic Haplustalfs Typic Chromustert
Initial soil characteristics

pH 8.30 7.1 8.1

Electrical conductivity (dS mfl) 0.25 0.24 0.36

Soil organic carbon (mg g_l) 2.90 6.40 3.10

Available N (mgkg™!) 145.0 182.0 106.0

Available P (mgkgfl) 4.8 13.4 3.1

Available K (mgkg™ ) 303.0 275.0 546.0
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* The nutrient management adopted in each site is described in Materials and methods.

ing before sowing of every crop. INM refers to the plot
with 100 % NPK as chemical fertilizers along with FYM
(12.5tha™!) (similar to IC and OM, respectively). All the
plots were ploughed using a country plough, added with
different nutrient amendments, and levelled manually. The
respective crops were raised as per the standard practice
(Coimbatore — irrigated, maize/sunflower; Madurai — wet-
land, rice; Kovilpatti — rainfed, cotton/bajra).

Samples were collected from the upper 15 cm of the sur-
face soil of each plot during the fallow period, when the crop
was not raised (January 2018). In each plot, 10 sub-sample
soil cores were collected randomly and pooled together in a
composite sample, giving three biological replicates. Like-
wise, sampling was repeated three times, giving a total of
nine replicates from four plots in each location. The debris,
plant residues, and stones were removed during sampling to
avoid any influence on the soil parameters analysed. The soil
samples were packed in plastic bags, transported to the labo-
ratory using an ice cooler box, and stored at 4 °C. The gravi-
metric moisture content of the soil was measured immedi-
ately.

2.2 Soil biological properties

Soil organic carbon (SOC) was analysed by the wet chromic
acid digestion method (Walkley and Black, 1934) and ex-
pressed as mgg~!' of soil. The microbial biomass car-
bon (MBC) was measured by the fumigation—incubation
technique (Jenkinson and Powlson, 1976) and expressed

as ugg~! of soil. Soil labile carbon (SLC) was measured by
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the permanganate method (Blair and Crocker, 2000) and ex-
pressed as pgg~! of soil. Soil protein was extracted from
soil using a protocol as described by Hurisso et al. (2018)
and expressed as ugg~! of soil. The dehydrogenase (DHA)
was measured by the procedure described by Casida Jr
et al. (1964) and expressed as pg of triphenyl formazan
released per gsoild~!. The substrate-induced respiration
(SIR) measured the rate of respiration in the soil after
glucose was amended in it and expressed as pg of CO;-
released g’1 soilh~! (Enwall et al., 2007).

2.3 Data analysis

The relation between soil variables influenced by long-term
nutrient management adoptions was evaluated by Pearson
correlation analysis (Pearson, 1895) and simple linear re-
gression (Freedman, 2009) using SPSS (SPSS Statistics for
Windows, Version 20.0. Armonk, NY: IBM Corp). The scor-
ing function for each assessed variable of soil was developed
by SPSS 20.0. For this, the data were transformed into rank
scores (rank case function of SPSS) and scoring percentile
was calculated using the following formula:

Percentile score =

Ranking score of the variable — 0.05 100

Number of samples

To assess the relativeness of assessed soil variables and their
cumulative contribution to the variability among the treat-
ments, principal component analysis (PCA) (Wold et al.,
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Table 2. Soil biological quality indicators, their threshold values,
and corresponding score values used for SBQI1.

Soil variable Threshold  Soil index  Reference
values  scale (SIS)
SOC (mgg™ ) > 10 4 Lal (2004)
8-10 3
6-8 2
<6 1
MBC (ugg™") > —500 4 Chinnadurai et al. (2014b),
300-500 3 Tamilselvi et al. (2015)
100-300 2
< 100 1
SLC (pgg_l) > —500 4 Moebius-Clune et al. (2016)
300-500 3
100-300 2
<100 1
SPI (ugg™ 1) >—10 4 Moebius-Clune et al. (2016)
8-10 3
6-8 2
<6 1
DHA (ug g_l) > —30 4 Chinnadurai et al. (2014b),
20-30 3 Tamilselvi et al. (2015)
20-10 2
<10 1
SIR (ugg™!) >-5 4 Chinnadurai et al. (2014b),
3-5 3 Tamilselvi et al. (2015)
1-3 2
<1 1

SOC - soil organic carbon; MBC — microbial biomass carbon; SLC — soil labile
carbon; SPI — soil protein index; DHA — dehydrogenase; SIR — substrate-induced
respiration. Threshold values are scaled as a soil index scale ranging from 1 to 4 based
on the literature.

1987) was performed on the data using XLSTAT (Version
2010.5.05, Addinsoft, USA).

2.4 Estimating soil biological quality index (SBQI)
2.4.1 Simple additive methods (SBQI1 and SBQI2)

In the simple additive method, the assessed soil parameters
were given threshold values based on the available literature
and previous experiences. The threshold values of each pa-
rameter were further scored as soil index scores (SIS) (Ta-
ble 2). From these score values, the SBQI, a unitless scoring
value scaled to 1-10, was calculated using the formula as
follows (Amacher et al., 2007):

n
3 SIS
i=0

SBQII = .10,

where SIS represents the score value of individual attributes;
S represents the sum of maximum SIS (= 24).

In SBQI2, the index computed was normalized using the
maximum and minimum values of the dataset (Amacher
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et al., 2007). The formula for this method is as follows:

Scaled SBQI = (SIS = SISmin ) / (SISmax = SISmin).

Scaled SBQI

SBQI2 =
Q S

10,

where X SIS refers to the sum of all soil index scores and
SISmin and SIS;ax are minimum and maximum values of SIS
of the dataset. S represents the sum of maximum SIS (= 24).

2.4.2 Weighed additive method (SBQI3)

For this, the data were transformed into rank scores (rank
case function of SPSS) and the scoring percentile was cal-
culated in SPSS. The scoring percentiles were summed and
scaled to 10 (Moebius-Clune et al., 2016). Further, the index
values were normalized using the minimum and maximum
SBQI values of the dataset. The formula for the SBQI3 cal-
culation is as follows:

> SBQI=

> Percentile score of individual attributes 10
MP

3 SBQI represents the sum of SBQI derived from percentile
scores, whereas MP represents the sum of the maximum per-
centile score (= 600).

SBQI3 = (Z SBQI— SBQImin) /(SBQImaX - SBQImin)v

where X SBQI refers to the sum values from the above for-
mula and SBQI i, and SBQI .« are minimum and maximum
values of SBQI of the dataset.

2.4.3 PCA-based SBQI (SBQl4)

The principal component analysis of all six biological param-
eters of four soil samples of three locations was performed as
described elsewhere. From the outcome of PCA, the SBQI
was calculated (Andrews et al., 2002; Mandal et al., 2011;
Masto et al., 2008). This SBQI used the percent contribution
of individual variability to calculate the overall soil biolog-
ical quality of the soil. The formulae adopted to calculate
SBQI-4 are as follows.

Cumulative variability (%) = PC1 variability
+ PC2 variability

Individual variability contribution (VC) =

% contribution by the biological indicator

Variability of the corresponding PC

> (observed value - VC)

SBQI4 = - =
Cumulative variability
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Table 3. Pair of variables used for the quadrant plot and their mean and regression coefficient (Rz).
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Variable-1 Variable-2 Mean of Mean of R? P
(major (secondary  variable-1 variable-2

contributor)  contributor)

SOC MBC 7.29 382.51 0.237 <0.001
SOC SLC 7.29 480.30 0417 <0.001
SOC SIR 7.29 320 0409 <0.001
MBC SPI 382.51 546 0.089 <0.001
MBC DHA 382.51 11.51  0.259 <0.001
MBC SIR 382.51 320 0.337 <0.001

SOC - soil organic carbon; MBC — microbial biomass carbon; SLC — soil labile carbon; SPI — soil protein

index; DHA — dehydrogenase; SIR — substrate-induced respiration.

2.4.4 Quadrant-plot-based SBQI (SBQI5)

As any soil variable is not independently acting and depends
on several other variables or is under the influence of other
variables, the relativeness of two closely associated variables
(examples SOC and MBC) is used to measure the soil biolog-
ical quality. This method is adopted for the variables that are
well correlated with each other. Six significantly correlated
(P < 0.001) variable pairs and their R? values and means
were used for the scoring (Table 3). The paired variables
were plotted in a scatter plot using variable-1 (major contrib-
utor) on the x axis and variable-2 (secondary contributor) on
the y axis. The scatter plot was converted into four quadrants
by scaling the mean values of the corresponding variables
on their axes. The right-handed upper quadrants representing
“high” for both variables are scaled to 4 as both the variables
above the means. The right-handed lower quadrant represent-
ing “high for variable-a and low for variable-b” is scaled to
3. Likewise, the left-handed upper quadrant is scored for 2,
and the left-handed lower quadrant, which represents “low”
for both the variables, had a value of 1. Since the major con-
tributor is always on the x axis, high for variable-a and low
for variable-b had a score value of 3 and its opposite had 2.
All six pairs (SOC-MBC, SOC-SLC, SOC-SIR, MBC-SPI,
MBC-DHA, MBC-SIR) were scored using this method and
SBQI was calculated as follows:

SBQI5 = Z(Paired variable score - regression coefficient).

2.4.5 Validation of SBQIs in farmers’ fields

To validate the SBQI methods developed from long-term ma-
nure experiment plots and also to check the consistency in
SBQI calculations and to assess the relatedness among the
SBQIs, the soil samples collected randomly from the farm-
ers’ field were assessed using the soil biological indicators as
described in the previous chapter and the biological quality
indices were calculated using the five methods as described
earlier. The details of those soil samples were presented as
Table 1 in the Supplement. All five SBQIs measured for long-
term nutrient management adopted soils and farmers’ soils
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Table 4. Correlation coefficient (Pearson, n — 1) of the observed
variables from long-term nutrient management soils.

Variables SOC  MBC SLC SPI  DHA SIR
SOC 1.00*

MBC 0.93* 1.00*

SLC 0.74* 0.85* 1.00*

SPI 0.68* 0.51 0.10 1.00*

DHA 0.65* 0.81* 095* 0.05 1.00*

SIR 0.80* 0.89* 0.93* 025 085* 1.00*

SOC - soil organic carbon; MBC — microbial biomass carbon; SLC — soil labile carbon;
SPI - soil protein index; DHA — dehydrogenase; SIR — substrate-induced respiration.
* Correlation is significant at the 0.05 level.

were compared through Pearson correlation as described ear-
lier to understand the effectiveness and relation of each other.

3 Results

3.1 Statistical scrutiny of soil biological attributes for
developing SBQI

The histogram of measured values (x axis) of each vari-
able and its frequency (y axis) with a distribution curve
or bell curve showed that the data observed were nor-
mally distributed. The mean=+ SD for the observed pa-
rameters, viz. 7.29 +2.46 (SOC), 382.51 +199.61 (MBC),
480.30£234.17 (SLC), 5.46+0.84 (SPI), 11.51+9.54
(DHA), and 3.20 4 0.56 (SIR), were well fitted in the curve
(Fig. 1). Among the six variables, the histograms of SOC and
SLC were left-skewed; DHA (Fig. le) was bimodal, while
those others were normal.

In correlation analysis, SOC had a significant correlation
with the other five biological variables, while MBC, SLC,
DHA, and SIR had a significant correlation with other vari-
ables except for SPI (Table 4). Similarly, with SOC as an in-
dependent variable with others as the dependent variables,
the linear regression coefficient (R?) showed significance
(Table 5). All the dependent variables (MBC, SLC, SPI,
DHA, SIR) showed significant R? (P < 0.001). However,
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Figure 1. Histogram and distribution curve (bell curve) of the observed soil biological variables from four different nutrient management
plots of three different agroclimatic zones of Tamil Nadu, India. A — soil organic carbon; B — microbial biomass carbon; C — soil labile
carbon; D — soil protein index; E — dehydrogenase activity; F — substrate-induced respiration.

Table 5. Regression analysis of soil variables assessed for long-

term nutrient management adopted soils.

Independent  Dependent R? F P
variable variable

SOC MBC 0.237 3295 <0.001
SOC SLC 0.417 75.77 <0.001
SOC SPI 0.283 41.79  <0.001
SOC DHA 0.329 5197 <0.001
SOC SIR 0.409 7334  <0.001
MBC SLC 0.256 3642 <0.001
MBC SPI 0.089 10.36 0.002
MBC DHA 0.259 37.03 <0.001
MBC SIR 0.337 5390 <0.001
SLC SPI 0.006 0.62 0.435
SLC DHA 0.834 534.10 <0.001
SLC SIR 0.662 207.80 <0.001
SPI DHA 0.003 0.324 0.571
SPI SIR 0.023 2.53 0.115
DHA SIR 0.604 161.68 <0.001

SOC - soil organic carbon; MBC — microbial biomass carbon; SLC — soil
labile carbon; SPI — soil protein index; DHA — dehydrogenase; SIR —
substrate-induced respiration. RZ - regression coefficient (linear); F — F test;
P —p value.
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SPI had the lowest R2 (0.237), while the SLC had the high-
est R? (0.417). Likewise, SPI had the lowest but significant
linear regression coefficient (0.089) with MBC, while others
had high R? values. SPI with other variables such as SLC,
DHA, and SIR had insignificant R2.

The scatter plot with the interpolation curve between the
actual values (x axis) and the percentile scores (y axis) had
a similar trend and relation for all the assessed biological at-
tributes (Fig. 2). The mean + SD of the actual value had 79th
to 81st percentiles (Fig. 2a—f). Hence, all six variables used
in the present study fall under the “more is better” category,
which implies that improving these variables will reflect the
soil health.

The PCA biplot representing PC1 and PC2 of assessed
variables and soil samples was presented in Fig. 3. PC1 had
a variability of 75.21 % and PC2 added 20.48 % with a cu-
mulative variability of 95.68 %, which were due to six bio-
logical variables. All the soil parameters significantly con-
tributed to the cumulative variability of PCs. Among the soil
samples, OM and INM samples of Coimbatore and Madurai
recorded highest and were positively influenced due to the
nutrient managements positioned in the right-hand top quad-
rant, while the control samples were negatively impacted
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Figure 2. Cumulative normal distribution for scoring the observed soil biological variables in four different nutrient management plots of
three different agroclimatic zones of Tamil Nadu, India. A — soil organic carbon; B — microbial biomass carbon; C — soil labile carbon; D —
soil protein index; E — dehydrogenase activity; F — substrate-induced respiration. In the distribution curve, the mean + SD of measured values
was intercepted and the scoring percentile for each variable was calculated and presented in the corresponding plot.
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Figure 3. Principal component analysis biplot showing the relation between the soil biological variables in four different nutrient man-
agement plots of three different agroclimatic zones of Tamil Nadu, India. SOC — soil organic carbon; MBC — microbial biomass carbon;
SLC - soil labile carbon; SPI — soil protein index; DHA — dehydrogenase activity; SIR — substrate-induced respiration. Control — unfertilized
control soil; IC — inorganic chemical fertilized soil; OM — organically managed soil; INM — integrated nutrient management enforced soil;
C — Coimbatore; M — Madurai; K — Kovilpatti. The % variance explained by each component (PC1 and PC2) is given in parentheses in axes.
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by the observed variables positioned in the left-hand bottom
quadrant. The control soil of Madurai, which is on par with
IC, OM, and INM of Madurai and higher than Killikulam, is
also positioned in the positive quadrant. All the variables ex-
cept SPI significantly contributed to the PC1 (> 0.80 loading
value), while SPI had a significant loading value to PC2. Re-
garding the contribution of individual soil variables to the to-
tal variability of the PC1 (75.21 %), MBC had 21.01 %, SIR
19.88 %, SLC 19.22 %, SIR 19.88 %, and SOC 18.64 % con-
tributions. SPI had a 64.75 % contribution to the PC2 vari-
ability (20.48 %) (Table 2 in the Supplement).

3.2 SBAQlIs of long-term nutrient management-adopted
soils

The SBQIs of four long-term nutritionally managed soils
were computed as a 10-scale unitless index using six bio-
logical attributes (Table 6). The sample-wise SBQIs calcu-
lated were presented as a spreadsheet (file XLS in the Sup-
plement). The SBQI1 calculated using the threshold values
of each biological attribute ranged between 3.43 and 7.31
for the tested soil samples. Among the four nutrient manage-
ments, OM and INM had the highest SBQI values (5.93 and
6.62 for Coimbatore; 7.04 and 7.31 for Madurai; 4.49 and
5.05 for Kovilpatti, respectively). The wetland soil (Madu-
rai) recorded the highest index followed by irrigated gar-
denland soil (Coimbatore) and a minimum in dryland soil
(Kovilpatti). The least index values (between 3.0 and 4.0)
were recorded in unfertilized control and IC soils. Overall,
the SBQI1 significantly discriminated the soils based on the
soil index scales used by the threshold index of respective
soil biological variables. SBQI2 was derived from SBQI1 af-
ter scaling it with minimum and maximum values. Hence, the
SBQI2 values were lower than the SBQI1, with no change in
the trends due to either treatments or centres (Table 6).

The SBQI3 was calculated based on the scoring functions
(percentile) of each assessed biological variable. The calcu-
lated soil biological quality index for the four different nu-
trient management enforced soils collected from three differ-
ent soil types (locations) showed a significant difference due
to nutrient management as well as due to locations. In this
method also, the highest biological index was recorded in
the soils of Madurai (wetland soil), followed by Coimbatore
(irrigated gardenland soil) and least in Killikulam (dryland
soil). Among them, INM from Madurai recorded the highest
SBQI of 8.39, followed by OM (Madurai) (7.59), while IC
and control of Madurai recorded quality indexes of 6.90 and
5.57, respectively. The Coimbatore (Alfisol) soils had SBQ
indexes of 7.13 (INM), 6.25 (OM), 3.43 (IC), and 2.77 (con-
trol), whereas the Kovilpatti soils recorded the lowest SBQI
values. INM recorded 4.24, which is lower than the control
soil of Madurai, OM with 3.42, IC with 2.57, and control
with 1.73. However, like the other two methods (SBQI1 and
SBQI2), the resolution to differentiate among the soils based
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on the biological properties due to long-term nutrient man-
agement is high for this method as well.

From the PCA, the percent contribution of each variable
to the PCs (PC1 with SOC, MBC, SLC, DHA, and SIR; PC2
with SPI) was used to compute the SBQI4. The actual values
were weighed based on their percent contribution in PCA to
the total cumulative variability. As depicted from other SBQI
methods, in this method also, the soils were attributed to the
same trends of SBQI values. The highest SBQI was recorded
by INM (Madurai) with 6.59 followed by OM (Madurai)
6.05. Within the Coimbatore centre, INM recorded the high-
est index of 5.22 followed by OM (5.89), IC (3.22), and con-
trol (3.24). The same trend was noticed for other centres as
well. In SBQIS, the relation of two variables and their mea-
sured values were used for computing the quality index. The
paired variables were plotted in a scatter plot and the mean
of both the variables was used to form quadrants of the plot
(Fig. 4). The samples positioned in the quadrants were scored
(scaled from 1 to 4) and the score values were weighed with
the regression coefficient (R?) and scaled to 10. Such calcu-
lated SBQI5 values for the long-term nutrient management
enforced soils were the lowest among the five different meth-
ods. The Madurai soil (wetland) recorded a score value of
4.79 to 6.79, which is relatively higher than Coimbatore (ir-
rigated garden land soil) (2.14 to 6.43) and Kovilpatti (dry-
land) (1.94 to 3.95). Regarding the nutrient management ef-
fects, OM ~ INM > IC > control was the trend followed in
three different soil types.

3.3 SBQIs of farmers’ soils

All five SBQI procedures scored the biological quality of
the farmers’ soils, with a uniform trend among them (Ta-
ble 7). Irrespective of the soils, SBQI1 had a high level of
scaling (example 3.33 for sample A), followed by SBQI2
(2.89) and SBQIS5 (2.02), while SBQI3 and SBQI4 recorded
1.59 and 1.69, respectively. All the farmers’ soils got lower
SBQI scores (no soil with > 6.0) compared to the SBQIs of
long-term OM and INM soils of permanent manure experi-
mental soils. When the SBQI values of permanent manurial
trial soils and farmers’ field soils were pooled and their rela-
tiveness assessed, all the SBQI methods showed a significant
positive correlation with each other (Table 8).

4 Discussion

In the present work, we developed a unitless soil biologi-
cal quality index to scale the biological properties of soil,
to monitor the soil health. We chose six biological indica-
tors, viz. soil organic carbon, soil microbial biomass, soil la-
bile carbon, soil protein index, dehydrogenase activity, and
substrate-induced respiration, whose role in soil function-
ing is well documented. Apart, these variables are known
for consistent performance as indicators, relatively quick and
simple assessment, and sensitivity to soil disturbances. We
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Table 6. Soil biological quality index of long-term nutrient management adopted soils of three different centres assessed by five different
methods (SBQI1 to SBQIS).

Centre Treatments SBQI1 SBQI2 SBQI3 SBQI4 SBQI5
Coimbatore  Control 3.66 (£0.40) 2.62(£0.40) 2.77(£0.55) 234(£1.41) 2.14(£0.74)
IC 4.07 (£0.68) 3.03(£0.68) 3.43(£1.19) 3.22(£1.99) 2.86(£1.03)
oM 593 (+£0.46) 4.88(£0.46) 6.25(+£0.53) 4.89(£1.89) 5.32(+0.86)
INM 6.62 (£0.25) 5.58(£0.25) 7.13(£0.42) 5.22(£0.86) 6.43(£0.59)
Madurai Control 6.06 (£0.37) 5.02(£0.37) 5.57(£0.61) 5.02(£1.23) 4.79(£1.16)
IC 6.53(£0.21) 5.49(£0.21) 6.90(+£043) 530(£1.43) 5.74(£0.75)
oM 7.04 (£0.39) 6.00(£0.39) 7.59(£0.53) 6.05(£1.25) 6.80(+0.34)
INM 7.31(£042) 6.27(£042) 8.39(£0.55) 6.59(£1.29) 6.79(£0.54)
Kovilpatti Control 343(£0.28) 2.38(£0.28) 1.73(£0.34) 2.24(x£1.16) 1.94(£0.54)
IC 3.89(+£0.36) 2.85(£0.36) 2.57(£0.55) 247 (£1.12) 2.00(£0.53)
oM 449 (£0.50) 3.45(£0.50) 3.42(£0.78) 3.09(£1.31) 2.92(£1.15)
INM 5.05(£0.67) 4.01(£0.67) 4.24(+£1.21) 4.02(£1.47) 3.95(£1.26)

Values are the mean (+ SD) of three replicates. Control — unfertilized control soil; IC — inorganic chemical fertilized soil; OM — organically
managed soil; INM — integrated nutrient management enforced soil; SBQI1-SBQIS refer to the unitless 10-scaled soil biological quality index
computed using six soil biological variables.
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Figure 4. Quadrant scatter plots showing the relatedness of the soil biological variables in four different nutrient management enforced soils
of three different agroclimatic zones of Tamil Nadu. Each scatter plot is divided into quadrants based on the mean of the respective axis,
which is indicated in the plot. Quadrants with “High” show that both the variables are above the average; “Medium” means that any one of
the variables is below the average; “Low” means that both the variables are below the average. The main variable is on the x axis and the
second variable for it is on the y axis; 1-108 represent the soil samples.

measured these six variables from four long-term nutrient
management adopted soils (control, inorganic fertilizer ap-
plied, organic manure amended, and integrated nutrient man-
agement adopted). Such long-term nutrient managements are
being adopted in three different soils (semi-arid Alfisol ir-
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rigated; semi-arid sub-tropical Alfisol wetland; arid Vertisol
dryland). Hence, we assume that the data obtained from these
soils can be normalized and the impact of nutrient manage-
ment on these soil biological attributes could scale the SBQI
so that the index can be applied to any range of soils of this
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Table 7. SBQI values of farmers’ soils measured by five different
methods.

Farmers’ field SBQI1 SBQI2 SBQI3 SBQI4 SBQIS

3.33 2.89 1.59 1.69 2.02
3.75 3.31 2.06 222 1.76
4.17 3.73 1.72 1.80 1.76
3.33 2.89 2.05 2.18 1.76
4.58 4.14 2.33 2.46 2.02
4.17 3.73 2.40 2.56 2.12
5.00 4.56 291 3.12 2.12
3.33 2.89 1.22 1.25 1.86
5.42 4.98 2.45 2.60 2.12
3.75 3.31 1.81 1.90 2.02
3.33 2.89 1.45 1.50 1.76
3.75 3.31 1.68 1.77 2.02
5.00 4.56 2.28 2.37 2.12
5.42 4.98 2.61 272 2.12
4.58 4.14 2.95 3.14 2.12
3.75 3.31 1.55 1.64 2.02
3.75 3.31 2.07 2.20 2.02
4.58 4.14 1.92 2.01 2.12
4.17 3.73 1.90 2.03 2.02
4.17 3.73 1.47 1.52 2.02
4.58 4.14 3.88 4.20 3.49
5.42 4.98 2.64 2.78 2.86
4.58 4.14 4.36 4.67 3.81
5.42 4.98 2.20 232 1.86
4.58 4.14 4.98 5.36 391

XKXE<OHLIOTOZZIORT"ZmaOTMTmUOQW»

SBQI1 to SBQIS represent the unitless 10-scaled values of the soil biological quality
index calculated for the farmers’ field soil using different methods as described earlier.
Details of farmers’ field soils are provided in Table S1 in the Supplement.

region. With this background, the SBQI was computed using
these six biological indicators. Based on the literature and
our previous works (Balachandar et al., 2014, 2016; Chin-
nadurai et al., 2013, 2014a; Preethi et al., 2012; Tamilselvi
etal., 2015), it is obvious that these biological variables were
significantly altered by the nutrient management adoptions
(Babin et al., 2019; van der Bom et al., 2018). All these bio-
indicators were reported as highest in OM and INM, whereas
the IC and control recorded on-par values or sometimes IC
was higher than control. Hence, the scale developed using
these six variables should differentiate among the OM, INM,
IC, and control to each other. We also assume that by com-
paring those SBQI values of long-term experimental plots to
the farmer’s soils, it may be possible to predict the biolog-
ical quality of the soil. This approach was already success-
fully used to compute the soil quality index (including phys-
ical, chemical, and biological attributes) by Cornell Univer-
sity, USA, as the Cornell Soil Health Assessment (Moebius-
Clune et al., 2016), and the Soil Assessment and Manage-
ment Framework by the Soil Quality Institute (Andrews and
Carroll, 2001; Wienhold et al., 2004, 2009).

In the present SBQI development, compared to SBQI1,
SBQI2 showed a relatively low-quality index. These simple
additive methods performed well for the present soil ecosys-
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Table 8. Correlation coefficient (Pearson, n — 1) relating five dif-
ferent methods used to measure the soil biological quality index
of long-term nutrient management adopted soils of three different
agroecological zones and farmers’ soils of Tamil Nadu.

SBQImethods SBQIl SBQI2 SBQI3 SBQI4 SBQI5
SBQII 1.00*

SBQI2 0.99*  1.00*

SBQI3 0.85*  0.75*  1.00*

SBQI4 0.82*  0.73*  0.99*  1.00*
SBQI5 0.84*  0.73*  0.98*  0.94*  1.00*

SBQI1 to SBQIS represent the unitless 10-scaled values of the soil biological quality
index calculated for the soil samples.
* Correlation is significant at the 0.05 level.

tems and differentiate among the soils based on their biologi-
cal attributes as impact by the nutrient management adopted.
In all three locations, INM had high scores followed by OM,
while IC and control had low index values. The consistent re-
sults obtained from all three centres showed the efficiency of
these two methods. Among the two, SBQI2 would be more
powerful than SBQII1, as it normalizes the data which in-
creased the resolution of the scoring giving weight to the
localization of data. As pointed out by Mukherjee and Lal
(2014), this method is relatively simple, quick, and user-
friendly.

The SBQI3 is based on the scoring functioning of assessed
variables. It is an advanced way of calculating SQI, establish-
ing standard non-linear scoring functions, which typically
have shapes for “more is better”, “optimum range”, “less
is better”, and “undesirable range”. The scores are relative
to the measured values of the respective region and trans-
formed the values between 0 and 1, with O being the poorest
and the score of 1 the best (Andrews et al., 2004; Moebius-
Clune et al., 2016). In the present work, all the measured
values of six biological variables were scored for their per-
centile and non-linear scores obtained and grouped as “more
is better” shaped curved (Andrews et al., 2004; Moebius-
Clune et al., 2016). Hence, it is obvious that the measured
values of these indicators would have a positive correlation
with SBQI. As suggested by Moebius-Clune et al. (Moebius-
Clune et al., 2016), mean + 1 SD was used to score the vari-
ables, and all six variables had 78 %—81 % scoring func-
tions, suggesting that over 70 % of the samples fall within
this range. Hence, these biological attributes could be sig-
nificant contributors to the SBQI. If the values are less than
40 %, the reliability of using the variable is questionable. Be-
sides, to get the cumulative single index value, the scoring
function percentiles of each variable were added, summed,
and normalized to scale between 1 and 10. The major as-
sumption made in this method is that summing the scoring
values (percentiles) of each variable rather than actual val-
ues or their soil index scales (as with SBQI1 and SBQI2)
can provide more accurate score values among the samples
tested. The scoring functions and the plots follow the Cor-
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nell Soil Health Assessment (Moebius-Clune et al., 2016).
The SBQI scored based on this method also had high dis-
criminative power on the samples obtained from permanent
manure experiments of three different soils. Among the three
locations, dryland soil had the lowest SBQI in this method,
while the wetland soil had the highest values. In all three soil
types, INM > OM > IC > control is the trend followed for
SBQI3 values.

The PCA-based calculation is the most popular method
among researchers worldwide and across soil types and land-
use management to score the SQI (Biinemann et al., 2018).
This method integrated the measured variables into PCs and
used to scale them to SQI. In the present investigation, we
adopted the same method with slight modification. From the
PCA factor loading, each variable’s contribution to the corre-
sponding PC was used to weigh the actual measured values,
and these weighed values were further summed and scaled
to 1-10. Unlike previous investigators (Biswas et al., 2017;
Mukherjee and Lal, 2014; Schmidt et al., 2018), we did not
pick the single variable for each PC; rather, all the factor
loadings of six biological attributes were used to scale the
SBQI. This method also significantly discriminated the soils
that are under the influence of long-term nutrient manage-
ment adoptions under three different soil types. Compared to
all the above methods, this method is a more statistical ap-
proach and places more stress on discriminating the samples
than other methods. This method was also successfully used
to measure the SQI and was able to predict the yield of a par-
ticular system (Mukherjee and Lal, 2014) and relate it to the
soil functioning (Vasu et al., 2016).

The fifth method adopted to measure the SBQI from the
data is unique and uses the relatedness of two potential
variables. The combinations of the variable pairs used are
SOC/MBC, SOC/SLC, SOC/SIR, MBC/SPI, MBC/DHA,
and MBC/SIR assuming that SOC and MBC are the major
driving forces of the soil biology, while the other four vari-
ables are relating to them to the functioning. The scatter plots
of each pair of variables were divided into four quadrants us-
ing the mean of each corresponding variable. The assumption
made here is that any sample having more than local average
is considered “high”, and less than that is “low”. Thus, the
relatedness of the two variables can divide the scatter plot
into four quadrants as “high/high”, “high/low”, “low/high”,
and “low/low”. Based on the position of the samples in the
four quadrants, score values were given (“high/high” — 4,
“high/low” — 3, “low/high” — 2 and “low/low”” — 1) and
these score values were used to compute the SBQI. This
method measured the soils with least SBQIs, suggest that
more pressure was made to show the variability. This method
adopts the less statistical and more biological approach to
score the SBQI, unlike SBQI3 and SBQI4, which are more
statistical and less biological. Though the method is rela-
tively complicated to compute the SBQI, more inference and
a better understanding of soil biological variables can be ob-
tained. For example, high SOC/high MBC means the sam-
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ples are sufficient with SOC and MBC, need to maintain
them using organic amendments; high SOC/low MBC means
the SOC may be recalcitrant or microbial inhibitors/heavy
metals/pollutants may be present; need proper reclamation;
low SOC/high MBC means the soil needs continuous or-
ganic amendments to proliferate the microbial growth; low
SOC/low MBC means the soil biological quality is very poor;
needs remedy to improve them. Like this, quadrant-based
analyses can identify the “soil biological constraints” more
sensitively than those methods. Hence, among the five mod-
els, SBQI5 can be regarded as the best model to scale the
biological health of the soil.

Twenty-five farmers’ fields in and around the Coimbat-
ore and Nilgiris districts of Tamil Nadu state, India, were
assessed, and SBQIs were computed by all five models as
detailed earlier. This part of the investigation was performed
for validation, relatedness, and consistency of SBQIs devel-
oped in this study. All five SBQIs were in the same trend in
the farmer’s field. Compared to experimental soils, the farm-
ers’ soils are low in SOC and MBC, and all the measured
attributes hence recorded lower SBQIs. In these soils also,
SBQI1 and SBQI2 had relatively higher values, followed by
SBQI3 and SBQI4, while the least was observed in SBQIS.
Soil from Ooty (Nilgiris) had relatively high SBQI scores
compared to other samples. This was mainly because of the
temperate climate and high SOC of those soils. Our SBQI
results are comparable to the three methods validated by
Mukherjee and Lal (2014). The SBQI values measured in the
farmers’ fields were identified following constraints in the
soil biological functioning: most of the farm soils have low
SBQI values (< 4.0) and are in the “low SOC/low MBC”,
“low MBC/low DHA”, and “low MBC/low SPI” categories.
The soil biological activities responsible for nutrient transfor-
mation, organic decomposition, and carbon assimilation are
low in these soils. As the poor soil management continues,
the quality of the soils may decrease and may be reflected in
declining crop productivity.

5 Conclusions

In the present work, we investigated four different nutrient
managements on soil biological attributes, and the difference
between them was used to scale a single unitless quantita-
tive measure as an SBQI. Five different models were pro-
posed to compute the SBQIs and each method discriminated
the four soil samples accurately, and we could not find any
difference among them. However, each method has its ad-
vantages and limitations. All five methods gave the same re-
sults in the farmers’ field and all the SBQIs had a significant
positive correlation with each other. Among the five SBQI
models tested, SBQIS would be an appropriate method, as it
implies fewer statistics calculations and is more based on a
biological approach.
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