
Citation: Padhan, D.; Shivaraj, D.;

Doddagenigera Nagaraja, A.; Rout,

P.P.; Babu, C.M.; Aurade, R.;

Velayudhan, S.; Babulal. Changes in

Soil Sulphur Fractions as Influenced

by Nutrient Management Practices in

Mulberry. Land 2023, 12, 1160.

https://doi.org/10.3390/

land12061160

Academic Editors: Marina Cabral

Pinto, Eduardo Ferreira da Silva,

Amit Kumar and Munesh Kumar

Received: 26 October 2022

Revised: 9 November 2022

Accepted: 11 November 2022

Published: 31 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Changes in Soil Sulphur Fractions as Influenced by Nutrient
Management Practices in Mulberry
Dhaneshwar Padhan 1,*, Dhanushree Shivaraj 2, Akshitha Doddagenigera Nagaraja 2, Pragyan Paramita Rout 3,
C. M. Babu 1, Ravindra Aurade 1, Sobhana Velayudhan 1 and Babulal 1

1 Central Sericultural Research and Training Institute, Mysuru 570008, India
2 Department of Chemistry, JSS Science and Technology University, Mysuru 570008, India
3 Department of Soil Science & Agricultural Chemistry, Institute of Agricultural Sciences,

Siksha ‘O’ Anusandhan (Deemed to be University), Bhubaneswar 751003, India
* Correspondence: dhaneshwar.padhan@rediffmail.com

Abstract: Sulphur (S) plays a vital role in improving the quality of mulberry leaves because of its
involvement in protein synthesis. The knowledge of different pools of S in soils and its bioavailability
for mulberry nutrition is thus, required for optimizing S fertilization. Hence, the present study was
designed to ascertain the influence of chemical fertilizer and farmyard manure (both are S sources)
on S fractions and its bioavailability in soils. In this regard, four nutrient management practices viz.,
control (without any chemical fertilizers and organic manures), recommended doses of N, P and K
fertilizers (100% RDF), 80% RDF, 60% RDF with four mulberry varieties viz., V-1, G-4, AGB-8 and
MSG-2 besides a fallow were considered for the study. Furthermore, the bioavailability of S in soils
was tested using four commonly used chemical extractants viz., CaCl2, NaHCO3, AB-DTPA and
Mehlich-3 (with different modes and chemistry of extraction). Organic S was the dominant fraction
in the experimental soils accounting for 94.7% of total soil S while the inorganic fraction constituted
only 5.3% that includes water soluble, sorbed and carbonate occluded S. Lowest amount of organic S
content in soils of unmanured control (579.6 mg kg−1) was observed while the 100% RDF treatment
(673.2 mg kg−1) maintained a higher content of soil organic S. High amount of sorbed and occluded
S was observed in control plot compared to other fertilizer treatments (100% RDF, 80% RDF and
60% RDF). There was a gradual decline in soil S fractions when the fertilizer inputs were reduced
to 60% suggesting that recommended doses of fertilizer inputs could maintain the soil S fractions.
In addition, the extractable fractions of S were influenced by the fertilizer application rates and the
extractability of all four extractants decreased with the reduction in fertilizer inputs. The amount of S
extracted by all four chemical extractants followed the order of NaHCO3 > Mehlich-3 > AB-DTPA
> CaCl2 across the tested soils. Dynamic relationships among the extractants indicated that they
could extract the S from the same pools in soil. Of the four extractants tested for evaluating plant
available S, Mehlich-3 showed a higher degree of correlations with plant tissue S concentration and
applied S through chemical fertilizers and farmyard manure. Furthermore, it could maintain strong
correlations with water soluble and organic S fractions which were found to contribute significantly
to plant S concentration. Thus, Mehlich-3 can be recommended for the assessment of bioavailable S
for the nutrition of mulberry.

Keywords: sulphur bioavailability; mulberry cultivation; mulberry varieties; nutrient management
practices; extractable sulphur; arylsulfatase

1. Introduction

Sulphur (S) deficiency is widespread in soils all over the world [1,2], causing a re-
duction in the yield and quality of crops. It has been reported that about 58.6% of the
Indian soils are deficient in S [3]. The deficiency might have resulted from the use of S free
chemical fertilizers with less, or no, application of organic manures [2,4,5]. In addition,
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the intensification of agriculture coupled with the use of high yielding varieties [5] further
aggravated the deficiency depleting the soil reserve. Such deficiency caused significant
yield reduction in different cropping systems, and it was up to 50% in cereals [6] while
the optimum supply of S could enhance the nutritional quality and yield [7]. Deficiency
of S could also lower the utilization efficiency of N and deteriorates the crop quality [8].
Moreover, the low use efficiency of applied S, increased the cost of production besides
environmental pollution. Improving the use efficiency of applied S along with increasing
the bioavailability of S in soils is thus required for sustainable crop production. The knowl-
edge of the distribution pattern of different pools of sulphur in soils and its redistribution
into different fractions upon addition of S containing substrates or compounds and/or
changes in pools of S due to cultivation practices would be useful in scheduling the fertilizer
application and consequently improving the use efficiency.

A few long-term studies on the application of organic and chemical fertilizers on the
transformation of S in soils and its availability for crop nutrition were reported [4,9]. Con-
tinuous cropping for 7 years with S-free fertilizers depleted the available S by 54.8–67.1%
in a Typic Ustochrept soil [10]. The long-term application of superphosphate in grazed
pastures influenced the distribution of S fractions allocating >95% of the total S in the
organic fraction and remaining in readily-soluble plus adsorbed form [11]. Another study
showed that continuous cultivation along with superphosphate application influenced
the microbes mediated S mineralization and release of plant available S to soil [12]. The
application of chemical fertilizers and organic manures increased the organic S content
and improved the S availability [13–15]. On the other hand, long-term cultivation over the
years decreased the S concentrations in soil by 30–50% [16–18].

The availability of S for plant uptake depends upon the soil properties besides the
native soil S reserve. Soil properties viz., pH, organic carbon, clay content, presence of
oxides of Fe and Al, etc., regulate its availability in soil system [19]. Changes in soil proper-
ties could influence the availability of S in soils which can be captured by extracting the
soils with a suitable extractant. In conventional method of soil testing, several extractants
(0.15% CaCl2, LiCl, KCl, PO4

2− containing solution, AB-DTPA, Mehlich-3) are being used
to evaluate their suitability for estimating plant available sulphur in soils. William and
Steinberg [20] proposed that estimating the heat soluble S could be a reliable index in
measurement of the labile pool of organic S that could mineralize with cropping cycles.
Although, this method served as a good indicator of mineralized S, the method is rarely
used because of tortuous pathways of estimation. To mimic this method, Kilmer and
Nearpass [21] proposed to use 0.5 M NaHCO3 for extracting the S that could mineralize
during cropping period. The justification of using this extractant was that being a high
solution pH (8.5), it could solubilize the organically bound labile S. Reddy et al. [14] studied
the changes in sulphur fractions and mineralization due to continuous manuring and
application of chemical fertilizers for a period of 27 years on a Typic Haplustert and reported
that NaHCO3 extractable total, organic, and inorganic S fractions and NaOH-extractable
total and inorganic S fractions appear to be better indices of S mineralization than CaCl2
extractable inorganic S which was available to meet the sulphur requirement of plants
in a long run. Multi-nutrient extractants are now-a-days becoming popular in soil test-
ing laboratories (having different mechanism of extraction) to reduce the cost and time.
Mehlich-3 is one such extractant currently employed for extraction of available S from
soils and becoming popular because of the single step extraction procedure with multi-
nutrient extraction capacity [22,23]. Rao and Sharma [24] compared the performance of
Mehlich-3 with other conventional extractants and found good correlations among them.
Calcium phosphate extractable S maintained a good correlation with Mehlich-3 extractable
and this can be used as a suitable extractant for estimating plant available S in soils [25].
Ammonium bicarbonate-DTPA is also one such extractant used for routine analysis of soil
nutrient status. Malathi and Stalin [26] suggested the use of AB-DTPA extraction method
for estimating available S in alkaline soils.
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Mulberry is a perennial crop mainly cultivated for its high foliage production which
is the sole food materials for the silkworm Bombyx mori L. Sulphur is highly essential for
synthesis of protein such as cystine, methionine, cysteine, lanthionine, and cystathionine
both in mulberry leaf and silkworm [27]. Mulberry leaf contains 36.4 g S-containing amino
acids per kg of proteins [28]. Therefore, sulphur deficiency could result in reduction in
growth and development, leaf yield and nutritive value of mulberry [29], which ultimately
affect the cocoon production since the S influence the development of cocoon shells and
pupae [28]. In the conventional cultivation practices, 5 crops of mulberry are harvested in
a year with a biomass yield of 95–105 MT/ha/year under irrigated conditions [30]. Such
a high quantum of biomass yield depletes the soil nutritional status at a faster rate, which
is replenished by application of recommended doses of chemical fertilizers and organic
manures. Chemical fertilizers such as ammonium sulphate and single super phosphate are
used as a source for N and P, respectively, in many parts of Southern India. We hypothesized
that continuous application of S through chemical fertilizers and organic manures may
influence the allocation and distribution of S into different fractions and also its availability
for crop nutrition. Therefore, the present study was undertaken to elucidate the changes
in soil sulphur fractions upon addition of external S, and also to screen out a suitable
extractant for estimating the bioavailable S in soil for mulberry nutrition.

2. Materials and Methods
2.1. Experimental Sites

The experiment was conducted at Central Sericultural Research and Training Institute,
Mysuru, Karnataka, India. The detail of the experimental site is presented in Table S1.

2.2. Treatments

The experiment was initiated in 2016 with the imposition of treatments and laid out in
a split plot design, with three replications for each of the treatments to compare their relative
performance. Five management practices, namely control, 100% RDF (recommended doses
of N, P and K fertilizers), 80% RDF and 60% RDF with four mulberry genotypes viz.,
AGB-8, MSG-2, G-4 and V-1, were chosen for the study in addition to a fallow plot for
comparison. The fallow plot was not put under cultivation since the inception of the
experiment. However, the natural vegetation of shrubs and grasses were allowed to grow
which was later incorporated in situ in the plot. The control plot was maintained without
addition of any nutrients either through chemical fertilizers or organic manures, while the
100% RDF treatment received recommended doses of N, P and K (350:140:140 kg/ha/year)
through inorganic fertilizers. The nutrients N, P and K were supplied through chemical
fertilizers in the form of ammonium sulphate (20.5% N, 24% S), single superphosphate
(16% P2O5, 12% S) and muriate of potash (60% K2O), respectively. After physical mixing,
the chemical fertilizers were applied in between four plants in the paired row system after
25 days of pruning. Well decomposed farmyard manure (@25 MT/ha/year) was applied
uniformly to the fertilized plots (100% RDF, 80% RDF and 60% RDF) on wet-weight basis
and mixed well with the soil using tractor.

2.3. Crop Management

Mulberry is cultivated mainly for its higher foliage production which is the sole food
material of silkworm. It is cultivated in different climatic conditions and soil types across
India. Since mulberry is a perennial fast-growing plant, it is possible to harvest five crops
annually under assured irrigated condition. Thus, the average duration of one crop of
mulberry is around 70 days. After leaf harvest, the mulberry garden was pruned at 30 cm
height above the ground. Mulberry garden was maintained with tillage on an average
depth of 0.20 to 0.40 m by using tractor (twice/crop) and bullock plough (one time crosswise
direction). After 15 days of pruning, well decomposed FYM was applied to the mulberry
garden followed by different levels of chemical fertilizers after attending 25 days of pruning.
Irrigation was carried out through a drip system.



Land 2023, 12, 1160 4 of 20

2.4. Soil Sampling and Analysis

Soil (0–30 cm) samples from each of the plots of the experiment were collected in
the year 2021 after harvest of crop. In each plot, 3–4 representative samples were taken
randomly in a zigzag manner and pooled together to make a composite sample. This was
carried out for all three of the replications of each of the treatments. After the collection of
soil samples, fresh moist soil samples were stored in deep freezer at a temperature of 4 ◦C
and a part of the samples were further processed for analysing different soil properties. Air-
dried soil samples that had passed through the 2.0 mm sieve were used for analysis of some
important physic-chemical properties and sulphur fractions following standard methods.

The bulk density of soil was determined by the Keen-Raczkowski Box Method [31].
Here, pH was determined by glass electrode method in 1:2. 5:Soil:0.01 M CaCl2 suspension
using systronics pH meter as described by Jackson [32]. The electrical conductivity of the
soil samples was determined in 1:2 soil:water suspension by using digital conductivity
meter [32]. Soil organic carbon (SOC) was determined by Walkley and Black wet oxida-
tion method [33]. Microbial biomass carbon (MBC) was determined by the chloroform
fumigation and incubation method as outlined by Vance et al. [34].

Sulphur fractionation was carried out following the method outlined by Morche [35].
The soil samples were extracted with different extractants [36,37] (Table S2) and the ex-
tractable S content was measured through turbidimetric method. Microbial biomass sul-
phur (MBS) was determined by the chloroform fumigation method [38]. Briefly, moist soil
(50 g, oven-dry basis) was fumigated with chloroform in a vacuum desiccator for 24 h
and a control sample was run simultaneously. The fumigated and unfumigated soils were
extracted using 100 mL 10 mM CaCl2 and the filtrate was collected for analysis of microbial
biomass sulphur. The filtrate was then oxidized with H2O2 that converted biomass organic
sulphur to sulphate which was subsequently measured through turbidimetric method in
Spectrophotometer. Arylsulfatase activities in the soil samples were carried out through
the method outlined by Tabatabai and Bremner [39]. Briefly, one gram of the soil (particle
size < 0.02 mm) was taken in 100 mL Erlenmeyer flask (Borosil, New Delhi, India). In
addition to that, 0.2 mL of toluene and 4 mL of 0.5 M acetate buffer (pH 5.8) were added,
followed by 1 mL of 0.05 M p-nitrophenyl sulphate solution and swirled the flask for few
seconds and kept in an incubator at 37 ◦C. After 1 h of incubation, 1 mL of 0.5 M calcium
chloride and 4 mL of 0.5 M sodium hydroxide was added and swirled for few seconds.
The soil suspension was filtered through Whatman Number 42 filter paper (Whatman,
Thane, India). The intensity of the yellow colour was measured immediately in an UV-Vis
spectrophotometer at 420 nm. The p-nitrophenol content of the filtrate was computed from
the standard curve. The enzyme activity was expressed in µg p-nitrophenol per g of soil
per hour on dry weight basis at 37 ◦C at pH 5.8.

Plant samples (leaf) were collected from each plot and dried at 60 ◦C to a constant
weight. The samples were grinded in a Wiley grinding mill and stored for elemental
analysis. The plant samples were digested with di-acid mixture following the method
outlined by Tandon [40] The plant sulphur was determined by precipitation of sulphate
from the digest as barium sulphate with addition of BaCl2 salt and stabilization of turbidity
with gum acacia (turbidimetric method), followed by measuring in Spectrophotometer.

2.5. Statistical Analysis

The standard error of the mean (±SEM) and critical difference (CD) at 5% probability
were worked out for each character studied to evaluate differences between treatment and
varietal means. Pearson correlation was performed between S fractions, extractable S and
soil properties to establish their relationships. Multiple linear regression equation was also
computed for plant S concentration as the dependent variable and extractable S content and
soil properties such as pH, organic C and microbial biomass C as independent variables.
Normality and homoscedasticity of the data were tested using normal probability plot
and Levene’s test, respectively, before being fitted to the regression model. Similarly, path
coefficient analysis was performed to understand the relative contribution of different S



Land 2023, 12, 1160 5 of 20

fractions on plant S concentration by taking the S fractions as the independent variable and
plant S concentration as the dependent variable. All these statistical analyses were carried
out following the methodology described by Gomez and Gomez [41] using SPSS Statistics
package version 22.

3. Results and Discussion
3.1. Physical, Chemical and Biological Properties of the Experimental Soils

The bulk density values of the soils under different treatments varied from 1.33 to
1.38 Mg m−3 (Table 1). The 60% RDF treatment had the lowest bulk density value, and the
highest value was recorded in fallow plot. However, there were no significant difference
in bulk density values among the treatments. Intensive tillage followed by intercultural
operations after each harvest of crops might be the reason for low bulk density values in
the experimental soils. The bulk density values decreased with increases in the intensity
of tillage [42], while no tillage results an increase in bulk density values [43]. The applied
organic materials on decomposition produced organic acids, which could influence the bulk
density through formation of stable soil aggregates [44,45]. The soil of the experimental site
was slightly acidic to neutral in reaction. The lowest pHCaCl2 value was recorded with 100%
RDF treatment followed by 80% RDF. This might be due to use of high quantity of acid
producing chemical fertilizer [46], i.e., ammonium sulphate with equivalent acidity of 110.
However, the application of muriate of potash has no or little effect on soil acidification [47].
The electrical conductivity (m mho cm−1) of the experimental soils ranged from 35.5–52.5
(Table 1). The lowest value of electrical conductivity was associated with control plot while
the higher values were reported from chemical fertilizer treated plots. This could be because
of the addition of soluble salts in the form of fertilizers and solubilization of native minerals
due to the reduction in pH of the soils [48]. In the experimental soils, oxidizable organic
carbon (g kg−1) ranged from 5.68 in control plot to 7.40 in fallow. Continuous cropping
without the use of organics and inorganics (i.e., control) caused a net decrease in oxidizable
organic carbon content of 22.3, 17.0 and 10% compared 100% RDF, 80% RDF and 60% RDF,
respectively. The application of FYM and chemical fertilizers influenced the oxidizable
organic carbon content in soils. Such additions of organic contents in combination with
chemical fertilizers could maintain a higher oxidizable organic carbon content compared
control, despite long-term perturbation [49–52]. The higher oxidizable organic carbon
content in fallow plot might be due to the least disturbances leading to an improved
protective environment for oxidizable organic carbon accumulation. Similar observations
were made by Das et al. [53] in soils of different long-term fertility experiments of India.
The microbial biomass carbon (MBC) contents of the experimental soils were significantly
influenced by the nutrient management practices. The values ranged from 152 µg g−1 in
control to 204.2 µg g−1 in fallow. Treatments receiving both organic and inorganic fertilizers
showed significantly higher MBC content compared to systems with no inorganic or organic
application (i.e., control). The higher magnitude of microbial biomass carbon (MBC) in
the former treatments could be due to higher microbial proliferation owing to continuous
addition of organics as food supplements to microbial communities [54]. Intensive cropping
with no fertilization (control) resulted poor MBC content compared to all other treatments.

Table 1. The impact of mulberry varieties and nutrient management practices on physical, chemical
and biological properties of the experimental soils.

Treatments pH CaCl2
EC

(m mho cm−1)
BD

(mg m−3)
SOC

(g kg−1)
MBC

(µg g−1)

Varieties

V-1 6.56 41.5 1.35 6.40 169.4
AGB-8 6.67 38.3 1.34 6.45 162.7
MSG-2 6.69 40.3 1.35 6.20 159.1
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Table 1. Cont.

Treatments pH CaCl2
EC

(m mho cm−1)
BD

(mg m−3)
SOC

(g kg−1)
MBC

(µg g−1)

G-4 6.59 49.0 1.35 6.48 171.7
Sem 0.141 0.738 0.037 0.157 3.78
LSD (0.05) 0.283 1.49 0.075 0.317 7.64

Fertilizer doses

Control 6.64 35.5 1.36 5.68 152.0
100% RDF 6.51 47.7 1.35 6.95 176.7
80% RDF 6.62 46.2 1.35 6.65 171.4
60% RDF 6.73 39.8 1.33 6.25 162.7
SEm 0.121 0.639 0.032 0.136 3.28
LSD (0.05) 0.244 1.29 0.065 0.275 6.62

F × V
SEm 0.242 1.27 0.067 0.272 6.55
LSD (0.05) 0.489 2.58 0.131 0.551 13.24

Fallow 6.68 52.4 1.38 7.40 204.2

3.2. Influence of Nutrient Management Practices on Distribution of Sulphur Fractions in the
Experimental Soils

The results showed that the distribution of different fractions of S in soils of the
experimental field varied with changes in management practices/treatments and varieties
(Table 2). The total S content in the experimental soils was computed irrespective of varieties
ranged from 609.6 (control) to 714.8 mg kg−1 in 100% RDF. The total S was lowest in the
control treatment with 85.2% of total S in 100% RDF indicating the substantial variability
of total S content under different treatments. It was also found that the S associated with
the organic moiety of soil organic matter (designated as organic S) was the most dominant
fraction accounting for, on average, 94.7% of total S in soils (Table 2). Similar magnitude of
organic S in soil was reported in several studies [16,55]. Application of organic as well as
inorganic sources of fertilizers had significant influences on organic S content in soil. The
values (mg kg−1) ranged from 579.6 in control to 673.2 in 100% RDF treatment. The higher
amount of organic S under fertilized treatments could be due to the addition of S through
FYM where it remains mainly in the form of proteins and amino acids [56,57]. The pattern
of occurrence of organic S in soils mimicked that of organic carbon which was supported
by their close relationship (Table 3). Koppitke et al. [58] reported a linear decline trend in
organic S content with that of organic C content in soil. The close association of organic
S with SOC in soil is due to the fact that soil organic matter (SOM) provides the major
non-leachable reserve of S. This indicates that the SOC content could be taken as a fair
indicator of the S status in the soils [59]. A sharp decline in organic S content in unmanured
control plot could be due to continued crop removal of mineralized sulphate from the labile
organic fraction for meeting the crop demand. Organic S constituted about 94.7% of the
total S of the experimental soils. The presence of such a major proportion of total S in soils
in organic forms [60,61] was mainly because (in contrast with inorganic SO4

2− S) of its
(soil organic S) insolubility in water and non-susceptibility to leaching losses. Organic S
was also found to be the dominant S pool in the upper 10 cm of the tropical soils [59]. It
is a reserve source of sulphur for plants and must undergo mineralization for becoming
available to plants [55,62,63].
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Table 2. The impact of mulberry varieties and nutrient management practices on sulphur fractions
(mg kg−1) in the experimental soils.

Treatments Water
Soluble S Sorbed S Occluded S Inorganic S Organic S Total S

Varieties

V-1 24.2 4.94 7.29 36.4 647.4 683.8
AGB-8 22.9 4.74 7.46 35.1 633.9 669.0
MSG-2 22.6 4.66 7.25 34.5 634.2 668.8
G-4 24.0 4.81 7.53 36.3 645.5 681.8
SEm 0.454 0.066 0.151 0.641 7.82 9.52
LSD (0.05) 0.917 0.135 0.304 1.29 15.8 19.3

Fertilizer doses

Control 15.3 6.88 7.78 29.9 579.6 609.6
100% RDF 29.6 4.53 7.45 41.6 673.2 714.8
80% RDF 25.8 4.36 7.29 37.5 661.6 699.1
60% RDF 23.0 3.38 7.00 33.4 646.5 679.9
SEm 0.393 0.057 0.131 0.554 6.78 8.25
LSD (0.05) 0.794 0.115 0.264 1.12 13.7 16.6

F × V
SEm 0.786 0.114 0.261 1.11 13.6 16.5
LSD (0.05) 1.59 0.231 0.527 2.24 27.4 33.4

Fallow 22.4 5.48 9.2 37.1 653.1 690.2

The inorganic S fraction (∑ Water soluble S + Sorbed S + Occluded S), which represents
the most readily available source of S to the plants, constituted only 4.91 to 5.82% of the
total soil S. A similar magnitude of inorganic S fraction was reported in different soil
types of India [9,55]. Very low S content in the inorganic fraction in control treatment
was probably because of the crop removal. On the other hand, the addition of S through
chemical fertilizers and FYM as well as the higher organic carbon content in 100% RDF
treatment might be the reason for higher concentrations of S in soil solution. The integration
of ammonium sulphate, single superphosphate and FYM could enhance the availability of
S in soils [64]. The inorganic S content in the soils showed significant variations among the
treatments; the values ranged from 29.9 mg kg−1 in control to 41.6 mg kg−1 in 100% RDF.
Although inorganic S shared a little (on average 5.27%) of the total S, it is an indicator of
the S supplying capacity of a soil to plants. During growth period, plants not only depend
upon the readily available inorganic S (SO4

2−) already present in soil, but also on the
SO4

2−-S produced due to mineralization of organic S as a result of microbial activities [65].
The availability of S for plant uptake is partly regulated by the organic pools of S through
the mechanistic pathway of mineralization-immobilization turnover (MIT) of organic
substrates [66]. When the inorganic S fraction was dissected into water soluble, sorbed
and occluded S, it was observed that water soluble S shared 51.0 to 71.2% of inorganic S
being the dominant fraction, followed by occluded and sorbed fraction. The application
of phosphatic fertilizers in the fertilized treatments could displace the sorbed sulphate
through ion exchange, which may be the result of a lesser amount of sorbed S in all the
fertilized treatments compared to control. Similarly, reduction in pH or production of H+

due to chemical fertilizer application could have solubilized the occluded S over the years
resulting lower amount than control (Figure 1).
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Figure 1. The distribution of inorganic sulphur fractions influenced by nutrient management practices
in mulberry (WS_S: Water soluble S, Sorbed_S: Adsorbed S, Occluded_S: Ca/MgCO3 occluded S).

Table 3. Pearson correlation coefficients between S fractions and measured soil properties of the
experimental site.

Sulphur Fractions
Soil Properties

pHCaCl2 EC BD Org C MBC

Water soluble S −0.515 0.786 * −0.272 0.977 ** 0.920 **
Sorbed S −0.216 −0.405 0.819 * −0.604 −0.510
Occluded S −0.395 −0.093 0.758 * −0.291 −0.231
Inorganic S −0.699 0.812 * −0.039 0.972 ** 0.933 **
Organic S −0.391 0.773 * −0.387 0.940 ** 0.903 **
Total S −0.429 0.785 * −0.353 0.953 ** 0.915 **

* p < 0.05, ** p < 0.01. pHCaCl2—pH measured with CaCl2 solution, EC—Electrical conductivity, BD—Bulk density,
Org C—Organic carbon, MBC—Microbial biomass carbon.

3.3. Influence of Nutrient Management Practices and Mulberry Varieties on Microbial Biomass S
and Arylsulfatase Activity in the Experimental Soils

Microbial biomass sulphur (MBS) in soils followed a similar pattern of occurrence
to MBC. It ranged from 10.2 µg g−1 in control to 11.5 µg g−1 in 100% RDF treatment
contributing on average 1.7% of total organic S in soil (Figure 2). Microbial biomass S found
in different studies was 1 to 3% [67] and 1.5 to 5% [68] of organic S. Microbial biomass acts as
the sink and source in the S turnover of soils facilitating the availability of S when there are
no or limited S inputs [69]. Microbial biomass S was related to the organic S content of soils.
Figure S1 showed the relationship between MBS and organic S (60 samples) suggesting
that MBS could form a significant proportion of organic S in soils and participates in S
cycling [70]. Furthermore, Banerjee and Chapman [70] reported that microbial biomass
S originates from both organic and inorganic forms of S, which are metabolized by soil
micro-organisms. Although the microbial biomass S shares a relatively small fraction of
soil organic S, it serves as the most labile and active pool of S for the turnover of S in
soil [70]. The higher share of organic S in biomass results in increased potential for the
availability of S to plants [67]. This might be the reason for the stable availability of S in
control (having high % of MBS to organic S) despite the continual crop removal without
external supplementation. The MBS/organic S ratio reflects the contribution of microbial
biomass to organic S of soils. As the MBS is dependent on the labile fraction of organic
S, a high MBS/organic S ratio could indicate higher microbial growth which helps in S
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turnover. A significant relationship was found between microbial biomass C:S and organic
C:S of soils (Figure S2). Similarly, the MBS in soils is dependent upon the microbial biomass
C (Figure S3). The values for microbial biomass C:S ranged from 13.4 to 19.5, with a mean
value of 15.9. It is also important to establish the relationship between the proportion of
organic S in MBS and the proportion of organic C in MBC to find out the contribution of
both the elements toward the cycling of C and S in soils. However, in our study, no such
relationship was observed.
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Figure 2. The effect of nutrient management practices on distribution of microbial biomass S in
the experimental soils (different letters indicate significant difference at p ≤ 0.05; Duncan multiple
range test).

The enzyme arylsulfatase hydrolyses the organic S esters and releases the inorganic
sulphate (SO4

2−) into the soil solution, playing an important role in soil S dynamics [71]. The
enzyme is commonly present in soil and is believed to participate in sulphur nutrition to
plants [72]. The highest arylsulfatase activity was found in control (65.9 µg pNP g soil−1 h−1)
and the lowest in 100% RDF (45.5 µg pNP g soil−1 h−1) (Figure 3). The arylsulfatase activity
in soil is linked to the presence of sulphate in soils, with greater availability of sulphate in
soil system resulting in lesser arylsulfatase activity [73]. A low concentration of sulphate
in soil solution triggered the production and/or activation of sulfatase enzyme by the
microbes [74]. This was also confirmed in our study, showing higher content of inorganic
S resulting from a decline in arylsulfatase activity (Figure S4). Farmyard manure and
mineral nitrogen fertilization could increase the arylsulfatase activity that participates in S
cycling [75]. However, the present study showed declined arylsulfatase activity with the
application of organic manures and chemical fertilizers over control. This might be because
of the addition of S through these fertilizers, which in turn would have resulted in poor
arylsulfatase activity. Ziomek et al. [76] reported a decline trend in arylsulfatase activity in
nitrogen fertilized soil over non-fertilized plot. Another study also confirmed that elevated
nitrogen addition could supress the arylsulfatase activity in soils [77]. Long-term mineral
fertilizer application in high rates inhibits the enzymatic reaction (through inactivation of
enzyme proteins) due to production of high concentration of ions (especially anions) and
also due to lowering of soil pH [78]. The high pH in control compared to fertilized plots
showed high arylsulfatase activity in soil. Soil pH can influence the activity of arylsulfatase
and the enzyme activity increased with increased soil pH [79]. On average, there were 30.9,
19.8 and 9.9% decreases in arylsulfatase activity in 100% RDF, 80% RDF and 60% RDF over
control, respectively (Figure S5). The activity of enzyme arylsulfatase per unit microbial
biomass sulphur showed the turnover rate of sulphur by the enzyme (Figure S6).
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Figure 3. The effect of nutrient management practices on arylsulfatase activity in the experimental
soils (different letters indicate significant difference at p ≤ 0.05; Duncan multiple range test).

Arylsulfatase activity (µg pNP g soil−1 h−1) was influenced by the mulberry varieties
showing significant differences in activity of this particular enzyme in soils under V-1 (53.1),
AGB-8 (57.9) and MSG-2 (60.2) mulberry plantation. This difference might be due to the
difference in the release of organic compounds in the rhizosphere soils. The released organic
compounds in terms of root exudates alter the biophysical and biochemical properties of
soils and trigger the microbial abundance and enzyme activity [80].

3.4. Extractable S in the Experimental Soils

Extractable S contents in the experimental soils were extracted with four different
chemical extractants viz., CaCl2, NaHCO3, AB-DTPA and Mehlich-3 having different
modes and chemistries of extraction. The results showed that the CaCl2 extractable S
(mg kg−1) ranged from 16.3 in control to 32.2 in 100% RDF treatment accounting 2.67 and
4.50% of total soil S, respectively (Table 4). On average, AB-DTPA, NaHCO3 and Mehlich-3
extracted 4.30, 5.48 and 4.83% of total soil S, respectively. The amount of S extracted by
CaCl2 was smaller than that extracted by NaHCO3, Mehlich-3 and AB-DTPA in the ex-
perimental soils. The extractable S content of the experimental soils followed the order of
NaHCO3 > Mehlich-3 > AB-DTPA > CaCl2 irrespective of management practices. Pad-
han [9] reported that NaHCO3 could extract 1.5–2.0 times more soil S than the amount
extracted by 0.15% CaCl2 in Alfisols, Inceptisols and Vertisols of India. Due to high pH,
0.5 M NaHCO3 (pH 8.5) could extract part of organically bound S, particularly the ester
sulphate [21] causing the observed increase in S extraction compared with other extractants
used. Certainly, the presence of HCO3

− in AB-DTPA and 0.5 M NaHCO3 renders them
able to release part of the adsorbed S, particularly from the clay matrix [26,81]. Moreover,
the HCO3

− could solubilize labile insoluble sulphate minerals in soils [82]. The presence
of acetate and nitrate anions in Mehlich-3 favoured the extraction of S from soil [83] and
thereby increased extractability was observed in the present study compared to the CaCl2
solution. The lower amount of S extracted by 0.15% CaCl2 solution in the experimental
soils could be due to the fact that it could only extract the readily available or water-soluble
S. Extractants with Cl− based extraction could mobilize only the water soluble SO4

2− [84]
in addition having lower extraction power because of their tendency to form slowly soluble
CaSO4 [85]. Although the extractable S content in the experimental soils was above the
critical limit; the lowest amount of extractable S extracted by all the four extractants was
in control and the highest in 100% RDF. The application of FYM in treatments viz., 100%
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RDF, 80% RDF and 60% RDF add a substantial quantity of S into soils. The continuous
cultivation and balanced application of nutrients could increase the availability of S in soils
by mineralizing from the native organic pools [12,45].

Table 4. The impact of mulberry varieties and nutrient management practices on extractable soil S
and plant S content.

Treatments CaCl2_S AB-DTPA_S NaHCO3_S Mehlich-3_S Plant S
mg kg−1 g kg−1

Varieties

V-1 26.4 30.1 38.5 33.1 2.04
AGB-8 25.0 29.2 35.8 31.5 2.01
MSG-2 24.9 28.5 35.7 31.0 1.99
G-4 26.5 30.7 39.1 33.3 2.06
SEm 0.415 0.496 0.617 0.697 0.041
LSD (0.05) 0.839 1.003 1.25 1.41 0.083

Fertilizer doses

Control 16.3 18.5 24.5 20.0 1.95
100% RDF 32.2 37.1 48.9 42.0 2.10
80% RDF 28.1 32.9 39.6 35.8 2.04
60% RDF 26.2 29.9 36.0 31.1 2.02
SEm 0.361 0.431 0.535 0.604 0.034
LSD (0.05) 0.727 0.869 1.08 1.22 0.068

F × V
SEm 0.719 0.862 1.07 1.21 0.069
LSD (0.05) 1.45 1.74 2.16 2.45 0.139

Fallow 25.4 28.6 38.6 36.5 -

CaCl2_S: CaCl2 extractable S; AB-DTPA_S: Ammonium bicarbonate-diethylene triamine pentaacetic acid ex-
tractable S; NaHCO3_S: Sodium hydrogen carbonate extractable S; Mehlich-3_S: Mehlich-3 extractable S.

Significant positive correlations between the amounts of S extracted by the extractants
indicated that they extract S from similar pools in soil (Table 5), contributing to plant
available amounts. Sulphur extracted by CaCl2, AB-DTPA, NaHCO3 and Mehlich-3 in
general, showed significant positive correlations with organic C, but negative correlations
with pH of the soils (Table 6). A multiple regression equation was computed for plant
S concentration as the dependent variable and extractable S content and soil properties
such as pH, organic C and microbial biomass C as independent variables. Normality and
homoscedasticity tests of data were performed before fitting to the regression model. The
data followed normality and homoscedasticity pattern which supported for fitting the
data in linear regression model (Tables S3 and S4; Figures S7–S9). A multiple regression
analysis showed that 56.1, 57.7, 58.2 and 56.8% variability in CaCl2, AB-DTPA, NaHCO3
and Mehlich-3 extractable S was determined by soil properties such as pH, organic C and
MBC (Table 7). Some of the unmeasured soil properties, especially the oxides of Fe and Al,
may have contributed to the unexplained variability.

Table 5. Pearson correlation coefficients among the extractable S content of the experimental soils.

CaCl2_S AB-DTPA_S NaHCO3_S Mehlich-3_S

CaCl2_S 1 0.998 ** 0.981 ** 0.991 **
AB-DTPA_S 1 0.978 ** 0.992 **
NaHCO3_S 0.978 ** 1 0.992 **
Mehlich-3_S 0.992 ** 1

** p < 0.01. CaCl2_S: CaCl2 extractable S; AB-DTPA_S: Ammonium bicarbonate-diethylene triamine pentaacetic
acid extractable S; NaHCO3_S: Sodium hydrogen carbonate extractable S; Mehlich-3_S: Mehlich-3 extractable S.
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Table 6. Pearson correlation coefficients between extractable S and measured soil properties.

Extractants
Soil Properties

pHCaCl2 EC BD Org C MBC

CaCl2 −0.448 0.775 * −0.351 0.961 ** 0.905 **
NaHCO3 −0.588 0.806 * −0.211 0.967 ** 0.908 **
AB-DTPA −0.444 0.758 * −0.346 0.972 ** 0.928 **
Mehlich−3 −0.535 0.796 * −0.243 0.982 ** 0.924 **

* p < 0.05, ** p < 0.01. CaCl2_S: CaCl2 extractable S; AB-DTPA_S: Ammonium bicarbonate-diethylene triamine
pentaacetic acid extractable S; NaHCO3_S: Sodium hydrogen carbonate extractable S; Mehlich-3_S: Mehlich-3 ex-
tractable S; EC: Electrical conductivity, BD: Bulk density; Org C: Organic carbon; MBC: Microbial biomass carbon.

Table 7. A multiple linear regression equation showing the relationship between plant S concentration,
soil properties and extractable S content in the experimental soils.

Y = S Concentration in Mulberry Leaf R2 Adj. R2 SE (Est)

CaCl2 Y = 1.790 + (0.009) CaCl2 − S *** 0.511 0.501 0.542

Y = 1.976+ (0.007) CaCl2 − S * − (0.053) pH − (0.042) OC +
(0.002) MBC 0.561 0.521 0.531

NaHCO3 Y = 1.791 + (0.006) NaHCO3 − S *** 0.556 0.547 0.051

Y = 1.882 + (0.005) NaHCO3 − S ** − (0.034)pH − (0.066) OC +
(0.001) MBC 0.582 0.543 0.051

AB-DTPA Y = 1.795 + (0.008) AB-DTPA − S *** 0.517 0.507 0.053

Y = 2.053 + (0.066) AB-DTPA − S * − (0.061) pH − (0.072) OC +
(0.001) MBC 0.571 0.531 0.052

Mehlich-3 Y = 1.807 + (0.007) Mehlich-3 − S *** 0.529 0.519 0.053

Y = 1.976 + (0.005) Mehlich-3 − S * − (0.047) pH − (0.094) OC +
(0.002) MBC 0.568 0.527 0.052

* p < 0.05, ** p < 0.01, *** p < 0.001. CaCl2_S: CaCl2 extractable S; AB-DTPA_S: Ammonium bicarbonate-diethylene
triamine pentaacetic acid extractable S; NaHCO3_S: Sodium hydrogen carbonate extractable S; Mehlich-3_S:
Mehlich-3 extractable S; OC: organic carbon; MBC: Microbial biomass carbon.

The nutrient management for 5 years significantly (p < 0.05) influenced the plant
available S content of experimental soils as extracted by CaCl2, AB-DTPA, NaHCO3 and
Mehlich-3. Of the five management practices tested, 100% RDF always had the highest
amount of extractable S compared to control (Table 4). This was true for 80% RDF, 60%
RDF and fallow. Moreover, the effects of 100% RDF, 80% RDF and 60% RDF over control
were more pronounced when S was extracted with Mehlich-3 (110, 79 and 56), followed by
AB-DTPA (101, 78 and 62), CaCl2 (97, 72 and 61) and NaHCO3 (100, 62 and 47) (Figure 4).
The continuous application of chemical fertilizers and FYM caused an increase in organic C
content (Table 1) that could increase the availability of S in soils, which was captured by the
extractants used in the present study. Moreover, the chemical fertilizers viz., ammonium
sulphate and single super phosphate along with FYM used in the experiment contained
high amount of S that accumulated over the years in soils under 100% RDF, 80% RDF and
60% RDF. These were the reasons for occurrence of higher amount of extractable S in soils
with 100% RDF, 80% RDF and 60% RDF over control. Fallow plot was not cultivated over
the years, but naturally grown herbs were cut annually leaving the biomass along with
accumulated nutrients including S. A higher content of organic C (30.2%) in soils under
fallow over the unmanured control could help to retain more S for a longer time. This
might be the reason for higher extractable S content in soils under fallow than that under
the control.
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Figure 4. The relative increase in extractable S content over unmanured control in the experimental soils.

3.5. Relationship between S Fractions and Extractable S

CaCl2 extractable S was positively correlated to water soluble S (R2 = 0.983 **), organic
S (R2 = 0.920 **) and total S (R2 = 0.937 **) but negatively related to sorbed S (R2 = −0.736 *)
and occluded S (R2 = −0.173). This indicated that the extractant was able to recover some
of the water soluble and organic S but was not able to remove the S associated with oxides
of Fe and Al (sorbed S) and carbonate co-precipitated S (occluded S). This was true for AB-
DTPA, NaHCO3 and Mehlich-3 extractable S, which could maintain a significant positive
relationship with water soluble, organic and total S while negative correlations with sorbed
and occluded S (Table 8; Figure 5). Interestingly, the inclusion of sorbed S in the multiple
regression analysis indicated that it could improve the predictability of the regression
model (Table 9). These relationships indicated that the tested extractants could extract
a higher proportion from water soluble and organic S fractions and a small amount from
sorbed S while little extractability from the occluded S fraction.

Table 8. Pearson correlation coefficients between S fractions and extractable S content of the experi-
mental soil.

Sulphur Fractions
Extractable Sulphur

CaCl2 AB-DTPA NaHCO3 Mehlich-3

Water soluble 0.983 ** 0.978 ** 0.982 ** 0.985 **

Sorbed −0.736 * −0.602 * −0.735 * −0.655 *

Occluded −0.173 −0.117 −0.174 −0.156

Organic 0.920 ** 0.879 ** 0.928 ** 0.910 **

Total 0.937 ** 0.904 ** 0.945 ** 0.931 **

* p < 0.05, ** p < 0.01.
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Table 9. A multiple linear regression equation relating soil extractable S to soil S fractions.

Regression Model R2

CaCl2 extractable S = 4.430 + 0.980 (water soluble S) ** − 0.699 (sorbed S) ** + 0.223 (occluded S) 0.978

NaHCO3 extractable S = −8.728 + 1.746 (water soluble S) ** + 0.585 (sorbed S) ** + 0.310 (occluded S) 0.962

AB-DTPA extractable S = 4.450 + 1.158 (water soluble S) **− 0.821 (sorbed S) ** + 0.266 (occluded S) 0.976

Meglich-3 extractable S = −3.986 + 1.510 (water soluble S) ** + 0.040 (sorbed S) ** + 0.088 (occluded S) 0.971

** p < 0.01.

3.6. Soil S Fractions and Plant S Concentration

In order to understand the relative contribution of different S fractions for S nutrition of
mulberry, a path coefficient analysis was performed by considering the different S fractions
as independent variable while plant S concentration as dependent variable. In the path
diagram (Figure S10), the double headed arrows indicated mutual association between the
factors (determined by correlation coefficients) while the single headed arrows showed the
direct effect of factors on variability of plant S concentration. The results presented in Table
S5 and Figure S10 showed that water soluble S directly determines the 34.7% variation
in plant S concentration as compared to sorbed and organic S determining 2.2 and 6.8%,
respectively. Moreover, the total contribution of water-soluble fraction comprising both
the direct and indirect effects through occluded and organic S accounted for 68.7% of the
variation in plant S concentration, which suggests the water-soluble fraction of S in soil
plays important role in the S nutrition of mulberry plants.

On the other hand, although the direct contribution of organic S fraction is not so high,
its indirect contribution through water soluble S fraction is significant (0.530). The total
contribution of organic S fraction accounted for 63.8% variability in plant S concentration
indicating its importance in mulberry nutrition. The results further showed that the residual
causal factor is high contributing to 45.2% of variability in plant S concentration.

3.7. Plant S Concentration and Suitability of Extractants for Assessing Soil Available S

Plant tissue S concentrations indicated the relative plant S availability in soils. The
application of organic and inorganic fertilizers had significant effect on S concentrations in
mulberry leaf (Table 4). However, there was no significant difference in leaf S concentration
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among the mulberry varieties. Leaf S concentrations among the treatments ranged from
1.95 g kg−1 in control to 2.10 g kg−1 in 100% RDF. The mean magnitude of increases in leaf
S concentrations were 7.69, 4.61 and 3.58% with 100% RDF, 80% RDF and 60% RDF over
control, respectively.

The amount of S extracted by all the extractants showed significant positive correla-
tions (r) with S concentration in leaf (Figure 6a–d). On average, the relationships (r) were
greater with NaHCO3 ≥ Mehlich-3 and AB-DTPA irrespective of varieties, indicating their
superiority over CaCl2 extractant for assessing plant available S in soils. Out of the four
extractants tested, Mehlich-3 and AB-DTPA performed better in capturing the effects of
management practices on extractable S content in soils. In order to explain the variability
and make the assessment of suitable extractant for plant available S in soils robust, the
inclusion of some of the soil properties viz., pH, OC and MBC in the stepwise regression
analysis is required. As such, the stepwise multiple-regression analyses were computed
using the extractable S and the previously mentioned soil properties as independent vari-
ables, and S concentration in mulberry leaf as the dependent variable. The inclusion of
soil properties in the regression significantly improved R2 values from 0.56 to 0.58 for
the extractants, compared with R2 values of 0.51 to 0.55 when excluding soil properties
(Table 7). A relationship was also computed between the increase in extractable S in 100%
RDF, 80% RDF and 60% RDF over control and the added S through chemical fertilizers
and FYM (Figure S11a–d). Although, all the extractants showed significant and positive
correlations with the added S, Mehlich-3 extractable S maintaining the highest level of
correlation. Due to greater S extractability, the advantage of extracting multi-elements with
a single extractant, and shortening the extraction time to 5 min, Mehlich-3 method may be
recommended for assessment of available soil S for nutrition mulberry.
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4. Conclusions

Mulberry cultivated with different nutrient management practices (with different
rates of S application) influenced the S fractions and its bioavailability in soil. The fal-
low soil, owing to its high organic carbon content, had almost comparable values of
extractable S in comparison with other fertilized treatments. It was also found that the
S associated with an organic moiety of soil organic matter was the most dominant frac-
tion, accounting on average 94.7% of total S in soils, while inorganic S fraction, which
represents the most readily available source of S to the plants, constituted only 5.3% of
the total soil S. On average, AB-DTPA, NaHCO3 and Mehlich-3 extracted 4.30, 5.48 and
4.83% of total soil S, respectively. A dynamic equilibrium was found to exist among the
extractable S, which is testimony to the fact that they were able to extract the S from almost
same pools. The extractable S content of the experimental soils followed the order of
NaHCO3 > Mehlich-3 > AB-DTPA > CaCl2. Of the four extractant tested for assessing the
bioavailable S in soils, Mehlich-3 was the best in capturing the changes in S availability due
to nutrient management practices in mulberry.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land12061160/s1, Table S1: Some important characteristics of experimental
site; Table S2: Details of the methodologies used for extraction of plant available S content in soils
of the experimental site; Table S3: Homoscedasticity test of data grouped by varieties; Table S4:
Homoscedasticity test of data grouped by replications; Table S5: Path coefficients between different S
fractions and plant S concentration; Figure S1: Relationship between organic S and microbial biomass
S in the experimental soils; Figure S2: Relationship between the ratio of microbial biomass C to
microbial biomass S and organic C to organic S; Figure S3: Relationship between microbial biomass C
and microbial biomass S in the experimental soils; Figure S4: Relationship between inorganic S and
arylsulfatase activity in the experimental soils; Figure S5: Relative decrease in arylsulfatase activity
over unmanured control in the experimental soils; Figure S6: Relationship between the microbial
biomass S and arylsulfatase activity in the experimental soils; Figure S7: Normality test of data;
Figure S8: Homoscedasticity test of data grouped by varieties; Figure S9: Homoscedasticity test of
data grouped by replications; Figure S10: A path diagram and coefficient of factors influencing plant
S concentration Figure S11: (a–d) Relationship between the increase in extractable S content over
control and the amount of S applied through chemical fertilizers and farmyard manure.
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