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Long-term nutrient
management in an intensive
rice-wheat cropping system
improves the quantities,
qualities, and availability of soil
sulfur

Sunita Kumari Meena'?, B.S. Dwivedi'*, Mahesh C. Meena!,
S. P. Datta’, Vinod Kumar Singh'#, R. P. Mishra>,
Debashish Chakraborty?, Abir Dey! and Vijay Singh Meena®’*

'ICAR-Indian Agricultural Research Institute (IARI), New Delhi, India, ?Department of Soil Science,
Sugarcane Research Institute, Dr. Rajendra Prasad Central Agricultural University (RPCAU),
Samastipur, Bihar, India, *ICAR-National Bureau of Soil Survey and Land Use Planning (NBSS and
LUP), Nagpur, Maharashtra, India, *ICAR-Central Research Institute for Dryland Agriculture (CRIDA),
Hyderabad, Telangana, India, °*ICAR-Indian Institute of Farming Systems Research (lIFSR), Uttar
Pradesh, Modipuram, India, *ICAR-Vivekananda Parvatiya Krishi Anusandhan Sansthan (VPKAS),
Almora, Uttarakhand, India, ”CIMMYT-Borlaug Institute for South Asia (BISA), Samastipur, Bihar, India

In the last few decades, the deficiency of sulfur (S) has been noticed in
the agricultural soils of India. Meanwhile, researchers reported that S plays
a significant role in the productivity of the rice-wheat cropping system
(RWCS). For the quantification of S response, a long-term field experiment
was started at the Indian Council of Agricultural Research-Indian Institute of
Farming Systems Research (ICAR-1IFSR), Modipuram, India. In total, 7 nutrient
supply options were applied, i.e., organic, mineral fertilizer in the combination
of integrated plant nutrition system (IPNS), and IPNS + berseem (B)/IPNS
+ cowpea (C) in the S availability of the soil in the RWCS. The results
showed that the highest contribution in S availability by the total S (39%)
is followed by the organic S (35%), sodium bicarbonate extractable sulfur
(NaHCO3-ES; 7%), heat-soluble sulfur (SS; 7%), water-soluble sulfur (WSS;
4%), available S (4%), and inorganic S (4%) under different long-term nutrient
supply options of RWCS. The continuous application of organic fertilizer and
various IPNS options, such as the inclusion of pulses, significantly improved
all S fractions in the soil and also offers an additional benefit in terms of
sustainability of production and soil health as compared to the inorganic
fertilizer fields. Overall, the results showed that IPNS showed its superiority over
the rest of the treatment. The results also supported that the inclusion of pulses
gives a further gain in terms of sulfur availability in soil systems under RWCS.
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GRAPHICAL ABSTRACT
Graphical representation of soil sulphur availability impacted by different nutrient supply options.

Introduction (Elferink and Schierhorn, 2016). As reported by the Food
and Agricultural Organization of the United Nations (FAO),
To attain UN Sustainable Development Goals (UNSDGs) food production must be doubled by the year 2050 to feed a

global population (http://www.fao.org) (Food and Agricultural
Organization of the United Nations (FAO), 2009). Judicious
application of S plays a major role in the growth and

globally, all nations have adopted these targets. To feed
the rapidly growing global population, a sustainable food

production system is required for confirming the overall

development of society (Woolston, 2020). Similarly, sustainable development of crops (Figure 1).

management of the agroecosystem plays a significant role in Many researchers reported that the S has a significant role
in crop production (Jamal et al., 2010; Nazar et al., 2011; Sahota,
20125 Kopriva et al., 2019; Zenda et al., 2021). Sulfur is gaining

considerable importance for enhancing crop yields and quality

attaining nutrition security (Singh et al., 2020; Dubey et al,
20215 Rakshit et al,, 2022). Sustainable agriculture is also a

decisive factor for society in developing nations (www.fao.org).
of production in the context of Indian agriculture. Tiwari and

Gupta (2006) reported a large gap between the removal (*1.26
Mt/year) and replacement (0.76 Mt/year) of sulfur in India.

Meanwhile, some of the agricultural activities are negatively
affected, such as indiscriminate input use, intensive tillage, and

puddled transplanted rice (Eisenstein, 2020).

Nowadays, researchers are giving more emphasis to higher Continued depletion of native reserves of S during post-green

productivity to feed the population with limited resources revolution period has led to its deficiency in many regions of

the country. Since the last two decades, S deficiency has been
reported globally (Scherer, 2009; Sahota, 2012; Kopriva et al.,

Abbreviations: IPNS, integrated plant nutrition system: IPNS + B, IPNS 2019). Approximately 46% of agricultural soils of India observed
+ berseem; IPNS + C, IPNS + cowpea; STCR, soil test crop response; S deficiency, and out of them, 30% of soils are potentially
RDF, recommended dose of fertilizer; OF, organic farming; NPK, nitrogen, deficient (Satyanarayana and Tewatia, 2009).

phosphorous, potassium; S, sulfur, UNSDG, UN Sustainable Development Worldwide long-term field experiments have been
Goals; RBD, Randomized Block Design, FYM, farmyard manure; WSS, considered as valuable devices for providing information on
water-soluble sulfur; Heat SS, heat soluble sulfur; NaHCO;-ES, sodium productivity, profitability, and soil sustainability (Singh et al.,
bicarbonate extractable sulfur; inorganic S, inorganic sulfur; organic S, 20005 Borase et al., 2020; Sandhu et al., 2020; Dhawan et al,,
organic sulfur; total S, total sulfur. 2021; Singh and Saini, 2021). Nevertheless, knowledge of
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FIGURE 1
Sulfur availability in soils: (i) soil organic matter quantity and quality, (ii) crop selection and cropping system design, (iii) and (iv) biological and
biochemical mineralization rates. In addition to soil test S concentrations, these factors should be considered when making fertility
recommendations.

various forms of S is of much relevance in assessing its long-run
use under field conditions.

The supposition set for our study was that the accumulation
of different fractions of sulfur might be affected by the various
integrated plant nutrition system (IPNS) options in the rice-
wheat cropping system (RWCS). To test this hypothesis,
the aims of this study were (i) to quantify the IPNS and
soil depths on sulfur pools and (ii) to assess the best
nutrient supply options and quantitative sulfur status and
relationship as compared to unfertilized plot in the long-run
under RWCS.

Materials and methods

Site descriptions

The ongoing long-term field experiment (starting year 1998)
site of the Indian Council of Agricultural Research-Indian
Institute of Farming Systems Research (ICAR-IIFSR) (29°4'N,
77°46’E, 237 m above sea level) was selected (Figure 2). The
average monthly minimum (7.2°C) and maximum (20.1°C)
temperatures in January and corresponding minimum (24.2°C)
and maximum (39.8°C) temperatures in May with an annual
rainfall of 823 mm.

Frontiersin Sustainable Food Systems 03

Treatments and experimental design

The long-term cropping system experiment involving
different nutrient supply options under RWCS is shown in
Table 1. The experiment was conducted in large plots (individual
plot area 1,000 m?). All treatments were a randomized block
design (RBD) and had four replications (Meena et al., 2022).
A total of seven nutrient supply option treatments were
imposed in the long-term cropping system experiment as
T1: control, i.e, no chemical fertilizer or organic manure;
T2: recommended fertilizer dose to rice and wheat; T3: soil-
test-based fertilizer application in both crops; T4: 75% of
recommended N, P, and K through fertilizers 4 25% substitution
of recommended N through farmyard manure (FYM) in rice
and recommended dose of fertilizer (RDF) in wheat crop;
T5: 75% of recommended N, P, and K through fertilizers +
25% substitution of recommended N through FYM + every
third wheat substituted with berseem (B) for rice and RDF
for the wheat crop; T6: 75% of recommended N, P, and K
through fertilizers + 25% substitution of recommended N
through FYM + every third rice substituted with cowpea
(C) for rice and RDF for the wheat crop; and T7: 100% of
recommended N, P, and K through organic manures (FYM) in
both crops.
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29°4’ N, 77°46’ E, 237 m above sea level

FIGURE 2
Experimental site of long-term rice-wheat cropping system (RWCS).

UTTAR PRADESH

Soil and data analysis

Soil available and water-soluble sulfur were determined
using CaCly and NaCl methods, respectively (Chesnin
and Yien, 1950; Williams and Steinbergs, 1959). Heat
soluble sulfur was determined with 1% NaCl (Williams
and Steinbergs, 1959). Sodium bicarbonate extractable sulfur
(NaHCO3-ES) was determined with 0.5M NaHCO;3; at
a pH of 85 (Kilmer and Nearpass, 1960), inorganic and
organic S was determined with 0.01M CaCl, (Williams and
Steinbergs, 1959), and total S concentration was determined by
Tabatabai and Bremner (1972), followed by the turbidimetric
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method of Chesnin and Yien (1950) at 420nm wavelength
by spectrophotometer.

Statistical analysis

The generated data were processed for analysis of variance
(ANOVA), and Duncan’s multiple range test (DMRT) was
used to compare the differences between the means using as
applicable to RBD to assess differences among the treatment
means as described by Gomez and Gomez (1984). Correlation
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TABLE 1 Experimental setup and treatments details for different nutrient supply options.

Treatment Treatment details
Code Kharif (rice) Rabi (wheat)
T, Control Not applied Not applied
T, NPK RDF through fertilizer RDF through fertilizers
Ts STCR Fertilizer application based on soil testing results Fertilizer application based on soil
testing results
T, IPNS 75% RDF + 25% substitution of recommended N through FYM RDF through fertilizer
Ts IPNS+B 75% RDF + 25% substitution of RDN through FYM + every third rabi RDF through fertilizer
crop substituted with berseem
Te IPNS+C 75% RDF + 25% substitution of reccommended N through FYM + RDF through fertilizer
every third kharif crop substituted with cowpea
T OF 100% RDF through organic manure 100% RDF through organic manure
35.00
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FIGURE 3
Effect of long-term fertilization on soil available S in the 0-15 and 15-30cm soil layer of rice-wheat cropping system (RWCS). Means of
different treatments followed by the different lower-case letters (a—d) are significantly different at p < 0.05 levels of significance according to
Duncan’s multiple range test (DMRT).

coeflicients were computed using the SPSS program (SPSS
version 16) (SPSS 1990).

Results and discussion

Impact on soil available sulfur

The results revealed that the available S significantly varied
among the different treatment combinations over the RWCS
(Figure 3). It varied from 8.80 to 29.40 and 6.60 to 16.10 mg
S kg~! in the 0-15 and 15-30cm soil depths, respectively.
A significantly greater amount of available S in the surface
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and subsurface soil (0-15 and 15-30 cm) was maintained with
organic farming (OF) management over the rest of the treatment
combination (Figure 3). The build-up values of available S in
the 0-15 and 15-30 cm depths were 29.10 and 16.10 mg S kg~
in plots OF management practices, respectively, against 8.80
and 6.60mg S kg~! in both soil test crop response (STCR)-
and nitrogen, phosphorous, potassium (NPK)-treated plots,
respectively. The available S was increased by ~30 and 41%
in the 0-15 and 15-30cm soil depths in plots receiving OF
management practices, respectively, over the STCR and NPK
plots. The available S in the 0-15cm depth was recorded in
the following order: OF (29.40mg S kg™!) > IPNS (24.10 mg
Skg™1) > IPNS + C (22.60 mg Skg~!) > IPNS 4 B (21.20 mg S
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TABLE 2 Impact of long-term integrated plant nutrition system (IPNS) options on soil sulfur fractions in the 0—15 cm soil layer of rice-wheat
cropping system (RWCS).

Treatment WSS Heat SS NaHCOs3 -ES Total S Inorganic S Organic S
mg S kg_l
Control 10.64 + 0.44f 20.93 + 0.65 27.91 +£0.728 150.84 =+ 4.45 9.77 + 0.618 141.07 + 4.97F
NPK 15.12 4 0.12¢ 31.47 +1.94¢ 28.72 £ 0.56 162.98 + 3.74° 12.97 4 0.26° 150.01 + 3.92¢
STCR 15.98 4 0.074 32.85 + 1.66° 29.66 + 0.60¢ 167.00 4 7.00° 12.10 4 0.1 150.68 + 4.84¢
IPNS 19.63 = 0.09° 37.87 +0.75¢ 32.33 + 0.60¢ 179.00 + 4.88¢ 17.41 £ 0.12¢ 162.03 = 4.224
IPNS + B 23.94 + 0.05" 40.41 + 1.64° 33.13 4+ 0.28° 195.01 = 4.10° 22.10 + 0.38¢ 172.61 =+ 4.03¢
IPNS + C 24.13 4+ 0.11° 42.74 4+ 1.82° 36.85 =+ 0.64° 208.00 + 4.01° 2298 +0.21° 185.25 + 7.15°
OF 29.36 + 0.25° 45.75 4 0.58 39.69 + 0.57% 220.04 =+ 6.90° 25.98 + 0.23° 194.07 + 6.86*

Means of different treatments followed by the different lower-case letters (a-g) are significantly different at p < 0.05 level of significance according to Duncan’s multiple range test (DMRT).

TABLE 3 Impact of long-term integrated plant nutrition system (IPNS) options on soil sulfur fractions in the 15—-30 cm soil layers of rice-wheat
system.

Treatment WSS Heat SS NaHCOs3 -ES Total S Inorganic S Organic §
mg S kg~!
Control 10.67 £ 1.17¢ 29.03 + 1.69° 27.08 4 2.45¢ 119.80 + 2.31¢ 8.97 4 0.63¢ 110.83 4 2.91¢
NPK 13.85 = 2.04¢ 32.56 + 1.54° 28.93 + 1.20% 121.81 +2.17¢ 11.51 + 0.94%¢ 110.30 =+ 3.06¢
STCR 15.30 £ 0.78¢ 34.90 + 1.05¢ 29.50 #+ 0.50°¢ 126.00 =+ 8.30¢ 12.10 + 2.90¢ 112.47 4 3.16°
IPNS 19.60 =+ 2.12° 38.50 + 1.23¢ 31.26 + 1.64° 143.01 + 3.34¢ 15.00 + 1.46° 128.02 =+ 3.47¢
IPNS + B 20.44 +1.12° 40.71 £ 1.62" 31.01 + 1.59< 156.00 + 2.99¢ 19.50 + 1.69" 136.71 £ 5.60°
IPNS + C 20.66 =+ 0.69" 42.25 4 1.41° 34.76 £ 1.17° 176.29 + 4.67° 21.72 4 2.03% 154.57 + 5.39°
OF 24.11 +2.03* 48.26 £ 1.61* 36.89 + 1.31° 193.11 £ 9.21° 24.39 + 2.50° 168.72 & 7.10°

Means of different treatments followed by the different lower-case letters (a—f) are significantly different at p < 0.05 level of significance according to Duncan’s multiple range test (DMRT).

kg™!) > control (9.10mg S kg™!) > STCR (8.80 mg S kg~!) > kg™!) followed by the IPNS + C (24.13mg S kg~ 1), IPNS + B
NPK (8.80mg S kg™!), and a similar trend was also observed (23.94mg S kg™1), IPNS (19.63 mg S kg~!), STCR (15.98 mg S
in subsurface soils (Figure 3). The results clearly specify that kg™!), and NPK (15.12mg S kg~ ') plots, and the lowest WSS

the integrated use of nutrients has a constructive effect on soil (10.64mg S kg’l) was recorded with unfertilized control plots.
available sulfur, which corresponds to the results presented by Nevertheless, in the case of subsurface soil (15-30 cm soil
other authors (Soaud et al., 2011; Turan et al., 2013; Shi et al,, depth), it ranged from 10.67 to 24.11mg S kgf1 among the
2016). different nutrient management practices. The amount of WSS

in the 15-30cm soil layer was ~8% lower as compared to

surface soil. Significantly highest amount of WSS was recorded

Impact on water-soluble sulfur in the OF (24.11mg S kg™!) and the rest of the treatment
combination was observed in the following order: IPNS +

The results indicated that the concentration of WSS C (20.66 mg S kg_l), IPNS + B (20.44mg S kg_l), IPNS
significantly varied among the different treatment combinations (19.60mg S kgfl), STCR (15.30mg S kgfl), NPK (13.85mg S
(Tables 2, 3). Significantly highest WSS was witnessed in plots kgfl), and control (10.67 mg S kgfl) plots (Tables 2, 3). The

receiving OF 29.36 (0-15cm) and 24.11 mg S kg~ ! (15-30 cm) significantly higher content of water-soluble sulfur fraction with
soil depths. It was 236 and 44% significantly higher as compared the integrated use of fertilizer and manure may be attributed
to unfertilized control plots under both 0-15 and 15-30cm to higher microorganisms in different treatment combinations
soil depths, respectively. In the case of surface soil (0-15cm that resulted in mineralization of organic sulfur to available
soil depth), WSS ranged from 10.60 to 29.36 mg S kg~! under sulfur (Dutta et al., 2013). Correspondingly, the integrated use of
different long-term nutrient supply options in the RWCS. The mineral fertilizers might have improved soil nutrient availability
maximum WSS was recorded with OF-treated plots (29.36 mg S (Latare et al., 2014).
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Impact on heat soluble sulfur

The results showed that the heat SS content of the soil under
different treatments varied from 20.93 to 45.75mg S kg~ ! in
surface soil and from 29.03 to 48.26 mg S kg™ ! in sub-surface
soil (Tables 2, 3). OF maintained higher heat SS (45.75mg S
kg~!) followed by IPNS + C (42.74mg S kg~ !), IPNS + B
(40.41 mg S kg~!), IPNS (37.87mg S kg~!), STCR (32.85mg
S kg™!), NPK (31.47mg S kg~!), and unfertilized control
(20.93mg S kgfl) plots in surface soil (0-15cm). Meanwhile,
in case of subsurface soil (15-30 cm), significant highest heat SS
was reported with OF (48.26 mg S kg™ 1) followed by IPNS + C
(42.25 mg Skg™1), IPNS + B (40.71 mg Skg 1), IPNS (38.50 mg
Skg™!), STCR (34.90 mg S kg~ 1), NPK (32.56 mg S kg 1), and
unfertilized control (29.03 mg S kg~!). The plot receiving OF
management practices showed its significant superiority by ~
54 and 40% as compared to control plot. Nevertheless, the levels
of heat SS content were lower in surface than subsurface soils
(Tables 2, 3). Application of IPNS increased heat soluble sulfur
fraction as compared to control (no fertilizer application), which
was released with heat treatment (Bediger et al., 1985; Dutta
etal., 2013).

Impact on NaHCOz3-ES

Data revealed that the NaHCO3-ES concentration was
significantly highest under OF at 39.69 and 36.89 mg S kg~ ! in
the 0-15 and 15-30 cm soil depths, respectively (Tables 2, 3).
The significant variation among different treatments was also
noticed in both soil depths. In surface soil, the concentration
of NaHCO3-ES was observed in following order: OF (39.69 mg
S kg7!) > IPNS + C (36.85mg S kg~!) > IPNS + B
(33.13mg Skg™!) > IPNS (32.33 mg Skg™!) > STCR (29.66 mg
S kg™!) > NPK (28.72mg S kg~!) > unfertilized control
(27.91 mg S kg~1) under RWCS over the period. Similarly, the
15-30 cm soil depth significantly varied from 27.08 to 36.89 mg
S kg~! among different treatment combinations (Tables 2, 3).
The maximum NaHCO3-ES was recorded in OF-treated plots
(36.89mg S kg™!) followed by IPNS + C (34.76 mg S kg™!)
> IPNS (31.26 mg S kg~ !) > IPNS + B (31.01mg S kg™!)
> STCR (29.50mg S kg~!) > NPK (28.93mg S kg~!) >
unfertilized control (27.08 mg S kg™!) treatments. Both soil
depth treatments with OF showed significant superiority over
the rest of the treatment combinations under RWCS over the
period (Tables 2, 3). The significantly higher concentrations of
NaHCO3-ES were found in the treated plot as compared to the
unfertilized plot (Dutta et al., 2013).

Impact on inorganic sulfur
A significantly greater amount of inorganic S was

maintained in OF treatment over the rest of the treatment
combination in both surface and subsurface soil layers
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(Tables 2, 3). The build-up of inorganic S ranged from 25.98 to
24.39mg S kg in plots receiving OF against 9.77 and 8.97 mg
S kg™! in unfertilized control plots in surface (0-15cm) and
subsurface (15-30 cm) soil depths, respectively. The inorganic
S was increased by ~33 and 37% in plots receiving OF in the
0-15 and 15-30cm soil depths, respectively, over unfertilized
plots. In the case of surface soil (0-15 cm soil depth), inorganic
S ranged from 9.77 to 25.98 mg S kg ™! under different nutrient
supply options in the RWCS over the periods. The maximum
inorganic S was recorded with OF-treated plots (25.98 mg S
kg~ 1) followed by the IPNS + C (22.98 mg S kg~ !), IPNS + B
(22.10mg S kg™ 1), IPNS (17.41 mg S kg~1), NPK (12.97 mg S
kg™!), and STCR (12.10mg S kg~ !), and the lowest inorganic
S (9.77mg S kg~ 1) was recorded with unfertilized control plot
(Tables 2, 3).

Nevertheless, in case of subsurface soil (15-30cm soil
depth), it ranged from 8.97 to 24.39mg S kg~! among IPNS
options. The amount of inorganic S in the 15-30 cm soil layer
was ~10% lower as compared to surface soil. The significantly
highest amount of inorganic S was recorded in the OF (24.39 mg
S kg_l), and the rest of the treatment combination was observed
in the following order: IPNS + C > IPNS + B > IPNS > STCR >
NPK > unfertilized control plots under RWCS over the periods
(Tables 2, 3). A similar trend like WSS was reported in the case
of inorganic sulfur, and it might be due to the long-term effect of
nutrient supply options that contribute to total sulfur, and in the
form of mineralization, it will be available to crops. Kumar et al.
(2011) also reported that higher inorganic sulfur was reported in
IPNS as compared to control.

Impact on organic sulfur

Organic S is the second largest fraction contribution among
all sulfur pools after total sulfur (Tables 2, 3). The results revealed
that the concentration of organic S significantly varied among
the different treatment options over the periods. It ranged
from 141.07 to 194.07mg S kg™!. It was also observed that
the organic S was significantly influenced by different nutrient
supply options over the periods, and it was reported in following
order: OF (197.07 mg S kg™!) > IPNS + C (185.25mg S kg~ 1)
> IPNS + B (172.61 mg S kg~!) > IPNS (162.03mg S kg~ 1)
> STCR (150.68 mg S kg~!) > NPK (150.01mg S kg=!) >
unfertilized control (141.07 mg S kg™!) plots. Similarly, the 15—
30 cm soil depth significantly varied from 110.83 to 168.72 mg
S kg~! among different treatment combinations (Tables 2, 3).
A similar trend was observed in the subsurface (15-30 cm) soil
depth. However, the levels of organic S content were lower
(—12%) in the subsurface than in the surface soil layer. The
organic sulfur is the largest pool among the different pools of
sulfur, which accounted for ~90-95% of total sulfur. The lower
quantity of organic sulfur in the unfertilized plots might be due
to its mining to meet the RWCS supplies (Rongzhong et al,
2010; Dutta et al., 2013).
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Effect of long-term nutrient supply on soil sulfur fractions contribution in the 0-15 cm soil layer of rice-wheat cropping system (RWCS).
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FIGURE 5
Effect of long-term nutrient supply on soil sulfur fractions contribution in the 15-30 cm soil layer of rice-wheat cropping system (RWCS).

Impact on total sulfur 0-15cm (220.04mg S kg~!) and 15-30cm (193.11mg $
kg™!) was observed in OF-receiving plot. Total S fractions

The plot with OF indicated its significant superiority significantly varied from 150.84 to 220.04mg S kg~! among
over the rest of the treatment combination (Tables 2, different IPNS options in surface soil. Data affirmed that
3). Data indicated that the total S significantly highest in surface soil (0-15cm depth), total S fraction was
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WSS

15-30 cm

observed in the following order: OF (220.04mg S kg—!)
> IPNS + C (208mg S kg=!) > IPNS + B (195.01 mg
S kg7!) > IPNS (179mg S kg~!) > STCR (167mg S
kg~!) > NPK (162.98mg S kg™ !) > unfertilized control
(150.84 mg S kg™ 1).
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Nevertheless, in the case of the subsurface soil (15-30 cm
depth) layer, the concentration of total S considerably varied
from 119.80 to 193.11 mg S kg ~! among different IPNS options
over the periods (Tables2, 3). A significantly higher total S
content was recorded with OF observed by the IPNS + C,
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TABLE 4 Relationship (r-values) between S-fractions of rice-wheat cropping system.

Properties WSS Heat SS NaHCO3-ES Total S Inorganic S Organic §
Available § 0.905** 0.858* 0.907** 0.892% 0.920** 0.897**
WSS 1 0.965** 0.955** 0.985* 0.985** 0.977*
Heat SS 1 0.898** 0.944* 0.939** 0.932%
NaHCOj3-ES 1 0.983* 0.954** 0.988*
Total $ 1 0.986** 0.998*
Inorganic S 1 0.983**

" Correlation is significant at the 0.01 level (2-tailed).
“Correlation is significant at the 0.05 level (2-tailed).
NS, Non-significant.

IPNS + B, IPNS, STCR, NPK, and unfertilized control plots.
A plot with OF indicated its significant superiority over the
rest of the treatment combinations. The improvement in total
soil S may be due to the integrated nutrient supply options
(Dutta et al., 2013).

Impact on sulfur fractions contribution

Organic and total sulfur were the dominant fractions of
sulfur in both soil layers over the periods (Figures4, 5).
For both soil layers and different treatment combinations,
total sulfur contributed the highest 41% in control followed
by NPK and STCR 40% each and 38% each in IPNS +
B, IPNS + C, and OF (Figure 4). Meanwhile, in the case
of 15-30cm soil layer, the results showed that highest 38%
each total sulfur in control, IPNS + C, and OF followed by
37% each total sulfur in NPK, STCR, and IPNS + B, and
the lowest total sulfur concentration 36% was reported in
IPNS (Figure 5).

Data showed that cumulative results of different sulfur
fractions varied in both soil layers among the treatments.
Maximum fraction contributions in total S (39%) were followed
by the organic S (35%), NaHCO3-ES (7%), heat SS (7%), and
4% each of WSS, available S, and inorganic S in the 0-15cm
soil layer. Nevertheless, in the case of 15-30 cm soil layers, they
were reported in the following order: total S > organic S >
heat SS > NaHCO3-ES > WSS > inorganic S and available S
under different nutrient management practices (Figure 6). IPNS
options improve nutrient availabilities (Urkurkar et al., 20105
Subehia et al., 2013).

Relationship between sulfur pools

The relationship between different S pools was significantly
influenced by different IPNS options (Table 4). The results
showed the positive correlation of available S with WSS
(r = 0.905"*), heat SS (r = 0.858*), NaHCO3-ES (r = 0.907**),
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total S (r = 0.892™*), inorganic S (r 0.920**%), and (r
= 0.897**). In case of WSS, it was significantly correlated
with heat SS (r = 0.965**), NaHCO3-ES (r = 0.955**), total
S (r 0.985"*), inorganic S (r=0.985"*), and organic S
(r =0.977**). Similarly, heat SS was also positively correlated
with NaHCO3-ES (r = 0.898**), total S (r = 0.944™*), inorganic
S (r=0.939**), and organic S (r = 0.932™*). This remark is in
close pact with Borkotoki and Das (2008).

Conclusion

Sulfur mining due to the indiscriminate use of mineral
fertilizers and manure has encouraged the occurrence of
deficiency. The results of this long-run field experiment
revealed that the integrated use of nutrients has significantly
increased different sulfur pools under RWCS as compared to
the unfertilized control plots. They indicated that different
treatment combinations had a significant correlation with
different pools of sulfur. Significantly, the highest sulfur fraction
contributions as total S (39%) followed by the organic S (35%),
NaHCO3-ES (7%), heat SS (7%), 4% each of WSS, available S,
and inorganic S (4%), meanwhile total S > organic S > heat
SS > NaHCO3-ES > WSS > inorganic S and available S under
0-15 and 15-30 cm soil layer, respectively. We recommend that
OF treatment combination contributed the highest in different
sulfur pools, followed by IPNS treatment under long-run use
of RWCS.
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